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F O R E W O R D

A glance at the publications list of most large publishers indicates that books
on the subject of forensic science are flourishing. A recent search of the books
for sale on the topic of drug and pharmaceutical analysis at Amazon.com
had 303 entries! Why, then, do the editors of this Handbook of Forensic 
Drug Analysis believe that another entry in this field is needed? The reason is
that there is a gap in the available works on drug analysis: a comprehensive,
detailed, up-to-date work aimed at drug chemists and other scientists who need
to analyze abused drugs. Many books discuss drug analysis and even present 
a few methods in some detail, but there is no volume that covers all of the
important methods of analysis on the most commonly abused drugs in a 
comprehensive way.

There are literally hundreds of drugs that are commonly abused, and many
of these are legally sanctioned by many countries. In the United States, the
Uniform Drug Control Act covers many of the most common illicit drugs. But
if one looks at what drugs show up in forensic drug laboratories day after day
all over the world, one finds really only a handful of common ones. The Hand-
book of Forensic Drug Analysis covers these few, most important illicit drugs. They
include marijuana, cocaine, the major opiates, the common hallucinogens, and
amphetamines. Beyond these drugs, the Handbook also explores the subject of
clandestine laboratories, which are becoming an epidemic in the United States,
especially methamphetamine labs. Detailed methods for handling and analyz-
ing the drugs and other materials seized from these labs are presented. There
is also a major chapter on immunoassay technologies applied to illicit drugs.
Very few works on drug analysis even mention immunoassay methods, let alone
describe them in detail, yet they are widely used in workplace drug testing and
drug screenings.

The Handbook of Forensic Drug Analysis is not meant for the casual reader 
interested in gaining an overview of illicit drugs. This book is for the serious
scientist who needs to have the latest comprehensive information on the 
analysis of the most common illicit drugs.



The editor of this volume is Dr. Frederick P. Smith at the University of New
Haven, West Haven, Connecticut. Dr. Smith has spent his career in research,
publishing, and teaching in the area of forensic drug chemistry and is recog-
nized as one of the most qualified U.S. scientists in the field. He has assembled
a veritable who’s who of experts in this field to contribute their special insights
and knowledge about controlled substances. Readers and users of this hand-
book will find the most current and comprehensive information available on
the subject of the analysis of illicit drugs.

Jay Siegel
Director, Forensic and Investigative Sciences Program

Indiana University, Purdue University, Indianapolis
Indianapolis, Indiana
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P R E F A C E

Forensic drug analysts and toxicologists utilize methods and techniques that
continue to develop rapidly. To this end, forensic scientists need comprehen-
sive information concerning drug analysis. Many have found it difficult to find
in-depth information on drug analysis in one place. Although the field is con-
stantly changing, this book attempts to compile current information on the
analysis of illicit drugs, condensed and distilled to provide analytical applica-
tions appropriate to diverse needs, in hopes of making this information readily
accessible. Of particular value throughout are the authors’ comments con-
cerning the relative value of the analytical methods for each of the drug classes.
I hope this will be useful not only to forensic drug analysts and toxicologists
but also to advanced students of forensic science, attorneys involved in drug
analysis litigation, scientists working in methods research and development,
technicians employed in drug-testing laboratories, and others whose work
requires substantive penetration of complex drug analysis problems.

While many different drugs are subject to abuse, cannabis, hallucinogens,
cocaine, opioids, and amphetamines comprise the common drugs-of-abuse
classes. These drugs vary widely in origin, from plant material to semisynthetic
plant derivatives to purely synthetic drugs. Due to the distinct chemical pro-
perties of these drugs, the analytical methods presented in this book provide
not only immediately useful solutions to forensic practitioners but also models
for future drug analysis problems as the field evolves. The prevalence of illicit-
drug use in today’s society ensures the analysis of these substances a permanent
place in modern forensic laboratories.

In addition to the major emphasis on methods available for the analysis of
the major categories of misused drugs, the rapid growth of methamphetamine
synthesis warrants special consideration. Low-cost methods include color (or
spot) tests, thin-layer chromatography (TLC), spray visualization methods, and
microcrystal tests. Traditional instrumental methods, such as gas chromatog-
raphy (GC), GC/mass spectrometry (GC/MS), infrared (IR) spectroscopy, and
ultraviolet (UV) spectroscopy, comprise moderate-cost instrumental techniques



that often require extraction and, with GC, derivatization. Both low-cost and
higher-cost methods of analysis are addressed. The explosive growth in clan-
destine drug laboratories worldwide, particularly involving methamphetamine,
warrants the extensive consideration given this topic in a separate chapter
(Chapter 8). This is designed to assist law enforcement and forensic drug 
analysts in the numerous challenges they face dealing with illicit-drug manu-
facture. Immunoassay (IA) methods can be applied to solid dosage analysis of
controlled substances easily, without extensive extraction and purification. For
this reason, forensic toxicologists find these methods indispensable for analyz-
ing biological specimens for abused drugs.

Chapter 2 provides a concise review of immunoassay technology for drugs-
of-abuse testing. Starting with historical and theoretical background informa-
tion, this chapter explains clearly each immunoassay class: radioimmunoassay
(RIA), enzyme immunoassay (EIA), enzyme multiplied immunoassay technique
(EMIT), enzyme-linked immunosorbent technique (ELISA), fluorescent 
polarization immunoassay (FPIA), and kinetic interaction of microparticles in
solution (KIMS). Onsite (point-of-collection) immunoassays are described
next. The final section summarizes the important subject of performance 
characteristics used for evaluation and quality management.

Chapter 3 is an extensively referenced treatise that provides the scientific
underpinning for the history, extraction, derivatization, and determination of
cannabinoids. The authors have crime laboratory, academic, and industry
expertise with cannabis. Their chapter contains a thorough evaluation of the
background and analysis of cannabis and related materials. They begin with a
useful discussion of why law enforcement officers perform qualitative field tests,
how laboratory personnel analyze cannabis, and how the courts interpret 
analytical results. In their review of field and laboratory testing they compare
current field tests for plant material, resin, and liquid cannabis products. Their
comprehensive literature review shows how various authors have evaluated 
laboratory tests to identify cannabis with forensically acceptable certainty using
combinations of wet chemical, microscopic, chromatographic, and spectro-
scopic methods. In addition, they discuss trace cannabis residues on drug-use
paraphernalia. The authors cover botanical features, both macroscopic and
microscopic. Likewise, the array of cannabinoids specific to cannabis prepara-
tions are described in the context of their identification by TLC, liquid 
chromatography (LC), and GC/MS. Test methods are described in detail, with
appropriate cautions concerning the strengths and limitations of analytical
results. The chapter includes the recommendations for cannabis identification
made by professional organizations, including the United Nations Drug
Control Program (UNDCP), the Scientific Working Group for Seized Drug
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Analysis (SWGDRUG), the International Association of Official Analytical
Chemists (AOAC), and the American Board of Criminalists (ABC), as well as
those of senior scientists of national laboratory systems in the United States,
Britain, Australia, and Holland. As an additional investigative tool, the authors
show how “profiling” cannabinoids could assist law enforcement with tactical
intelligence. Specific cannabinoid immunoassays occupy an entire section,
where they are compared and evaluated. Separately, DNA typing of cannabis is
described as a novel, nonchromatographic approach. While unusually broad in
scope, this chapter provides the depth requisite to understanding diverse results
from cannabis analyses.

Chapter 4, on hallucinogens, provides a different and very useful approach
to forensic drug analysis. The authors explain the theory and practical appli-
cation of major instruments, including IR, Fourier transform infrared (FTIR),
mass spectrometry, and nuclear magnetic resonance (NMR). While each 
instrument has special applications to hallucinogens (lysergic acid 
diethylamine/LSD, tryptamines, phencyclidine/PCP, and phenylalky-
lamines/MDMA), the authors’ approach assists the forensic analyst with helpful
background for the use of these instrumental methods with other drugs. 
Generous use of spectra and related figures clearly illustrate the techniques.

Chapter 5 reviews the forensic analysis of cocaine. Because cocaine abuse
prevalence transcends economic boundaries, the authors present a range of
analytical approaches. The authors explain simple, low-cost, noninstrumental
techniques (i.e., microcrystal tests, spot tests, and thin-layer chromatography).
Photomicrographs of the crystal tests provide useful illustrations not readily
available elsewhere. Cocaine-related immunoassays are compared and evalu-
ated. A wide range of instrumental techniques are described, including several
less commonly employed in a forensic setting as well as those that find wide
application, such as gas chromatography with nitrogen-phosphorous detection
(GC-NPD), high-performance liquid chromatography (HPLC), capillary zone
electrophoresis (CZE), ion mobility mass spectrometry (IMS), GC/MS, tandem
mass spectrometry (MS/MS), IR and Fourier transform infrared spectroscopy
(FTIR), Raman infrared spectroscopy, and NMR. The meaningful evaluations
presented explain the strengths and limitations of these tests, thereby enhanc-
ing the forensic utility of this chapter.

Chapter 6, on opioids analysis, draws on the author’s expertise to shed 
valuable insights on the interpretation of results, including subtleties such as
monoacetyl morphine (6-MAM) measurements. First, preliminary tests include
those suitable for field tests on the street drugs themselves (color tests and
immunologically based tests) and individuals who may have consumed them
(onsite tests). Concerning other initial or presumptive tests, the screening test
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section presents various opiate-specific immunoassays, common adulterants,
and countermeasures laboratories use to defeat adulteration and sample tam-
pering. Particularly useful is the practical information devoted to specimen
extraction, glucuronide separation, derivatization, and analysis (routinely by
GC/MS). The text addresses efforts to discern opiates consumed inadvertently
from foodstuffs such as poppy seed cake. Because the practice of heroin
smoking has increased, the inclusion of pyrolysis product research had
increased relevance. Specific analytical treatment is given to each major bio-
logical fluid (urine, blood, and alternative matrices). The authors discuss 
therapeutic uses of numerous opioids, including codeine-related drugs,
buprenorphine, methadone, tramadol, keto-opioids, fentanyl-related drugs,
ketobemidone, butorphanol, and dextromethorphan. Finally, the text critiques
methods for comparing (or “profiling”) illicit heroin samples.

Chapter 7, on the analysis of amphetamines, reviews the common analytical
methods in forensic laboratory and onsite testing. These include immunoassays
(both instrumental and onsite) and TLC. The text addresses matrix issues
inherent in saliva, hair, sweat, and meconium analyses, with attention to envi-
ronmental exposure. Because chiral considerations impact forensic interpreta-
tions of amphetamines analyses, the author cites numerous references to
illustrate approaches taken to separate and quantify amphetamine-class enan-
tiomers. The author highlights the potential of underutilized methods, such as
LC and LC/MS. While not widely used in routine practice, their future applic-
ability is evidenced by the research references for these methods as well as for
polarimetry and capillary electrophoresis (CE). The author applies “profiling”
methods to both biological specimens and solid dosage material. An interest-
ing consideration with amphetamine is whether prescription medications may
be metabolized to amphetamine, a subject well researched in this chapter.

Finally, Chapter 8 looks to the future while elucidating a rapidly expanding
forensic drug problem: clandestine drug laboratories. Methamphetamine 
laboratories in particular have proliferated recently due to simple synthesis
methods readily available over the Internet. This chapter provides broad 
coverage of clandestine drug laboratories, including many other illicit-drug 
syntheses. These include opioids (i.e., conversion of morphine to heroin), 
sedatives, nonmethamphetamine stimulants (MDMA), and hallucinogens
(LSD, DMT, etc.). Syntheses and yields described should help investigators
predict laboratory production capacity. The discussion of chemical hazards
(e.g., explosives, vapors, acids, caustic bases, liquid/solid spills, and compressed
gas cylinders resulting in fires, explosions, severe burns, and potentially lethal
toxic exposures) and tactical hazards (e.g., “booby traps”) will assist those
charged with the dangerous work of clandestine-lab investigation. Finally, the
necessary work of environmental impact and cleanup is described. This chapter
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is designed not only to meet the current needs of forensic drug chemists and
investigators who assist law enforcement of clandestine drug laboratory opera-
tions, but also as a model for addressing future illicit-drug-lab operations.

I thank the fine team of experts who authored the chapters. Their writing
benefits from many years of professional accomplishments and exceptional
work in the field of forensic applications involving controlled substances analy-
sis. As editor of this volume, I appreciate their painstaking and diligent efforts
to produce insightful treatises. Many thanks are due to the series editor, Jay
Siegel, who recognized the importance of this effort and whose constructive
comments, creativity, and determination helped mold its direction and com-
pletion. I recognize and thank profusely Mark Listewnik, Acquisitions Editor at
Academic Press. His vision, technical grasp, guidance, patience, and personal
congeniality are truly exceptional. With equally high esteem, I acknowledge
Elsevier Science & Technology Books Project Manager, Sarah Hajduk, for her
understanding of the complex scientific issues, thoroughness, tact, diplomacy,
and undaunted dedication to task completion. Ultimately it is my hope that this
book will ameliorate the tasks of those who improve and implement forensic
drug analysis methods, to whom it is dedicated.

Frederick P. Smith
University of New Haven, West Haven, Connecticut
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The scientific and legal validity of drug evidence analyses must be defensible
to be effective. This requires application of the proper legal statutes, knowledge
of the relevant pharmacological properties, and selection of the optimal ana-
lytical approach. In addition, chain of custody dictates that evidence integrity
be protected by acceptable collection, packaging, documentation, and storage.
Occasionally, controlled-substance seizures contain other, associated evidence
that serves to link it to specific people or places. Other factors affecting drug
evidence reliability are the testing laboratory’s capabilities and accreditation.
As if to complicate matters, the analyst must decide not only how to test but also
how many samples to test from bulk drug seizures. This chapter focuses on these
and related drug analysis issues not covered elsewhere in this volume.

1.1 DRUG CLASSIFICATIONS

Legal authorities require scientific identification of many medications and
banned drugs to enforce laws. Legal statutes for drug offenses vary among
various local, state, and national jurisdictions. For example, penalties for the
possession of Cannabis range from as small as a fine to as severe as the death
penalty. Some medicinal drugs may be used only with a physician’s prescrip-
tion, while others are freely available “over the counter” (OTC). Occasionally
street drugs are concealed in OTC drugs. Likewise, sometimes OTC drugs are
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marketed to resemble controlled substances. Forensic chemists must distin-
guish these and identify those materials that violate laws.

Most countries regulate the possession of drugs by imposing sanctions in pro-
portion to the potential hazard to the individual and to society in general. In
the United States, controlled substances are categorized into five schedules. In
Schedule I, those with the highest potential for abuse and no prescribed
medical use result in the most severe sanctions. Penalties apply to individuals
who possess, consume, manufacture, cultivate, or distribute any controlled sub-
stance in a manner inconsistent with the law. Drugs in Schedules II through V
may be prescribed when deemed appropriate, and punishments for improper
use generally decrease with the higher schedules.

Drugs may be classified by pharmacological categories. Depressants, such as
barbiturates, glutethimide, chloral hydrate, methyprolon, and ethanol, have
sedative/hypnotic properties that lead to anesthesia, coma, and death with
increased dosage. Stimulants induce euphoria, a sense of well-being, increased
mental activity, and anorexia in some cases. This class includes amphetamines,
cocaine, caffeine, and phenmetrazine. Analgesics relieve pain. They may be nar-
cotic and nonnarcotic and may be strongly addictive, mildly addictive, or not
addictive. Psychomimetics create the perception of objects, sounds, smells, or 
sensations with no basis in reality. They include marijuana, LSD, and other 
hallucinogens. Cardiovascular drugs, such as diuretics and digoxin, as well as 
gastrointestinal drugs, like antiacids, may be less frequently abused. Chemothera-
peutic agents include antibiotics, and they may be misused more often than
abused. This book does not include a focus on drugs that are less frequently
encountered in a forensic setting, although the methods described are certainly
applicable to their analysis.

In performing literature searches, the same drug may be described under dif-
ferent names. For example, the trade name (Seconal), the generic name (sec-
obarbital), the chemical name (5-allyl, 5-secpentyl barbituric acid), and the
street name (“red devils”) are all used in different contexts. In the case of chemi-
cal classification, names follow a prescribed order of precedence, depending on
which functional groups are present, starting with onium, acid, acid halide,
amide, imide, amidine, aldehyde, nitrile, isocyanide, ketone/quinone, alcohol,
phenol, thiol, amine, imine, ether, sulfide, sulfoxide, and sulfone. The Physi-
cian’s Desk Reference cross-indexes drugs by their different names.

1.2 COLLECTION OF EVIDENCE IN DRUG CASES
(DOCUMENTATION,  SAFETY,  PACKAGING,  CUSTODY)

Drugs and drug-related evidence require safe handling, proper packaging, and
appropriate documentation (including chain of custody), from collection
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through forensic analysis and presentation in court. Safe handling includes
such precautions as gloved hands and dust masks, when appropriate, to mini-
mize health hazards, as well as full chemical protection suits when potentially
lethal toxins are handled, as with clandestine drug laboratories (see Chapter
8). Disposable body suits and shoe covers protect the handler from “tracking”
contamination to his or her work or home environment. In addition, person-
nel wear protective clothing and take other measures to prevent extraneous
materials/contamination from being deposited inadvertently during scene
investigation. Depending on the drug quantity, various sizes of envelopes, cans,
bags, and boxes normally serve as packaging materials, unless large amounts
are involved. In some cases (i.e., Cannabis), high moisture content dictates air-
drying and/or paper packaging to reduce mold formation. In other instances,
clear polyethylene bags benefit from the security of heat sealing. Furthermore,
transparent packaging allows visual examination in court without breaking the
custody seal. Other evidence, such as fingerprints on drug-related parapher-
nalia (i.e., plastic bags, containers, and pipes), could be destroyed by improper
handling prior to laboratory examination. Of particular evidentiary value is
drug-related trace evidence (hairs, fibers, dust, etc.), which can provide crucial
links between evidence, suspects, victims, weapons, and crime scenes. To a
greater specificity, torn or broken fragments (paper, plastic, metal, glass, etc.,
that may form a physical match/jigsaw fit) and DNA in hair root cells or saliva
deposited on smoking materials can associate items to a common origin in a
unique, individualizing manner. Though further details on their forensic analy-
sis are beyond the scope of this book, proper collection and packaging of these
diverse items will maximize evidence preservation while minimizing potential
contamination. To be most effective, each evidence type requires specialized
handling and packaging procedures specific to its potential contamination and
degradation. Custody means within the immediate field of view of the respon-
sible official or locked in secure storage with very limited access. As a matter of
custody, in addition to documentation, the presence of one or more witnesses
during drug evidence collection may protect officers from allegations of han-
dling drugs improperly. Whenever feasible, it is useful to photograph drug-
seizure evidence. This verifies the circumstances of the drug bust, approximate
drug quantity, and other investigational aspects. Once drugs are packaged,
tamper-evident tape is used to seal polyethylene evidence envelopes as well as
other packaging materials, which improves security. The person performing the
packaging signs and dates across and overlapping the boundaries of the evi-
dence tape.

Chain-of-custody documentation includes the following: the signature of the
person who has custody of the drug evidence, his (or her) purpose for han-
dling it, any changes made in the evidence, the date the evidence was received,
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the date transferred, to whom, and why. What constitutes a minimum signature
varies, but for evidence purposes anything less than the signatory’s first initial
and surname is usually considered insufficient. Appropriate legal procedures
for handling drug evidence include transfer to a locked cabinet for secure
storage, photographic documentation, transport to laboratory for testing,
weight determination, screening test, confirmation test, and transport to court
for presentation as evidence. Evidence may be changed by testing, particularly
if sample testing is destructive. This should be documented with reference to
the quantity removed and destroyed. Whenever evidence is not within the
immediate field of view of the person who has documented his or her custody
on the forensic chain-of-custody document, that evidence should be in a locked
cabinet. The locked cabinet should have strictly limited access, preferably
secure access, limited to the person who placed it there.

1.3 LABORATORY CAPABILIT IES AND ACCREDITATION

Forensic drug analysis may rely upon various tests, including spot tests, TLC,
HPLC, CE, fluorimetry, IR, GC, GC/MS, immunoassay, and a combination of
these. Consensus on the superiority of one method over another is difficult to
obtain. For example, Manfred R. Möller once suggested that it would be easier
to get two forensic drug analysts to share the same toothbrush than to share
the same method of analysis.

Laboratory accreditation implements guidelines to provide quality and 
standardized results. Accreditation is more easily accomplished when several
laboratories are performing the same basic tasks, as with routine drug analysis.
Accreditation programs examine both the specific procedure being followed
and the general procedure for unknowns. Occasionally in forensic cases, the
drug identity or other question to be answered may be unusual enough that
only general scientific principles can be evaluated for its detection rather than
a set procedure. Certainly, no accreditation program could reasonably include
blind proficiency testing for every conceivable drug that might be submitted
for analysis.

In the United States the acceptance of forensic testimony has recently ex-
perienced rapid revision, which impacts forensic drug analysis (Tagliaro et al.,
1998). Expanded from the 1923 “Frye standard” that the scientific methodol-
ogy be generally accepted, U.S. Federal Rules of Evidence, the 1993 U.S. Supreme
Court ruling in Daubert v. Merrill Dow Pharmaceuticals, Inc. (and subsequent
refinements) state that courts should consider at least four aspects before 
admitting expert testimony. Scientific is defined as something founded in valid
methods and procedures of sciences based on scientifically valid principles. Evi-
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dentiary reliability is based on scientific validity. The four are (1) whether the
drug analysis technique or method has been tested (i.e., reputable scientific
journal articles, adequate controls used accurately, etc.); (2) whether it has a
known error rate (i.e., determined through blind proficiency testing, where
known drug specimens are submitted to practicing forensic laboratories as if
they were actual evidence); (3) whether the drug analysis technique or method
has passed peer review scrutiny (without which courts should be skeptical); and
(4) whether it is generally accepted by the scientific community. (Laboratory
accreditation of drug analysis in particular facilitates many of these require-
ments, helping courts to make decisions about drug-testing results.)

Laboratory accreditation for drug analysis encompasses external oversight of
laboratory operations, including whether the laboratory facilities are adequate,
whether the laboratory personnel have the appropriate background (expertise
and experience) and opportunities for continuing education to perform drug
analysis tasks satisfactorily, whether the laboratory has a quality control program
and the degree to which this program strives to achieve excellence, how the
laboratory performs on drug analysis proficiency tests, how the laboratory com-
plies with established standards as determined by laboratory inspections, and
other factors that affect the reliability and accuracy of testing and reporting
done by the laboratory. An example of specific requirements for urine drug
testing may be used as a guide.

1.3.1 LABORATORY FACILITIES

Forensic drug analysis laboratories require safe, secure, and uncontaminated
work areas containing the proper reagents and instrumentation. An unsafe
forensic laboratory not only jeopardizes the health and safety of workers, but
also risks the compromise of drug evidence. Security extends from normal
working hours to whenever the laboratory is closed. Visitors (including all
service personnel) must be documented and escorted at all times to protect 
the integrity of drug testing and the chain of custody. Scientific personnel
should have access restricted to only those specific areas that their work
requires. After-hours security should deter and detect any unauthorized entry
to the laboratory. A convenient method of restricting access and recording
entry is by the use of key cards connected to a central computer system for
logging. Unnecessary clutter can be unsafe, and contamination must be 
minimized and assessed periodically to learn its potential to affect results.
Finally, a laboratory cannot meet modern analytical expectations without 
the proper instrumentation, maintained and in good working order for drug
analysis.
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1.3.2 LABORATORY PERSONNEL

The quality of forensic drug analysis work rests on good personnel. The exper-
tise and experience of laboratory personnel require opportunities for continu-
ing education to remain current in forensic drug analysis tasks that may be
assigned. Accrediting organizations may require academic degrees for positions
such as laboratory director (graduate degree) and certifying scientist (master’s
or bachelor’s degree in chemistry or forensic science, for example). Accredi-
tation organization guidelines for educational attainment may underestimate
the value of on-the-job experience. Not all requirements of accreditation need
be imposed simultaneously. Accreditation of a laboratory must proceed slowly
to allow personnel time for educational improvements and to obtain qualified
personnel to avoid disruption of laboratory services. When new accreditation
agencies are forming, often current personnel who do not meet the new, more
stringent requirements may be “grandfathered,” granting them a special excep-
tion for a certain time. The work skills of drug analysis laboratory personnel
may be brought to acceptable standards and/or improved first by probationary
training periods of up to 3 years; in-service continuing educational programs
conducted within the laboratory itself; scientific seminars about drug analy-
sis, conferences, symposia, and meetings; and part-time completion of degree
programs.

1.3.3 QUALITY CONTROL PROGRAM

A drug analysis laboratory’s quality control program indicates the extent to
which excellence is a priority. One gauge may be the percentage of quality
control samples per drug analysis (frequently 10% in urine drug-testing pro-
grams). Where applicable, standards and controls (from different sources) 
analyzed within established tolerances add confidence to identification and
quantification, as do equipment calibration records (how often, how thorough,
and what steps are taken when outside of established tolerances) and mainte-
nance records. Written standard operating procedures are necessary in order
to reduce subjectivity and to provide objective analysis and interpretation of
results. Because reliability of drug analysis decreases near the limit of detection
(LOD), it is important to define what method(s) are used to measure the LOD
and the limit of quantification (LOQ). In forensic drug analysis, experimen-
tally determined LOD and LOQ use signal-to-noise ratios of 3 :1 and 10 :1,
respectively, measured with serial dilutions in the matrix of concern, while sta-
tistically determined LOD and LOQ rely on quantification of a series of blank
samples (usually at least 10), calculation of the mean and standard deviation(s),
applying the formulas LOD = mean + 3s and LOQ = mean + 10s. Although
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more difficult when analyzing unique substances, written procedures that detail
the approach and specific criteria for the analysis of novel drugs provide useful
guidance to analysts and crucial insight to those tasked with evaluating a labo-
ratory’s performance. An approach to developing procedures for detecting
unusual drugs should consist at a minimum of searching the literature for 
relevant literature references, obtaining standard compounds, placement of
reference compounds in a matrix similar to the specimen matrix, and analyz-
ing with standard procedures, all before analysis of the questioned specimen.
A fallback approach would be to contact and transfer the specimen to a labo-
ratory better equipped to perform the needed drug analysis.

1.3.4 PROFICIENCY TEST PERFORMANCE

Proficiency tests (PTs) measure drug-testing laboratory performance by sub-
mitting specimens containing specific drugs known only to the submitting
agency. Open PTs are known to the laboratory to be PT samples, although 
the specific materials and/or their concentration are unknown. Blind PTs 
are submitted like any other sample from a client so that the forensic labora-
tory does not recognize them as PTs. The quality of the PT program depends
on the rigor of the PT challenge. For example, where cutoff concentrations 
are mandated by statute, as in workplace drug testing, PT samples containing
75% and 125% of the cutoff would be more appropriate than ones containing 
25% and 250% because the expectation is to distinguish concentrations 
at ±20% around the cutoff. Similarly, PTs containing known interferences 
or metabolites, normally present in real specimens, represent more rigorous
challenges. The frequency of PTs may vary from daily to yearly, depending 
on accreditation requirements and the sample volume of the laboratory.
Certain failures in the PT program can cause a laboratory to lose accred-
itation. For example, an accrediting organization may partially withdraw a 
laboratory’s accreditation for incorrectly quantifying a given percentage of 
specimens; however, laboratories can lose accreditation for reporting a 
single false-positive result (such as reporting a drug as present that is not
present).

1.3.5 LABORATORY INSPECTIONS

Drug analysis laboratories in an accreditation program should be inspected 
at least annually by an outside panel of experts knowledgeable in forensic 
drug analysis. The inspection process should have several objective criteria,
such as: (1) examining recent drug analyses and checking for compliance with
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their own standard operations procedure (SOP). (2) Does the SOP reflect
established standards and current regulations? (3) Where failure of the 
laboratory in previous proficiency testing programs has occurred, have specific
steps been implemented to correct the deficiencies and are these steps ade-
quate? The inspectors should provide a written report of the results of their
inspection. Laboratory personnel should be at least familiar with how drug
analyses that they are performing compare to drug analyses by other groups in
the world. This can be accomplished by having the laboratory director or
members attend national and local conferences and, to a lesser extent, review
the professional literature. Also, it is helpful to hold periodic staff meetings
where discussions of drug analysis problems are held, each person’s tasks are
reviewed, and the staff reviews specific literature and discusses that literature.
Such a scheme allows the staff to remain current with drug-testing technology
and to become aware of how their role in a multistep process may impact the
subsequent steps.

1.3.6 STANDARDS

Compliance with established drug-testing standards is determined by any 
other factors that affect the reliability and accuracy of testing and reporting
done by the laboratory. For example, the paperwork trail includes identi-
fication of samples, custody, documentation of exceptions (such as a custody
seal that was broken, quality control that was not right, what the submitting
authority was told before testing, whether the samples were appropriately
stored, etc.).

1.3.6.1 Presence of Retest Criteria
One example of retest criteria, in the case of urine drug testing, is the pres-
ence of the drug on retesting of the sample (above the LOD) rather than its
presence above the cutoff. Is there an explanation for why a sample fails to
meet normal criteria when it is retested? For example, benzoylecgonine
degrades to ecgonine if the urine is basic, and ecgonine is not normally
detected.

1.3.6.2 Checking of Sample Integrity
Are checks for adulteration routinely performed? If not, does the capability
exist to conduct such tests if requested? Was the chain-of-custody documenta-
tion intact? Were discrepancies present (such as broken seals, a submission
form that says it contained a liquid when it actually contained a powder, inap-
propriate signatures on custody documents)? Were all samples present? Posi-
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tive samples and all evidence should be saved and stored appropriately for a set
period of time, in accordance with the laboratory SOP. Evidence is usually kept
for 1 year or more, and notification is normally made to the submitting 
organization before routine discarding of samples. Are negative drug-testing
samples normally discarded or returned soon after testing?

A number of problems arise in establishing a good accreditation system for
forensic laboratories. Unlike urine testing for drugs of abuse, drug testing in
general is more varied; samples have a history and are frequently part of a larger
body of evidence. This makes blind proficiency testing difficult because the
examiner would likely know that a sample being submitted was a test sample
rather than a case specimen. Frequently, law enforcement would not have the
funds or knowledge to submit samples to evaluate a laboratory.

Accreditation of drug-testing laboratories is an expensive undertaking.
Smaller laboratories, associated with police units, or private laboratories may
not have the resources to become accredited. Accreditation may force consoli-
dation of forensic drug testing into state or regional laboratories. This has the
advantage of concentrating resources and allowing modernization, with the dis-
tinct disadvantage of loss of local control and possibly greater turnaround times.
The loss of private laboratories could increase costs for private litigants and
defendants. One possible solution would be for public laboratories to do private
testing for a fee. This builds confidence in the public that the government is
doing a good job but opens it to criticism by unscrupulous private individuals.
Participation in national round-robin drug tests, possibly sponsored by accred-
itation agencies or national standards agencies, could be an interim solution to
full accreditation. Such participation would build confidence that a laboratory
performed satisfactorily and make the transition to full accreditation easier or
provide tiers of accreditation for forensic laboratories. A list of accrediting orga-
nizations and their addresses is given in Table 1.1.

DEFINITION OF TERMS

Accuracy: How closely the laboratory result agrees with an accepted or true
value. Philosophically there exists a “right answer” in terms of analytical quan-
titation. Where no right answer is known, there is a striving for precision
rather than accuracy. Often accepted values are not known but are deter-
mined by sending duplicate samples to a number of laboratories performing
similar work and then averaging the results. This procedure results in a 
standardization of values but may give results in gross error because of new
scientific knowledge that has accumulated. For example, many vitamin stan-
dardizations are based on bioassays tied to international units rather than 
to chemical purity because various forms of the vitamins produce the same
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Organization Contact Information Comments

ILAC: http://www.ilac.org/ Many worldwide contacts 
International for accreditative
Laboratory  Country-specific contacts
Accreditation
Cooperation

ISO: http://www.iso.ch/ Promulgates international 
International laboratory accreditation 
Organization for standard ISO 17025. ISO 17025
Standardization is a generic standard for 

laboratories performing
tests and calibrations.

CAP: College of American Web site contains laboratory 
College of American Pathologists accreditation checklists and 
Pathologists 325 Waukegan Road manual. CAP provides 

Northfield, IL 60093 proficiency samples in several 
(800) 323-4040 areas. Four separate 
(847) 832-7000 accreditation programs: the 
http://www.cap.org/ Laboratory Accreditation 

Program (LAP), for all clinical 
laboratories, the Forensic Urine
Drug Testing (FUDT) 
accreditation program, the 
Athletic Drug Testing Program
(ADT), and the Reproductive 
Laboratory Program (RLAP),  
directed jointly with the 
American Society of 
Reproductive Medicine (ASRM).

ASCLD: ASCLD, c/o NFSTC, Certification program
American Society of SPJC Allstate Center
Crime Laboratory 3200 34th Street South
Directors St. Petersburg, FL 33711

(727) 549-6067
Fax: (727) 549-6070
http://www.ascld.org

ABFT: ABFT Certification program
American Board of P.O. Box 669
Forensic Colorado Springs, 
Toxicology, Inc. CO 80901-0669

(719) 636-1100
Fax: (719) 636-1993
http://www.abft.org/
http://www.abft.org/

USP: U.S. Pharmacopeia Provides standard reference 
U.S. Pharmacopeia 12601 Twinbrook materials and analysis 

Parkway Rockville, procedures for pure substances
MD 20852
(800) 822-8772
(301) 881-0666 
(international)
http://www.usp.org/

Table 1.1
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information organizations



physiological effect. Other examples may be in immunoassays where the
results depend on antibody specificity and the metabolites in the sample and
their individual cross-reactivity. These are easy to verify with spiked samples
of pure compounds but can give widely varying results with real samples due
to metabolites. For many drugs of abuse, the metabolites are not stable in
solution, and degradation products occur in real samples. The best solution
may be to pool samples from real users and then send them to reference 
laboratories to obtain an accepted value.

Blind PT (proficiency testing): Samples submitted by the agency that uses the
laboratory services and that are known entities. For example, for urine
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SAMHSA: http://www.health.org/ Workplace drug testing and 
Substance Abuse and guidelines. Also sets cutoff and
Mental Health Services procedures for regulated drug
Administration testing. Guidelines may be 

downloaded at 
http://www.health.org/
GDLNS-94.htm

NIDA: http://www.nida.nih.gov/ Provides many low-cost or free
National Institute on publications dealing with drug
Drug Abuse use and drug testing

NIST: National Institute NIST100 Bureau Drive Provides standards and some 
of Standards and Gaithersburg, testing technical documents. 
Technology MD 20899-0001 Manages NVLAP—National 

(301) 975-NIST Voluntary Laboratory 
http://www.nist.gov/ Accreditation Program. 
NVLAP: (301) 975 4016 However, the accreditation 
Fax: (301) 926-2884 fields are mainly in consumer 
nvlap@nist.gov products rather than areas 
http://www.ts.nist.gov/nvlap of forensic interest.

AFIP: (202) 782-2100 Certifies and inspects 
Armed Forces Institute http://www.afip.org/ Department of Defense 
of Pathology laboratories

AOAC: AOAC International
Association of Official 481 North Frederick 
Analytical Chemists Avenue, Suite 500

Gaithersburg, MD
20877-2417
(800) 379-2622
(301) 924-7077
Fax: (301) 924-7089
aoac@aoac.org
http://www.aoac.org/

Table 1.1
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testing, both certified negative urine and urine containing known quantities
of drugs should be submitted in the same containers as patients’ samples.
Blind PT samples also may be submitted by the laboratory’s own quality
control/quality assurance department for larger facilities. The identification
number for blind PT samples must be an identifier not in use in the general
population. For example, the Department of Defense submits blind PT urine
sample with Social Security numbers that have yet to be issued. Making up
numbers runs the risk of falsely identifying an individual.

CLIA: Clinical Laboratories Improvement Act of 1988.
CV (coefficient of variation): Another name for standard deviation. This should

be calculated from the nonbiased formula CV = S.D./mean ¥ 100%.
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2.1 INTRODUCTION

The application of immunoassays as the “initial tests” to screen for drugs of
abuse in urine specimens is well established and regularly practiced. Immunoas-
says have also been adapted as initial tests for the presence of drugs or drug
metabolites in various biological fluids and forensic matrices. Generally 
speaking, immunoassays refer to analytical systems that rely on specific antigen–
antibody reactions for detecting analyte(s) of interest in a variety of sample
matrices. Diverse immunoassay principles have been applied to develop tech-
niques for drug monitoring and analysis. For drugs-of-abuse testing, immunoas-
says serve as “an economic and efficient screening tool to eliminate negative
specimens from further consideration” and “to identify the class of drugs that
requires the second step confirmatory test.”

Worldwide, a number of government agencies, professional organizations,
and forensic or clinical societies have established regulations or developed
guidelines for substance abuse management, including the scientific, technical,
and procedural guidelines for initial drug screening and confirmation analysis.
The types of drugs and specimens tested and the practical utility of immunoas-
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says can vary among different drug analysis fields and disciplines. The “stan-
dard menu” of immunoassays has mainly been designed to meet the guidelines
mandated by the Substance Abuse and Mental Health Services Administra-
tion (SAMHSA). In recent years, SAMHSA has been working on the revision 
of the guidelines. The next version will contain several major changes but the
principle of using immunoassays for initial drug testing will remain un-
changed. Current SAMHSA Mandatory Guidelines (59 FR 29908, 1994 and 63 FR
63483, 1998) state that the initial test “shall use an immunoassay which meets
the requirements of the Food and Drug Administration (FDA) for commercial
distribution.” The Mandatory Guidelines permit multiple initial tests (i.e.,
rescreening) to be performed utilizing different immunoassays for the same
drug or drug class under the stipulation that “all tests meet all Guideline cut-
offs and quality control requirements.” A sample containing drugs below the
cutoff will be reported as negative on the screen. For the specimen identified
as positive in the initial test, a confirmatory test that “uses a different chemical
principle” is then employed to identify and quantify the presence of a specific
drug or metabolite in the “presumptive positive” specimen.

The College of American Pathologists (CAP) offers proficiency testing
(Surveys) in all clinical medicine specialties, including Toxicology Surveys. 
The CAP Forensic Urine Drug Testing (FUDT) laboratory accredita-
tion program does not specify cutoffs but requires that laboratories identify 
the drug/metabolites tested for, as well as the threshold concentration for 
each whenever appropriate. The joint Forensic Toxicology Laboratory Guidelines
established by the Society of Forensic Toxicologists and American Academy of 
Forensic Sciences (SOFT/AAFS) do not include forensic urine drug testing in 
the scope, but do specify minimal requirements for laboratories to perform
immunoassays. A second immunoassay may be used to “augment the initial
screen” prior to confirmation but cannot be used to confirm another
immunoassay. Voluntary accreditation for forensic laboratories are also offered
by the American Society of Crime Laboratory Directors/Laboratory Accredita-
tion Board (ASCLD/LAB) and the American Board of Forensic Toxicologists
(ABFT).

The discussions of immunoassay utility and evaluations for specific drug
classes will be reviewed as appropriate in this book in their respective chapters.
This chapter aims to provide an overview of the fundamental principles and to
serve as a general reference for the commonly used immunoassay technologies
for drug screening. The evolution of the development and commercialization 
of these technologies will be briefly reviewed. Although the commercial
immunoassays are referred to directly with their product names in this chapter,
their brand names are usually trademarked and identified with a signTM or a
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registered sign®. The performance characteristics and quality management 
of immunoassays will also be discussed. However, due to the vast and ever-
expanding number of evaluations and publications in the drug-testing 
fields, this review and the references cited are not intended to be inclusive.

2.1.1 IMMUNOASSAY OVERVIEW

Immunoassays utilize the specific molecular recognition of antibody–antigen
binding interactions to detect and quantify substances that are present in
minute amounts in complex biological materials. The antigen and antibody
binding pair is a form of ligand and receptor binding pair. Fundamentally, most
immunoassays depend upon the labeling of either the ligand (such as a drug
analog) or the receptor molecule (such as an anti-drug antibody) to monitor
and measure the interactions of the binding pair. Most immunological tech-
niques are categorized and named after the technology used for “labeling.” The
term label describes any substance that can be chemically attached to an
antigen or antibody to convey a measurable property as required for the 
specific immunoassay.

The labels selected for the designated assay format ideally are capable of 
sensitive detection and are free from interference by common matrices. The
types of labels that can afford the requisite sensitivity include radioisotopes,
enzymes, fluorescence, (electro)chemiluminescence, or phosphorescence 
molecules and microparticles. Depending on the design of each immunoas-
say methodology, the labeled reagent and its binding partner as well as the 
reaction modulators are prepared in predefined, optimized, stabilized, 
and buffered reagent formulations. To carry out an immunoassay, the testing
specimen is mixed with the designated reagents according to specific protocols
and conditions developed for each of the immunoassay techniques.

Immunoassays for small molecules are based on the principle of a competi-
tive immunoassay. Free drugs in the specimen compete with drug-derivative
reagent for binding to a predetermined amount of antibody. These small-
molecular-weight compounds are haptens that can react with a specific anti-
body but cannot induce the formation of antibodies unless bound to an 
antigenic carrier molecule. The key success factors for the development of a
competitive immunoassay include the innovative design and synthesis of two
haptens, namely, a hapten for “immunogen” and a hapten for drug derivative.
The immunogen is designed for eliciting the production and selection of anti-
body with desired reactivity characteristics when used to immunize suitable host
animals. The “activated drug derivative” contains an appropriate molecular
linker that can be attached to a carrier or a labeling molecule. The drug 
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derivative is structurally related to, and immunologically similar to, the drug
molecules of interest. Thus the drug-derivative reagent can successfully
compete with the free drugs for binding to the limited amount of antibody.

The signal changes associated with the binding to form a labeled “antibody
and drug-derivative immune complex” can be measured in a “qualitative” or
“semiquantitative” mode. The qualitative mode is employed to identify the pres-
ence or absence of an analyte relative to a cutoff value, so the amount of drugs
and metabolites detected in any given sample cannot be estimated from the
immunoassay. Semiquantitative determinations are conducted by comparing
the signal value of the unknown sample to the calibration curve. Questions were
raised regarding the use of immunoassays as a quantitative tool (Baselt, 1989;
Haver et al., 1991). Indeed drug immunoassays are considered “semiquantita-
tive” in nature because the assay result reflects the summative contribution of
all compounds in a sample that can compete for binding to the antibody and
is usually not a definitive measurement of the intended analyte.

There are two types of competitive immunoassays, homogeneous and het-
erogeneous, depending on whether or not extra steps are used to separate the
complex of “antibody bound” from the “free” drug derivative in the reaction
mixture. The heterogeneous immunoassays require washing or centrifugation
to remove the unbound labels, and these physical separation steps can increase
the signal-to-noise ratio by decreasing background generated from the free
labels and potential sample matrix effects. Thus the heterogeneous assays can
more readily achieve lower detection limits for drug screening. In contrast, the
homogeneous assays are based on the modulation of the label property by the
immuno-reaction and hence can be carried out in one reaction mixture in the 
original reaction container. Homogeneous immunoassays can be more readily
adapted to large-volume processing and automation. Once samples are
aliquoted and loaded, a typical high-throughput analyzer can screen hundreds
of samples per hour with minimal operator intervention. Automation increases
test throughput, lowers testing cost, decreases intra-assay variability, and reduces
analyst error liability.

Sophisticated laboratory automation instruments have greatly contributed 
to efficient tests for both clinical and drug-testing laboratories (Bonini et al.,
1992; J. Smith et al., 1993; Palmer et al., 1995; Costongs et al., 1995; Chan, 
1996; Domke et al., 2000). Drugs-of-abuse testing can be performed with 
dedicated analyzers or as part of a test menu of large analyzers. For most 
instrument-based immunoassays, the order and timing of sample pipetting and
reagents mixing can be controlled by instrument operating parameters. The
resulting change of the signal generated by the modulating labels is monitored
and mathematically related to the drug concentration in the specimen by the
analyzers.
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2.2 RADIOIMMUNOASSAY (RIA)

Radioimmunoassay (RIA) was first described by Yalow and Berson in 1959. Dr.
Yalow received the 1977 Nobel Prize in Physiology and Medicine for her con-
tribution to the development of RIA of peptide hormones. The first RIA that
could detect and quantify an abused drug, morphine, was published by inves-
tigators from Roche Molecular Institute (Nutley, NJ) and Washington Univer-
sity (St. Louis, MO) (Spector and Parker, 1970). Numerous RIA tests have since
been developed or evaluated for drug analysis in a variety of biological fluids
and forensic matrices, especially in urine, blood, serum, plasma, oral fluid, fin-
gernails, hair, and meconium (e.g., Teale et al., 1974; Gross et al., 1974; Mule
et al., 1975; Bergman et al., 1981; Hanson et al., 1983; Baselt, 1984; Jones et al.,
1984a, 1984b; R.N. Smith, 1988; Ostrea et al., 1989; Moody et al., 1992; 
Armbruster et al., 1993a, 1993b; Ward et al., 1994; Mieczkowski, 1995; Collison
et al., 1998; Lemos et al., 1999; Spiehler, 2000).

RIA is a heterogeneous immunoassay and two common methods have been
applied for the separation of “free” and “antibody-bound” radiolabeled anti-
gens: coated-tube techniques and second antibody precipitation. The “coat-a-
count” technique utilizes a precoated primary antibody in the reaction tube to
allow for the removal of unbound, labeled antigen. In the “double antibody”
approach, the drug in the sample and the radiolabeled drug derivative compete
for binding to the primary anti-drug antibody. The second antibody reagent
(e.g., second antibody–PEG complex) is added, which can then bind the
primary antibody and yield a complex that precipitates, allowing the separation
from the free radiolabeled drug in the supernatant. Samples, reference stan-
dards, and controls have to be incubated for the same amount of time (e.g., 60
minutes) and centrifuged at a specified speed and time to optimize the 
formation of suitable pellets.

Most of the drug-testing RIAs developed in the 1970s utilized 3H radiotracer.
Hanson et al. (1983) compared 3H-RIA and 125I-RIA for cannabinoids in blood
and serum with GC/MS and found that the three methods gave parallel but
significantly different quantitative results. The disadvantages of 3H radiotracer
include the relatively low specific activities and the use of liquid scintillation
counting. Most commercial RIAs utilize 125I as the label, instead of 131I isotope,
due to its longer half-life. Because radioactivity from the precipitated complex
is inversely proportional to the amount of drug in the sample, the drug con-
centration can be determined by comparing average counts per minute (CPM)
obtained from the sample with the CPM obtained from the positive reference
standard. For quantification, a dose–response curve can be established by 
plotting standard concentrations against the B/B0 values, where B is net bound
CPM for an experimental point and B0 is the net bound CPM for zero dose.
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Mathematical transformation of data produces a standard curve that plots logit
B/B0 against the natural log of the corresponding standard concentration.
Values for unknown samples are obtained by interpolation from the standard
curve. The major suppliers of RIA kits have included Diagnostics Products 
Corporation (DPC, Los Angeles), Roche Diagnostics (previously Nutley/
Branchburg, NJ), Immunalysis Corporation (Pomona, CA) and Research Tri-
angle Institute (RTI, NC). The cross-reactivity profile and regression analysis of
RIA kits from different times and/or manufacturers have been analyzed in a
number of studies (Bergman et al., 1981; Jones et al., 1984a; Weaver et al., 1998;
R.H. Liu et al., 1994; R.H. Liu, 1995; Brendler and Liu, 1997).

One of the advantages of RIA is the low detection limit for quantifying drugs
in diverse biological samples while staying relatively free of matrix effects. On
the other hand, the disadvantages of RIA include the handling of radioactive
materials, the requirement to separate free and bound radiolabeled ligand,
limited shelf life due to radioactive decay, and concerns for radioactive waste
disposal. Moreover, the RIA procedures are more laborious, with higher carry-
over risks, and automation has not been as efficient as with other technologies
(Armbruster et al., 1993a, 1993b). One of the examples of RIA instru-
mentation is the MARK 5 Robotic Sampler (DPC), a flexible, open system that
accommodates tubes and plates and supports customized applications with
Windows-based random-access software. In addition, PerkinElmer Life Sciences
(Boston, previously Packard BioSciences) offers robotic pipetting stations and
automatic gamma counters.

2.3 ENZYME IMMUNOASSAY (EIA)

The utilization of enzymes as labels for antigen and antibody in immunologi-
cal characterization started in the 1960s (Nakane and Pierce, 1967; Avrameas,
1968). Various formats of EIA have since been developed for a wide variety of
applications. The most versatile EIA technique is the enzyme-linked immuno-
sorbent assay (ELISA; Engvall and Perlmann, 1971, 1972). The first homoge-
neous EIA developed for diagnostic applications is the enzyme-multiplied
immunoassay technique (EMIT) (Rubenstein et al., 1972). Later, the recombi-
nant DNA technology facilitated the development of “diagnostic enzymes” for
developing other enzyme-based homogeneous immunoassay systems, including
the new enzyme for EMIT and cloned enzyme donor immunoassay (CEDIA)
(Henderson et al., 1986). Enzymes have also been used as amplification means
in conjunction with chemiluminescent technology to achieve immunoassays
with low detection limits and a large potential dynamic range (Arakawa et al.,
1981; Whitehead et al., 1983; Sharma et al. 1989; Pringle, 1993; D.J. Li et al.,
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1998). A commercial drug test based on enzyme-enhanced chemiluminescence
technology is the DPC (Los Angeles) IMMULITE cannabinoids assay.

2.3.1 ENZYME-MULTIPLIED IMMUNOASSAY TECHNIQUE (EMIT)

The Syva EMIT assays were developed based on the observation that certain
enzymes could be inhibited by antibodies directed against specific haptens that
were covalently bound to the enzymes (Rubenstein et al., 1972; Rodgers et al.,
1978). Drug assays based on the EMIT principle rely on the competition of free
drugs and drug derivatives that are conjugated to an enzyme for antibody
binding. Antibody binding to the conjugated drug derivative results in 
modulated enzyme activity that is indicative of drug concentration present in
the specimen. The enzyme activity can be monitored spectrophotometrically
without the need for separating the bound from unbound reagent in the 
reaction mixture.

A number of enzymes have been used in the homogeneous EMIT assays. Ini-
tially EMIT assays utilized lysozymes and mitochondrial malate dehydrogenase
(MDH) (Rubenstein et al., 1972; Rodgers et al., 1978). Curtis and Patel (1978)
reviewed the basic mechanism of EMIT and discussed the specific advantages
and disadvantages of this method. The original commercial kits included the
Syva Emit-st assays and the Emit d.a.u. assays (Irving et al., 1984; Ellis et al.,
1985). The change of the enzyme used from MDH to glucose-6-phosphate 
dehydrogenase (G6P-DH) simplified the assay procedure. Syva commented 
on the reformulation of the reagents (Gorsky, 1988). The formulations of 
Emit II use new drug–G6P-DH conjugates and new antibodies to improve 
performance (Armbruster et al., 1993a, 1994).

A simplified diagrammatic representation of the basic EMIT assay theory 
is depicted in Figure 2.1. When G6P-DH oxidizes the substrate G6P to 
glucuronolactone-6-phosphate, it also reduces the cofactor nicotinamide
adenine dinucleotide (NAD) to NADH. The quantity of NADH produced can
be determined by monitoring absorbance at the maximal wavelength of 
340nm. Antibody binding to drug derivative suppresses the enzymatic activity,
but the suppression can be reduced by the presence of free drugs that compete
for binding to a limited amount of antibody. The change of G6P-DH enzyme
activity is directly related to the rate of NADH production and the change in
absorbance. Therefore the concentration of the drug in the specimen is also
proportional to the change in absorbance (DA) at 340nm.

EMIT has the advantages of low cost, flexibility, and broad analyzer applica-
tions, although the calibration curves are relatively flat compared to other
immunoassays. The EMIT d.a.u. assays consist of lyophilized reagents that
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require reconstitution while EMIT II assays employ ready-to-use liquid reagents.
Using Syva Emit reagents and a Roche Cobas Bio centrifugal analyzer, F.M.
Moore and Simpson (1990) reported the development of a cost-effective assay
that can test 2470 samples with a single 100-test EMIT kit while maintaining
acceptable precision. Gooch et al. (1992) also described modification of the
Syva Emit assay and cost reduction by reagent dilution. However, it is recom-
mended that immunoassays be performed according to the manufacturer’s
instructions. In addition to urinary drug testing, EMIT assays have been applied
to matrices such as blood, plasma, saliva, and meconium (Peel and Perrigo,
1981; Peel et al., 1984; Lewellen and McCurdy, 1988; Blum et al., 1989; Bogusz
et al., 1990; Gjerde, 1991; Wingert et al., 1994).

Through serial acquisition and divestiture processes, Syva company is now
part of Dade Behring Inc. (Deerfield, IL). In addition to Dade Behring, drugs-
of-abuse assays that utilize a similar assay principle are available from a number
of companies such as Beckman Coulter Synchron (Dietzen et al., 2001) and
Diagnostic Reagents Inc. (Broussard and Hanson, 1997), now part of Micro-
genics DRI. The analyzers used for EMIT assays have included Dade Behring
benchtop or dedicated drug-testing analyzers (e.g., Syra ETS, ETS PLUS, 
Viva, 30-R, and V-Twin) and the Dimension system, Olympus AU Chemistry-
Immuno Systems (Melville, NY), Roche Cobas instrument families, and the
Roche/Hitachi analyzer family (Indianapolis, IN).
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Negative Specimen: No drug in the specimen (or drugs present but below the cutoff concentration)

Negative Result: Antibodies bind to drug derivatives and modulate (reduce) the enzyme activity

Positive Specimen: Drugs present in the specimen (at or above the assay cutoff concentration)

Preliminary Positive Result: Antibodies bind to free drugs; enzyme activity is not affected
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2.3.2 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

ELISA has become the most extensively utilized immunoassay since the tech-
nology was first developed (Engvall and Perlmann, 1971, 1972). A highly sen-
sitive method for determining the amount of antigen or antibody by means of
an enzyme-catalyzed signal change, ELISAs have been adapted to detect or
quantify diverse analytes in many different sample matrices. Various ELISAs for
drug testing have been developed for forensic and toxicological analyses,
although many of them are esoteric tests. An array of commercial ELISA kits is
available for various forensic matrices, such as urine, blood, serum, oral fluid,
sweat, meconium, bile, vitreous humor, and tissue extracts (e.g., Spiehler et al.,
1998; K.A. Moore et al., 1999; Huestis et al., 2000; Spiehler, 2000; Kerrigan and
Phillips, 2001; Niedbala et al., 2001).

Excluding reagent preparation, reconstitution, and protocols, essentially all
ELISA drug screens employ similar methodology. ELISA kits for drug testing
use high-affinity “capture antibody”-coated microtitration plates together with
enzyme-labeled drug derivatives. The microtiter plates used are usually in 12 ¥
8 well strips. An appropriate amount of sample, standard, or control is added
to the corresponding well in designated replicates, followed by an enzyme con-
jugate. The enzyme conjugate competes with the compound in the sample for
binding sites on the antibody-coated well during the incubation period. The
commonly used enzyme for drug ELISA is horseradish peroxidase (HRP). The
enzyme conjugate usually is in concentrated solution and needs to be freshly
diluted each day. After washing the wells, substrate is added for the final color 
development in the presence of peroxide. The ready-to-use substrate for HRP
typically consists of tetramethylbenzidine (TMB). When the color development
is stopped by a diluted acid solution, the result can be measured by absorbance
at 450nm for result calculation. The amount of drug present is inversely pro-
portional to the amount of signal produced. An optical density value greater
than the relevant positive control is considered negative, whereas a value less
than or equal to that of the positive control would be interpreted as a pre-
sumptive positive. The steps to add stopping agent and to read the absorbance
can be omitted for visual qualitative screening. The negative control wells
should have developed a medium blue color before adding stop reagent or
show a bright yellow color after the reaction is stopped.

Various instrument platforms for ELISA are available with optional data-
management software. The ELISA kit manufacturers can assist customers in
selecting the appropriate systems tailored to their laboratory needs. For smaller
labs, a manual to semiautomated system would be sufficient. For larger labs,
there are fully automated two-plate analyzers, or an automated system with
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approximate throughput of six to seven plates per hour. Companies such as
Tecan (Maennedorf, Switzerland), Tecan US Inc. (Research Triangle Park,
NC), or Wampole Laboratories (Princeton, NJ) offer solutions for ELISA that
include liquid handling, microtiter plate washers, readers, and semiautomatic
or automatic, up to fully integrated microtiter plate processors. Various
microplate instruments are also available from PerkinElmer LifeSciences
(Boston, MA), Bio-Rad Laboratories (Hercules, CA), etc.

K.A. Moore et al. (1999) evaluated the use of ELISA (STC Microplate EIA)
and RIA kits (DPC and Immunalysis) as a screening procedure and concluded
that ELISA is an adequate alternative to RIA for screening postmortem speci-
mens, including blood and tissue, for nine major classes of drugs. Spiehler
(2000) reviewed the use of ELISA for analysis of drugs in hair. Kerrigan and
Phillips (2001) compared the performance of ELISA kits from STC (now
OraSure Technologies, Inc.) and Immunalysis for the detection of six common
classes of drug in blood and urine. The analytical performance was determined
in terms of binding characteristics, dose–response curves, limits of detection,
sensitivity, intra- and interassay imprecision, lot-to-lot reproducibility, as well as
the assay performance using forensic casework samples. The authors concluded
that these comparative assessments indicated some key differences in analytical
performance.

2.3.3 CLONED ENZYME DONOR IMMUNOASSAY (CEDIA)

CEDIA is a homogeneous EIA that was developed using enzyme fragments 
prepared by the genetic engineering of genes encoding the microbial enzyme
b-galactosidase (Henderson et al., 1986). A simplified diagrammatic represen-
tation of the basic CEDIA assay theory is depicted in Figure 2.2. The smaller,
amino-terminal polypeptide is called an enzyme donor (ED), and a large resid-
ual polypeptide is called an enzyme acceptor (EA). The ED and EA fragments
are inactive but can spontaneously associate in solution in a process called com-
plementation, forming a tetrameric enzyme that is as enzymatically active as the
natural galactosidase. In the assay, antigens can be attached to the ED in such
a way that “the degree of recombination is controlled by the binding of anti-
bodies to the ED–ligand conjugate” (Khanna et al., 1989; Engel and Khanna,
1992). Drug in the specimen competes with the drug derivative–ED conjugate
for antibody and thus modulates the amount of active enzyme formed. The
amount of b-galactosidase created is monitored spectrophotometrically
through the hydrolysis of an appropriate enzyme substrate, such as chlorophe-
nol red-b-D-galactopyranoside (CPRG). The signal generated by enzyme sub-
strate hydrolysis, and hence the resulting absorbance rate change, is directly
proportional to the drug concentrations in the specimen.
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The CEDIA drugs-of-abuse assays have been evaluated in various com-
parative assessments with other commercial immunoassays and GC/MS 
(Armbruster et al., 1995; Wu et al., 1995; Fraser and Meatherall, 1996; Cody
and Valtier, 1997; M.L. Smith et al., 2000; Spanbauer et al., 2001). The effects
of adulterants or interfering substances were investigated in some of these 
evaluations. CEDIA has also been applied for drug analysis in blood speci-
mens (Cagle et al., 1997; Iwersen-Bergmann and Schmoldt, 1999).

CEDIA technology has the advantages and the capability to develop assays
with a linear calibration curve and relatively broad dynamic range by proper
selection of antibody and the matched pairs of EA and ED. Because enzyme
activity is greatly diminished when the fragment reassociation is blocked by anti-
body binding, the production of colored products exhibits a linear
dose–response relationship to the drug of interest. The rate separation by
CEDIA assays between the negative and cutoff calibrators is generally greater
than that of the Emit II assays (Wu et al., 1995). However, CEDIA assays require
reagent preparation for the reconstitution of the lyophilized reagents and have
relatively limited reagent on-board stability and calibration stability.

Through serial acquisition and divestiture processes, the CEDIA business 
and Diagnostic Reagents Inc. (DRI) are now operated under the company name
Microgenics Corporation (Fremont, CA), one of the operating subsidiaries
Apogent Technologies, Inc. On the other hand, CEDIA is currently a registered
trademark of Roche Diagnostics. The CEDIA assays can be run on a number of
analyzers such as the Olympus AU and the Roche/Hitachi analyzer systems.
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Negative Specimen: No drug in the specimen (or drugs present but below the cutoff concentration)

Negative Result: Antibodies bind to drug derivatives and inhibit the complementation of EA and ED

Positive Specimen: Drugs present in the specimens (at or above the assay cutoff concentration)

Preliminary Positive Result: Antibodies bind to free drugs; EA and ED form active enzymes
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2.4 FLUORESCENCE POLARIZATION 
IMMUNOASSAY (FPIA)

A variety of fluorescence-based immunoassays have been developed for clinical
diagnostic applications. Fluorescence polarization (FP) was first applied to the
competitive immunoassay of hapten molecules by Drandliker and colleagues
(1961, 1970). The application of FPIA for therapeutic drug testing (TDM) was
reported by Watson et al. (1976) and McGregor et al. (1978). Colbert and col-
leagues published a series of polarization fluoroimmunoassays for the detec-
tion of six classes of abused drugs in urine (e.g., Colbert et al., 1984; Gooch et
al., 1994). Since the 1980s, both Abbott Laboratories (Abbott Park, IL) and
Roche have developed a series of FPIA-based assay kits for therapeutic drug
monitoring and drugs-of-abuse testing (e.g., Jolley et al., 1981a, 1981b; Oeltgen
et al., 1984; Rutledge et al., 1987; Herold and Margrey, 1987; Caplan and
Levine, 1989; de Kanel et al., 1989; Schwenzer et al., 2000).

FP can be observed when fluorescent molecules, or fluorophores, are excited
with plane-polarized light. When a fluorophore is irradiated with light of an
excitation wavelength (e.g., 485nm), some of the light is absorbed and re-
emitted within a few nanoseconds at a longer emission wavelength (514–550
nm) in the same polarized plane. If the fluorophores are free to rotate, the
polarization of the emitted light will be degraded as a result of molecular 
tumbling during the short time between absorption and emission of light. If
vertically polarized light is used to excite the fluorophore, the emission light
intensity can be monitored in both the original vertical plane and the 
horizontal plane. The degree to which the emission intensity moves from the
vertical to the horizontal plane is related to the mobility of the fluor-
escently labeled molecule.

A simplified diagrammatic representation of the basic FPIA principle is
depicted in Figure 2.3. A small molecule, such as a drug–fluorescein conjugate
(tracer), can rotate rapidly before light emission occurs, resulting in depolar-
ization of the emitted light relative to the excitation plane (low degree of 
polarization). In contrast, binding of antibody to the tracer slows down the 
rotation rate. Thus the polarized light absorbed is emitted with little loss of
polarization (i.e., higher degree of polarization). The higher the free drug con-
centration in the sample, the more the free tracer and the lower the degree of
polarization. Calibrators containing known amounts of drug interact with the
tracer and antibody to produce a curve relating drug concentration to arbitrary
“millipolarization,” or mP units. The interactions of the specimen, the tracer,
and the antibody under the same conditions yield mP units that can be corre-
lated with the drug level in the specimen by making a comparison with the cal-
ibration curve.
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FPIA has the advantages of relatively good reagent stability, calibration sta-
bility, and good precision. The reagents are supplied as liquid reagent packs.
It has been reported that vitamin B2 and some components of the urine matrix
may cause potential interference in FPIAs (Kunsman et al., 1998). In general,
however, FPIA is relatively unaffected by matrices and has broad applications
including the analysis of abused drugs in blood (Bogusz et al., 1990; Keller et
al., 2000) and hair (Kintz et al., 1992). Lee and Lee (1989) extended FPIA appli-
cation to blood, bile, and liver.

FPIA requires suitable instrumentation for measuring polarized fluorescent
light, and the assays are generally more expensive. Popelka et al. (1981)
described an instrument developed for quantitating FPIA that can automati-
cally measure both polarization components and compute a polarization value
corrected for background and optical bias. Abbott Laboratories first introduced 
the TDx batch analyzer for FPIA for TDM (Jolley et al., 1981a, 1981b).
Mikkelsen and Root (1993) evaluated 11 TDM FPIA products from Roche and
Abbott using the Roche Cobas FARA II random-access analyzer and Abbott
TDx, respectively. The analyzers used for Abbott FPIA drugs-of-abuse assays
have include TDxFLx, ADx, and the AxSYM system. AxSYM is an integrated
instrument that combines continuous access, random access, and STAT pro-
cessing for medium- and high-volume clinical laboratories (J. Smith et al., 1993;
Costongs et. al., 1995).

Perez-Bendito et al. (1994, 1996) applied automatic kinetic methods to 
the direct determination of abused drugs in urine by a “stopped-flow FPIA” (SF-
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Figure 2.3
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representation of FPIA
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FPIA). This technique provides analytical data within a few seconds by mea-
suring the variation of polarized fluorescence with time during development
of immunochemical reactions. The authors reported that detection limits 
and within- and between-assay precision were better than those provided by 
conventional FPIA technology.

2.5 KINETIC INTERACTION OF MICROPARTICLES 
IN SOLUTION (KIMS)

The utilization of latex microparticles for the agglutination test was first demon-
strated for the detection of rheumatoid factor (Singer and Plotz, 1956; Oreskes
and Singer, 1961). Hemagglutination inhibition (HI) methods were em-
ployed in the studies on heroin addiction and the detection of morphine and
methadone (Adler and Liu, 1971; Catlin et al., 1973; C.T. Liu and Adler, 1973).
Detection of agglutination by turbidimetry using spectrophotometry or neph-
elometry further extended these applications to quantitative assays (Dezelic 
et al., 1971; Grange et al., 1977). The technique of light-scattering spectroscopy
improved the sensitivity and quantification of particle-based immunoassay
(Cohen and Benedek, 1975).

Microparticle agglutination technology as explored by Roche as a tech-
nology to develop various immunoassays, including those for abused-drugs
screening (Ross et al., 1975; Chiarotti et al., 1985). The commercial micropar-
ticles-based products have included the Abuscreen OnTrak immunoassay for
point-of-care drug tests (Schwartz et al., 1990b; Armbruster and Krolak, 1992;
Crouch et al., 1998a) and the Abuscreen ONLINE instrument-based immunoas-
says (Armbruster et al., 1993a, 1993b; Hailer et al., 1995; Crouch et al., 1998b;
Boettcher et al., 2000). Moody and Medina (1995) applied the Abuscreen
ONLINE assays to drug analysis in serum.

KIMS is a homogeneous immunoassay in which the free drugs and the
microparticle-bound drug derivatives compete for binding to limited amount
of antibody in solution. A simplified diagrammatic representation of the first-
generation KIMS assay is depicted in Figure 2.4. The drug derivatives are con-
jugated to a carrier and then “labeled” with carboxyl-modified, uniform latex
microparticles through covalent coupling. The microparticles in solution do
not significantly block light transmission through a cuvette, so the starting
absorbance is low. In the absence of the drug of interest, the drug conjugates
on the surface of the microparticles bind to antibody molecules and form 
particle aggregates that effectively block light transmission and thus scatter
transmitted light. As the aggregation reaction proceeds, the change in
absorbance increases. The addition of drug-free specimen to the reagents does
not interfere with lattice formation, so the absorbance will increase over a given
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time period. Conversely, free drug in the specimen binds to antibody and results
in the inhibition of subsequent particle lattice formation. The reduction in the
rate of absorbance increase is in proportion to the drug concentration.

KIMS has the advantages of stability, low cost, and relatively broad analyzer
applications. Since the absorbance change of the solution is measured as a 
function of time while absorbance from interfering substances does not 
usually change with time, KIMS is relatively free from interference. The
KIMS(I) technology allows for a relatively steep response plot but has a rela-
tively smaller linear range than enzyme-based assays. A new generation of KIMS
assays, called ONLINE Gen II immunoassays, has recently been developed for
some of the TDM and drugs-of-abuse assays. A simplified diagrammatic repre-
sentation of KIMS(II) assay is depicted in Figure 2.5. The drug derivatives are
covalently conjugated to an aminodextran polymer. The binding of the soluble
conjugates to antibodies that have been covalently attached to the microparti-
cles will cause the agglutination reaction, which then leads to the increase of
absorbance rate. The binding of free drug to the microparticle-bound antibody
causes inhibition of the particle lattice formation. ONLINE Gen II drug-testing
assays offer the advantages of ready-to-use liquid reagents, improved serum
applications, and a broader measuring range. For example, the ONLINE Gen
II Opiates assay (Bruton et al., 2000) can be utilized for semiquantitative mea-
surements using six standards, from 0 to 2000ng/mL for the 300ng/mL cutoff,
and 0 to 8000ng/mL for the 2000ng/mL cutoff. The ONLINE drugs-of-abuse
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assays have been evaluated in most of the comparative evaluations of major
drug-testing products and GC/MS analysis (e.g., Armbruster et al., 1993a, 1995;
Smith, 1993; Ferrara et al., 1994; Baker et al., 1995; Kintz et al., 1995; Huestis
et al., 1994, 1995; Cody and Valtier, 1997; Smith, F.P., 1997; von Meyer et al.,
1997, Domke et al., 2000; Boettcher et al., 2000; Smith, M.L. et al., 2000).

The ONLINE assays can be run using a number of instrument platforms but
are most commonly run on various Roche Cobas analyzer systems, Olympus 
AU analyzers (Melville, NY), and the Roche/Hitachi systems, including the
Modular Analytics. The Cobas INTEGRA is a random and continuous access
analyzer capable of performing ion selective, absorbance, and FP assays from a
single sample (Palmer et al., 1995; Passarelli and Bates, 1997). The reagents for
INTEGRA are supplied in ready-to-use cassettes. The modular system has the
advantages of consolidation, which leads to a reduction of the daily workflow
and operational costs.

2.6 ONSITE (POINT-OF-COLLECTION) IMMUNOASSAYS

Various descriptions such as onsite, POC (point of collection or point of care),
rapid, and one-step drug tests have been applied to commercial “non-
instrument-based immunoassay kits” for drugs-of-abuse testing (Jenkins and
Goldberger, 2002). Ideally, onsite testing is the most convenient and effective
way for abused-drug screening. Realistically, the technical challenges for devel-
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oping a competitive immunoassay for low concentration of small-molecular-
weight drug compounds without instrument readout were higher than those
for routine urinalysis dipsticks or pregnancy sandwich immunoassays. A com-
bined two-step procedure was devised to absorb drug onto ion-exchange paper
onsite before sending to laboratory for RIA or HI (Alexander, 1976; Alexander
and Machiz, 1977). Early versions of dipstick papers were reported to be an
unsuitable technique for drug testing (Jukofsky et al., 1981; Schwartz et al.,
1989). In the 1980s, various methods of paper chromatography that utilized
enzyme or radio tracer labeling were explored for convenient visual tests (Zuk
et al., 1985; T.M. Li et al., 1987). With the improvement of high-flow nitrocel-
lulose membranes, the majority of current onsite immunoassay devices utilize
membrane strips as reaction media that provide vast solid-phase surfaces for
immunoreactions. The resulting color signals can be read visually or with a
reading instrument. The major types of “labels” used for these assays include
gold sol metal nanoparticles and dyed latex microparticles.

Examples of the heterogeneous POC drug assays include the enzyme-based
membrane immunoassays, such as EZ-SCREEN card test (Schwartz et al., 1990a;
Jenkins et al., 1993), and ASCEND technology-based Biosite (San Diego, CA)
Triage panel (Buechler et al., 1992; Wu et al., 1993). These assays require
sample pipetting, solution transfer, timed incubations, and washing of the mem-
brane. However, by allowing longer incubation of the sample and reagents in
a separate compartment, the “threshold ligand–receptor assay” may improve
near-cutoff differentiation. The system with sequential incubations and washing
is also more forgiving of potential sample matrix effects. The Biosite Triage
panel drugs-of-abuse assay has been evaluated by several laboratories (Rohrich
et al., 1994; Wu et al., 1993; de la Torre et al., 1996; Peace et al., 2000). Poklis
and O’Neal (1996) discussed factors that have the potential to cause false-pos-
itive results and made suggestions for prevention. Moriya and Hashimoto
(1996) applied Triage tests to forensic blood samples.

An example of homogeneous POC drug immunoassays was the Abuscreen
OnTrak product line, which allowed for the visual interpretation of qualitative
results following a KIMS-like reaction (Schwartz et al., 1990b; Cone et al., 1991;
Armbruster and Krolak, 1992; Armbruster et al., 1993a; Crouch et al., 1998a,
1998b). The assays require manual addition and mixing of sample and reagents,
but the differentiation of results (visible aggregates versus smooth, milky
appearance) is generally clearer than color-based reading. This classic OnTrak
line was later replaced with the current Varian Inc. OnTrak TesTcup and 
TesTstik lines, which offer the advantages of simplicity, speed, and storage sta-
bility under broad temperature ranges (Towt et al., 1995; Crouch et al., 1998b).
Additional examples of rapid, onsite devices include those from  PhamaTech
Inc., American Bio Medica Corporation Applied Biotech, Inc. Branan Medical
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Corp., Cozart Biosciences, Princeton Biomeditech, Securetec Detection
Systems, and contract manufacturers, such as Acon Labs and Syntron Biore-
search, etc. Both SAMSHA and ROSITA conducted inventory studies of the
devices. The markets for POC abused-drug testing devices are among the most
dynamic ones in the drug-testing industry, and the number of companies and
products has continued to expand and change in recent years.

In principle, the lateral-flow immunochromatographic assays are homoge-
neous immunoassays that can provide single or multiple results within a few
minutes after a simple test start. Therefore such devices have been gaining
acceptance and popularity in certain markets. In general, the “whole sample
matrix” assays have some challenges of near-cutoff reading, due not only to fast
reaction kinetics of “immunoassay with no measuring or timing steps,” but also
to the inherent variations in reading certain color intensities by human or small
readers. The ready-to-use devices depend on precalibration during the manu-
facturing process, and hence do not have the onboard calibration flexibility of
instrument-based testing. However, these assays can provide generally compa-
rable performance with conventional immunoassays in most drug-screening set-
tings and are useful for drug screening in the markets that demand an instant
qualitative determination.

A congeries of articles have been published that report the evaluation of
onsite immunoassays for screening of abused drugs (e.g., Jenkins et al., 1995;
Ros et al., 1998; Crouch et al., 1998a, 1998b; Buchan et al., 1998; Wennig et al.,
1998; Kintz et al., 2000; Leino et al., 2001; Gronholm and Lillsunde, 2001). In
1999, SAMHSA published a government-sponsored evaluation of 15 onsite
devices that were compared to GC/MS and to the use of an instrument
immunoassay (http://workplace.samhsa.gov/ResourceCenter/r409.htm). The
evaluation was designed to challenge the devices on their accuracy around the
cutoff. Although there are tradeoffs of sensitivity versus specificity when 
the majority of the samples evaluated are within ±25% of the cutoff values, the
overall performance of most onsite devices was considered comparable to that
of an instrument-based immunoassay. A field test sponsored by the DOT
National Highway Traffic Safety Administration (NHTSA) (DOT HS 809–192,
2000) identified 30 onsite devices and rated 16 devices based on 14 criteria.
From the rating results, 5 devices were selected to evaluate 800 samples in two
high-prevalence counties. Moreover, Buchan et al. (1998) reported a field eval-
uation of onsite, multi-analyte drug-testing devices to determine their 
accuracy, efficiency, and cost-effectiveness as a tool for identifying impaired
drivers and determining prevalence of illicit drugs in reckless drivers in a
Florida county. As part of the roadsite testing assessment (ROSITA) project
(www.rosita.org), Gronholm and Lillsunde (2001) evaluated the accuracy of 
10 onsite testing devices. The accuracy of the devices in general was good,
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although there were differences in the ease of performance and interpretation
of test results. Leino et al. (2001) evaluated 8 commercially available onsite
drugs-of-abuse testing devices and reported that the devices differed with
respect to interpretation of test results and to the ease of test performance. The
authors suggested that different criteria for selecting onsite devices for either
emergency laboratory in hospitals or police stations and prisons should be used.
As with any immunoassay screenings, the importance to confirm any positive
screening test result should always be emphasized.

2.7. PERFORMANCE CHARACTERISTICS AND 
QUALITY MANAGEMENT OF IMMUNOASSAYS

FDA is currently in the process of revising the guidance for industry and FDA
staff regarding premarket submission and labeling recommendations for drugs-
of-abuse screening tests. Likewise, immunoassays need approval from the 
European In vitro Diagnostic Directive (IVDD) to receive the “CE Mark”.

The Department of Health and Human Services established the National 
Laboratory Certification Program (NLCP) that includes comprehensive per-
formance testing and laboratory inspection programs. Essentially all guidelines
developed for drugs-of-abuse testing describe the requirements and procedures
of quality assurance and quality control programs. The criteria and perfor-
mance of drug immunoassays for analytical diagnostic applications have 
been discussed in detail in relevant literature (Feinstein, 1975; Galen, 1977;
Griner et al., 1981; Spiehler et al., 1988; Ferrara et al., 1994; Lawson, 1994; 
Scassellati, 2000). Moreover, commercial kits are subject to various clinical trials
and third-party comparative assessment of diagnostic sensitivity, (%TP/(TP +
FN)), diagnostic specificity, (%TN/(TN + FP)), and efficiency (%(TP +
TN)/(total N)), (e.g., Frings et al., 1989; Armbruster et al., 1993a, 1995; 
Ferrara et al., 1994; Huestis et al., 1994, 1995; Kintz et al., 1995; Wu et al., 1995;
von Meyer et al., 1997; Smith-Kielland et al., 1999; Boettcher et al., 2000; 
M.L. Smith et al., 2000).

When comparing the evaluation results of immunoassays, it is important to
take into consideration the target analyte and cutoff selections of the assays and
the type and prevalence of the testing population. The “false-positive” samples
usually include “unconfirmed” positives, such as samples with drugs present
below the cutoff and samples containing abused or mis-used drugs not man-
dated for confirmatory test. In general, the respective cutoff adopted for the
immunoassay for marijuana, amphetamines, and cocaine is set higher than that
adopted for the GC/MS confirmation (e.g., 59 FR 29916, 1994). The CAP
forensic urine drug-testing laboratory accreditation program requires that
quantitative cutoff levels of the analytes be used but leaves the cutoff determi-
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nations up to the laboratory or to the intent of its clients’ drug-testing pro-
grams. Internationally, many countries differ in their concerns and strategies
to deal with the substance abuse problems (de la Torre et al., 1997; Wilson and
Smith, 1999; Corcione et al., 1999). A survey of 269 European Union labora-
tories (Badia et al., 1998) indicates that screening only was a common approach
of clinical laboratories, whereas screening with identification and quantifica-
tion was the approach used by most forensic laboratories. Moreover, a high per-
centage of laboratories did not use or report cutoff. Recently, the European
Workplace Drug Testing Society was founded to provide an independent forum
and to ensure that workplace drug testing is performed to a defined quality
standard and in a legally secured way (Verstraete and Pierce, 2001).

It is also important to recognize the variables and caveats that can influence
the outcome and interpretation of immunoassay results (e.g., Baselt, 1984;
Kidwell, 1992; Colbert, 1994; Wennig, 2000). The contributing variables
include, but are not limited to, interindividual variations, diet, and medication,
as well as analytical, statistical, and medicolegal factors. The interindividual
pharmacogenetic and physiological variations ultimately affect the drug phar-
macokinetics and excretion profile. Ingestion of certain known or unknown
food products or medication can complicate the interpretation of drug-
screening results (e.g., Maurer and Fritz, 1990; ElSohly et al., 1990; Johansen
et al., 1991; ElSohly and Jones, 1995; Costantino et al., 1997; Lehmann et al.,
1997; Cody and Schwarzhoff, 1993; Cody, 1996; Cody and Valtier, 2001). In addi-
tion, the importance of specimen integrity and validity is well recognized and
has been addressed at both the scientific and the regulatory levels (Cody and
Schwarzhoff, 1989; Schwarzhoff and Cody; 1993, Goldberger and Caplan, 1994;
Cone et al., 1998; Urry et al., 1998; Wu et al., 1999; Tsai et al., 2000; Cook et
al., 2000; Federal Registrar 66 FR 43876, 2001).

One of the most critical issues in interpreting immunoassay results is the
understanding of cross-reactivity and potential interference of the immunoas-
says (Kricka, 2000). While assay specificity refers to the ability of an antibody to
produce a measurable response only for the analyte of interest, cross-reactivity
is a measurement of antibody response to substances other than the target
analyte. Regardless of the rationale of selecting monoclonal or polyclonal anti-
bodies to meet the specific assay requirement, many drug molecules have such
closely related structures that the antibody cross-reactivity has to be critically
evaluated in the first stage of assay design and throughout assay development.
Cross-reactivity may be expressed in several ways; the most common approach
is to spike a pure sample of testing substance into an analyte-free matrix to give
a suitable range of concentrations, including levels above and below that of the
assay cutoff. For drugs-of-abuse assays, the cross-reactivity can be calculated
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according to the linear regression method to determine the cross-reactant con-
centration that gives a response approximately equal to that of the analyte
cutoff concentration.

Immunoassay specificity can be optimized by elaborate molecular design of
the immunogens, derivatives, linkers and linker positions. Upon extensive
screening, sophisticated tools such as Molecular Modeling and Surface Plasmon
Resonance can be utilized to investigate the antibody binding characteristics
and the Kon and Koff rates. Many of the wanted versus unwanted compounds can
be so similar that a minute difference in structure or chirality can significantly
impact the crossreactivity profile. The amphetamine structurally-related 
compounds exemplify the cross-reactive paradigm of abused drugs, designer
drugs, herbal supplements, and prescription and over-the-counter medications.
Specificity testing of the parent compound may not always predict the extent
of potential cross-reactivity from its known and unknown metabolites. More-
over, cross reacting compounds can be present at much higher concentrations
than the target analyte, so even minute cross-reactivity with a drug can 
accumulate sufficient total immunoreactivities to produce a false “presumptive
positive” result.

Many effective medicines share the same essential core structure as the
abused drugs. Conversely, structurally unrelated medications can have three-
dimensional conformations that possess weak but sufficient binding to certain
antibodies. For instance, dextromethorphine and dextrorphine can bind to
phencycline (PCP) receptors in vivo or anti-PCP antibodies in vitro (Nicholson
et al., 1999; Schier, 2000). Examples of the published cases include oxaprozin
with benzodiazepines (Fraser and Howell, 1998), various therapeutic drugs with
LSD (Ritter et al., 1997; Rohrich et al., 1998), ranitidine with methampheta-
mine (Dietzen et al., 2001), pholcodine, rifampicin, and ofloxacin with opiates
(Maurer and Fritz, 1990; Johansen et al., 1991; de Paula et al., 1998; Meather-
all and Dai, 1997), thioridazine with PCP (Long et al., 1996), diphenhydramine
with PCP and propoxyphene (Levine and Smith, 1990; Schneider and Wennig,
1999), and nonsteroidal anti-inflammatory drugs with certain drug tests 
(Berkabile and Meyers, 1989; Rollins et al., 1990). There have been many
reports of unexpected cross-reactivities in the related literature and no single
technology or manufacturer was exempted from such findings. The cross-
reactivity profile is one of the reasons immunoassay results across different
products are comparable in the majority, but not in all, of the clinical 
specimens investigated. A number of pretreatment procedures can alleviate
certain immunoassay crossreactivity issues. For example, glucuronidase hydrol-
ysis can enhance the sensitivity of Benzodiazepines assays (Beck et al., 1997;
Meatherall and Fraser, 1998) and periodate oxidation can improve the speci-
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ficity of Amphetamines assays (Spiehler et al., 1993; Ward et al., 1994). Conse-
quently, dedicated analyzers capable of periodate treatment can show better
performance than larger, high-throughput analyzers for amphetamines screen-
ing even though the reagents per se are comparable. The nature of drug inter-
ference for immunoassays is different from the interference for GC/MS analysis
(Wu, 1995; Ostheimer et al., 1997); however, it is equally important to recog-
nize the potential of interference and to exercise caution while interpreting a
drug-testing result.

2.8 SUMMARY

The development and advancement of sophisticated immunoassay technolo-
gies have significantly contributed to the overall efforts in deterring and detect-
ing the abuse of illicit substances and the misuse of certain prescription
medications. The efforts of numerous scientists and regulatory agencies,
together with financial investment by the industry, have enabled the cost-
effective and efficient screening of drugs of abuse. Substance-abuse testing has
been, and continues to be, an actively published field. This chapter pro-
vided an overview of the general principle of immunoassay technologies and
described the most commonly used immunoassays for drugs-of-abuse screen-
ing. Immunoassay technologies are useful tools for a preliminary analysis of
drugs of abuse, providing their state-of-the-art performance characteristics,
inherent limitations, and advantages are recognized. Confirmatory tests of pre-
sumptive positive specimens following the initial screening tests are important
for ensuring reliability of forensic drug analysis.
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The identification of marijuana or its chemical constituents has long been one
of the most often performed analyses in the forensic drug laboratory. This
includes analysis of the very common botanical samples, ranging from whole
plants to finely chopped vegetation, as well as preparations and extracts, such
as hashish and liquid hashish. Analytical issues do not end with merely identi-
fying such exhibits. Occasionally the scientist is asked to compare exhibits to
determine if they have a common provenance or what that provenance might
be. This has resulted in a considerable body of literature devoted to profiling
the constituents, both organic and inorganic, of Cannabis specimens. Evidence
of the use of Cannabis as a drug is also of forensic interest both in drug-
screening programs and in cases in which drug-induced impairment is an issue.
The focus in the analytical toxicology of Cannabis has been on the major
metabolite 11-nor-D9-tetrahydrocannabinol carboxylic acid (THC-COOH). This
chapter will address each of these topics separately and will include a histori-
cal perspective and cover specific widely accepted methodologies and recent
advances.

Handbook of Forensic Drug Analysis Copyright © 2005, Elsevier, Inc.
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3.1 QUALITATIVE SEIZED-DRUG ANALYSIS OF
CANNABIS ,  HASH,  AND HASH OIL :  
CURRENT AND HISTORICAL PERSPECTIVES

3.1.1 INTRODUCTION

Seized-drug testing is a practice involving the examination and analysis of law
enforcement submissions for the presence or absence of controlled substances.
The amounts submitted are usually ample enough to be visible to the naked
eye. They range in size from residues often found, for example, in smoking
devices to tons of material seized from large transport or storage facilities. Such
samples are seized by law enforcement from those possessing, selling, manu-
facturing, or attempting these acts. The practice is distinguished from toxico-
logical analysis in that it is not concerned with metabolites, nor does it typically
involve extraction from physiological matrices. It differs from toxicological and
environmental analysis by the larger magnitude of analyte often present for
testing (typically milligrams and larger) and because, unlike these two, it is not
often concerned with elemental analysis. Seized-drug testing is concerned with
both qualitative and quantitative determinations. Quantitative tests are often
run for investigative purposes but may also be performed to meet statutory
requirements, as in the setting of criminal charges (New York State has approx-
imately 98 controlled-substance statutes of this type) or to aid the court in 
sentencing (see U.S. Federal Drug Statutes). Because it occurs in a forensic
context, it frequently entails presentation and defense of test results by the
analyst with case responsibility in criminal court. Common techniques
employed for the analysis of seized drugs include color tests; microscopy; thin-
layer, gas, and high-performance liquid chromatography (TLC, GC, HPLC);
mass spectrometry (MS); and ultraviolet and infrared spectroscopy (UV, IR).
In keeping with good laboratory practice, a positive identification should be
based on at least two positive test results from two different test methodologies
made on separate aliquots of the material. The test results should be reviewed
by at least two individuals who are thoroughly familiar with the testing proto-
col. Two very good general discussions of seized-drug analysis that include a
review of federal drug schedules, test methodologies for different drugs, and
sound basic principles for creating analytical protocols are found in works by
Siegel (1993) and Saferstein (2001).

Cannabis, according to a report from the Drug Enforcement Administration-
sponsored National Forensic Laboratory Information System (ASCLD News,
2001), is the most frequently identified controlled substance in forensic labo-
ratories in the United States, at 39.68% of all submissions. Cocaine was second
at 30.65%, and all others tallied were at single-digit percentages or less. These
numbers were based on a sampling of 165 individual laboratories at the state
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and local levels. Testing for Cannabis typically involves identifying fresh plants
or dried, crushed plant material as belonging to the genus Cannabis of the
family Cannabinaceae. Where resins or oils of Cannabis are submitted, the aim
is to establish that they contain constituents of Cannabis. Identifying any of
several cannabinoids (See Figure 3.1) and remnants of the Cannabis plant
present can accomplish this. In some jurisdictions the charge for oils and resins
may be based simply on the presence of a cannabinoid like D9-tetrahydro-
cannabinol (THC). In modern forensic laboratories, identification of the plant
material may be made from an examination of macroscopic and microscopic
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botanical features along with chemical tests to establish the presence of various
cannabinoids.

3.1.2 REVIEW OF FIELD AND LABORATORY TESTING

3.1.2.1 Current Field Testing
At least two companies in the United States (Sirchie of Raleigh, NC, and ODV
of South Paris, ME) produce kits for testing materials suspected of containing
controlled substances. These are often used by law enforcement in the field to
establish probable cause for an arrest. For Cannabis, each company manufac-
tures two different tests, one based on the Duquenois–Levine test and the other
based on the fast blue B salt test. The test reagents are dispensed in two types
of containers, a plastic pouch and a plastic tube.

The tests are performed as follows (Figure 3.2). A small amount of the sus-
pected controlled substance (as plant material, resin, or liquid) is added to the
pouch or tube. The container is closed. Squeezing the outside of the container
crushes ampules located within that hold reagents. These actions are done in
sequence to yield various colors that are then compared to a color chart for
determination of whether the presence of a controlled substance is indicated.
Neutralizing reagents are provided to render the contents safe for disposal.
Users are instructed on how much suspected material to use and how to read
the colors and about the presumptive nature of the tests (see Figure 3.2).
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3.1.2.2 Review of Laboratory Testing
What follows is a review of much of the analytical literature from approximately
the 1970s until the present regarding the testing of Cannabis and its con-
stituents. The references generally fit within the seized-drug context.

3.1.2.2.1 Identification of Cannabis by Multiple Tests
Traditionally, seized-drug identification of Cannabis relied on various combina-
tions of wet chemical, microscopic, chromatographic, and spectroscopic testing
methods. In recent years DNA profiling techniques for identification and 
individualization have been described, although we know of no instance 
where it is being performed on a routine basis. A series of publications docu-
ment a combination of techniques (usually wet chemical, microscopic, and
chromatographic) for the identification of Cannabis. Many studies regard-
ing seized-drug identification of Cannabis were published in or around the
1970s.

Thornton and Nakamura (1972) provide an extensive review of the 
chemistry of the phenolic constituents of the resin from the leaves and flower-
ing tops of the marijuana plant, the chemistry of the Duquenois–Levine color
test, botanical features useful for identification, along with thin-layer chro-
matographic and infrared absorption methods for identifying the major
cannabinoid constituents. They found, based on an earlier work by Nakamura
(1969), that since at least 82 species of plants from families of the subclass
dicotyledon possess cystolithic hairs and despite the usefulness of other mor-
phological features such as trichomes, a Duquenois–Levine test was necessary
for confirmation of identity. They further contend that chromatographic tests
are indicated where morphological features are absent. In a subsequent article
(Nakamura and Thornton, 1973), the authors review, in a question-and-answer
format, issues pertinent to those testing for Cannabis. Topics include the issue
of speciation of Cannabis, specificity of the Duquenois test, substances yielding
false positives to the analytical scheme of the Duquenois test, TLC for cannabi-
noids, microscopic analysis, and the potency of Cannabis. They conclude that
no set criteria exist for the identification of Cannabis; some analysts rely strongly
on morphological characteristics, while others stress the importance of chemi-
cal tests for cannabinoids. They add that a Duquenois–Levine test, a micro-
scopic examination, and a TLC test may be “more than sufficient to rule out
plants other than marijuana (Cannabis).”

A pamphlet from the former U.S. Treasury Department Bureau of Narcotics
(1948) provides textual descriptions with black-and-white photos of the mature
plant along with stereophotomicrographs of microscopic features, all of which
can be used as “identification characteristics” for the purposes of seized-drug
analysis. Fairbairn (1972) uses scanning electron micrographs to view the 

C A N N A B I S :  M E T H O D S  O F  F O R E N S I C  A N A L Y S I S 47



trichomes and glands of Cannabis, with emphasis on sessile glands found in
abundance on the male, female, and monoecious plants studied. He notes 
that sessile glands provide an additional structure to be used in microscopic
identification of Cannabis. DeForest and Morton (1972) describe a microscopic
method for establishing the presence of marijuana in ash, such as from a pipe
or ashtray. They show with photomicrographs how morphological structures of
Cannabis ash differ from those of similar plant ash. This approach could be
coupled with a TLC system, suggested by Kempe et al. (1972), that separates
cannabinoids in charred Cannabis. They were able to distinguish cannabidiol,
tetrahydrocannabinol, and cannabinol from residues, cinders, and paper.
Hauber (1992), in an effort to avoid the hazardous waste generated by use of
the Duquenois–Levine test, describes an unambiguous identification protocol
that relies on the documentation of various botanical features and the running
of two thin-layer systems. The systems indicate the presence of certain cannabi-
noids not discriminated by the Duquenois–Levine test.

3.1.2.2.2 Identifying Botanical Features
Seized-drug identification of Cannabis per se must include an examination of
some of the plant’s morphological characteristics as well as chemical tests to
establish the presence of cannabinoids. Cannabis is classified, according to
Nakamura (1969), as follows:

Division: Spermatophyta (seed plants)
Class: Angiospermae (flowering plants)
Subclass: Dicotyledons (dicots); 31,874 species
Order: Urticales (elms, mulberries, nettles, and hemps); 1753 species
Family: Cannabinacea (hops and marihuana); 3 species
Genus: Cannabis
Species: Sativa

Morphological features may be micro- or macroscopically addressed. Since
most submissions to forensic laboratories are in the form of crushed plant mate-
rial, which no longer retains gross botanical features, and because most seized-
drug analysts are not trained as botanists, an ability to recognize microscopic
detail is critical for identification (Nakamura, 1969).

Microscopic Morphology

Some microscopic features are quite distinctive and the capacity to recognize
them can be learned with moderate practice. Cystolithic trichomes and their
hairs, other nonglandular trichomes, and glandular trichomes are especially
useful for identification. Nakamura (1969) sampled 600 species of dicotyledons,
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the botanical subclass of which Cannabis is a member, for those with cystolithic
hairs. Many were found to possess cystolithic hairs, some with an appearance
similar to Cannabis. He performed a Duquenois test on 80 species, with the
result that many gave a positive Duqenois reaction, but none except Cannabis
yielded a positive reaction to the Levine modification (i.e., purple color trans-
ferring to the CHCl3 layer). Using a scanning electron microscope to look at
Cannabis and other cystolith- and cystolithic hair-bearing plants, Mitosinka et
al. (1972) found that the cystolithic hairs of Cannabis were much longer, given
the broad size of their cystoliths, than they were for other plants possessing
these structures. Figure 3.3 shows microscopic structures of Cannabis.
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Microscopic detail can be viewed under a stereo- or compound light micro-
scope. Cystoliths and their hairs are observable with a stereoscope at 10¥ to 25¥.
All of the structures shown in the Figure 3.3 sketches can be observed with a
compound scope at 100¥ to 200¥. Figures 3.3a and 3.3b are photomicrographs
depicting such microscopic structures. Placing small fragments of leaf or seed
husks on a microscope slide in an immersion medium facilitates observation of
fine structure with the compound scope. A solution of chloral hydrate and
water (5g per 2mL) works well as an immersion medium, particularly if the
plant material is allowed to absorb the viscous liquid for a short period prior
to viewing.

Macroscopic Morphology

The sketch in figure 3.4 shows some of the gross botanical features of Cannabis.
When present, these are useful as additional evidence of identity. Characteris-
tic features include the serrated edges of the leaves, their compound palmate
structure (i.e., several leaflets arise from the same point), and the ovoid mottled
appearance of the seeds. Figure 3.4a is a photomicrograph depicting Cannabis
seeds. Identification based on gross morphology requires large portions of the
plant for examination because other plants possess these structures.

3.1.2.2.3 The Duquenois–Levine and Other Color Tests for Cannabis
Two fast versions (less than 3 minutes to perform both) of the Duquenois–
Levine and fast blue B tests are described by De Faubert Maunder (1969). Only
henna, of the dozens of botanicals tested, gave a false-positive reaction. Oddly,
the author describes an actual submission to his laboratory of henna mixed with
Cannabis resin. This speedy version contrasts with how Duquenois with Negm
reported the test in 1938 (Mausolf, 2001). Duquenois contends that a petro-
leum ether extract, evaporated to dryness, will go through a series of colors 
for up to an hour after adding concentrated HCl. He adds that under these 
circumstances, the test is specific. Fulton (1970) describes a color test using fur-
fural for the identification of Cannabis resin. He claims to have been using the
furfural test for Cannabis resin for 30 years, a fact suggesting that he found it
reliable. He fails, however, to provide mention of testing other substances 
for indications of the test’s validity. Lau-Cam and McDonnell (1978) performed
a validation of the furfural test by subjecting various botanicals to it and a 
modified version of the test. In the same study they also tested the Duquenois
reaction with various brands of coffee. They found that the furfural test is
simple to implement and very sensitive. It did not yield false positives with any
of the coffees tested or with teas, some of which had been reported to gener-
ate false-positive reactions to the Duquenois test. Fochtman and Winek (1971)
reported some of these false positives to the Duqenois–Levine test after testing

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S50



C A N N A B I S :  M E T H O D S  O F  F O R E N S I C  A N A L Y S I S 51

Figure 3.3a

Microscopic structures of
Cannabis. Note the
cystolithic and glanular
hairs. (micrograph, 100 ¥
with aqueous chloral
hydrate used as mounting
medium)

Figure 3.3b
Cystolithic hairs of
Cannabis. Note the “bear
claw-like” morphology.
(stereomicrograph, 25¥
taken with oblique light)

Figure 3.4a

Cannabis seeds. Note the
typical ovoid shape and
mottled appearance.
(stereomicrograph, 7.5¥,
taken with oblique light)
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several brands of coffee. They caution that microscopic examination and 
color tests constitute only screening tests for Cannabis; a positive identification
should be based on these combined with thin-layer or gas chromatography. 
Lau-Cam (1978) was able to eliminate the false-positive reaction of the
Duquenois–Levine test to various coffees by adding 5 to 10 drops of para-
dioxane to the test mixture immediately following addition of hydro-
chloric acid. If only coffee is present, the colored products of the Duquenois
reaction will be unstable and fade to brown within 1 minute under this proce-
dure. The color reaction of Cannabis, however, will remain stable during this
step, with the color being transferred to the chloroform layer during the 
Levine modification. El-Darawy et al. (1972) spotted thin-layer chromato-

Figure 3.4

Macroscopic plant
morphology of Cannabis
sativa L. 
1. Flowering shoot 
2. Male inflorescence 
3. Male flower 
4. Female inflorescence 
5. Female flower 
6. Fruit 
7. Seed



graphic plates with six common cannabinoids (cannabinol, cannabidiol, tetahy-
drocannabinol, cannabichromene, cannabidiolic acid, and a cannabidiol
isomer) and sprayed them with various visualizing reagents, including a
Duquenois spray. When cinnamaldehyde was substituted for vanillin in the
Duquenois spray, more of the cannabinoids responded with color reactions
than reacted with vanillin. Substituting cinnamaldehyde for the aldehyde in a
Duquenois and Blackie’s test on hashish resin produced no appreciable
improvement. Duke and Reimann (1973) compared various liquids for their
efficiency in extracting Duquenois-positive cannabinoids. Alcohols, including
methanol, ethanol, and propanol, were determined to be more efficient 
than other solvents tested. De Faubert Maunder (1974) describes an improved
field test for Cannabis using dyes other than fast blue B, a dye suspected of
posing health risks. Dyes that give similar colors to fast blue B and quick
responses are fast blue BB, 1-diazo-4-benzoylamino-2,5-diethoxybenzene, 
and Corinth V. The testing procedure involves placing a small amount of 
liquefied material on filter paper, adding several reagents, and noting color
changes at each step. The test can be rapidly performed. The author also 
comments on variables affecting the test, such as heat, different kinds of test
papers, and the condition of the solvents. Hughes and Warner (1976) tested
67 compounds with a modified Duquenois–Levine test. They found that if 
2 or 3 minutes is allowed to pass before adding chloroform, the selectivity of 
the test is greatly enhanced. They also found that only three types of coffee
yield misleading test results following this procedure. In a follow-up study 
Jarzen (1977) observed that with a petroleum ether extract of the coffees 
(taken to dryness) the intense red-violet color generated with the Duquenois
reagent for each brand of coffee was distinctly different than that produced
with Cannabis. Additionally, he notes that the colors produced in the chloro-
form layer decomposed with time, whereas those generated from Cannabis
became more intense over time. Contrary to the findings of Hughes and
Warner, Jarzen found that the immediate addition of chloroform after the purple
color begins to form in the aqueous layer increases the test’s discrimination
between coffee and Cannabis. He claims that when the Duquenois–Levine 
test is performed by a trained investigator on dried ether extracts with chloro-
form added immediately upon the appearance of a purple color in the aqueous
layer, it is “a specific test for the presence of marijuana resin” and “will elimi-
nate the possibility of a false-positive identification.” Claims this strong for 
the discrimination power of the Duquenois–Levine test have not been noted
elsewhere by us. Bailey (1979) reviewed three versions of the Duquenois test
and their reactions to over 400 botanicals. He also looked at previous efforts 
to identify false positives to the Duquenois test. He observes, “There is no 
published report of an obviously botanical material apart from Cannabis that 
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gives a positive Duquenois–Levine test.” Bailey concludes that an analytical
scheme of Duquenois–Levine, botanical inspection (gross or microscopic fea-
tures), and a TLC system are necessary for a complete identification. He also
found that of the three versions of the Duquenois reaction tested (a rapid
version, a traditional version, and one employing a solid reagent of 1% 
metaldehyde in vanillin), the traditional version was the most discriminating
for the variety of plant materials tested. A comparison of the Duquenois–Levine
and the fast blue B salt test using six forms of Cannabis and 10 other botanicals
was made by Drover and Lacienta (1980). Their studies, employing a test 
tube version of the fast blue B salt test (similar to that used in the commercial
field test kits described earlier), revealed no false positives with fast blue B 
for the samples tested. Several leaf and seed samples did yield false negatives
to the Duquenois–Levine test. The authors cite previous work (Fochtman and
Winek, 1971; DeFaubert Maunder, 1969) stating that coffee, nutmeg, and mace
do yield false positives to the Duquenois–Levine test. O’Neal et al. (2000a),
using THC as the only form of Cannabis tested, performed a validation of the
modified Duquenois–Levine test. To standardize part of the test, they refer-
enced the reaction colors formed to the Inter-Society Color Council and the
National Bureau of Standards (ISCC-BBS) and to Munsell charts. They also
described the colors using common color designations. Mace, nutmeg, and tea
reacted with the modified Duquenois–Levine test, but only THC generated a
deep purple color.

Pitt et al. (1972) using UV/visible (VIS) spectroscopy studied the chemical
mechanism of the Duquenois color test in an effort to characterize its speci-
ficity. They found that a partial resorcinol structure was necessary, but not solely
sufficient, to produce the characteristic purple color. They conclude that for
an identification protocol, the Duquenois test is an acceptable screening step
when combined with botanical evidence. They add, however, that because of
the “ubiquitousness of phenols in nature” and when botanical evidence is
absent, supplementing the color test with positive chromatographic data is
mandatory. Forrester (1998), using UV/VIS, IR, MS, and nuclear magnetic 
resonance (NMR), studied the purple dye structure of the Duquenois 
reaction. An aromatic substitution of D9-THC with p-dimethylaminocin-
namaldehyde was indicated. He proposes a schematic of the Duquenois
product with D9-THC.

3.1.2.2.4 Chromatographic Methods for Identifying Constituents (Cannabinoids) 
of Cannabis
Often, to complete the analytical scheme of color testing and examination of
plant morphology, a chromatographic method is employed for additional 
evidence of the presence of Cannabis. Identification testing of seized hash or
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oils of Cannabis requires that the presence of various cannabinoids, many as
monoterpenoids, be established. Evidence of their presence can be demon-
strated with chromatographic methods such as TLC, GC, and HPLC. Most
seized-drug testing for cannabinoids in Cannabis, its resins, and its oils typically
involves only their identification.

Major cannabinoids are tetrahydrocannabinol (THC), cannabinol (CBN),
and cannabidiol (CBD). Others include cannabinolic acid (CBNA), cannabid-
iolic acid (CBDA), cannabichromene (CBCh or CCEE), cannabichromenic
acid (CBChA or CCEEA), cannabigerol (CBG), cannabigerolic acid (CBGA),
cannabivarin (CBV), tetrahydrocannabinolic acid (THCA), tetrahydro-
cannabivarin (THV), and tetrahydrocannabivarinic acid (THVA). The isolation
of Cannabisativine from the root of the Cannabis plant was reported by C.E.
Turner et al. (1976). C.E. Turner et al. (1974) state that CBCh, though thought
to be a minor component of Cannabis, occurs more abundantly than CND in
many Cannabis variants. Not all cannabinoids are psychoactive, as Siniscalco
Gigliano (2001) notes with CBD and CBN and as Gaoni and Mechoulam (1966)
report with CBCh. However, Fonseka et al. (1976) cite evidence that CBN may
elicit a slight psychoactive effect in humans. Most of the nonmajor cannabi-
noids occur in quantities of less than 0.01% of total cannabinoids (Siniscalco
Gigliano, 2001). Studies by R.N. Smith and Vaughan (1977) revealed that
methanol is the most effective solvent of the four they tested (methanol, 
chloroform, light petroleum, and methanol-chloroform, 9 :1) for extracting
cannabinoids. Both neutral and acid cannabinoid solutions are relatively 
stable in darkness; acidic constituents tend to decompose in sunlight. J.M.
Parker et al. (1974) report that cannabinoids, particularly THC, are unstable
in various solvents like CHCL3. Small and Beckstead (1973a) reported that
some batches of Cannabis studied contained no THC. J.C. Turner and Mahlberg
(1984) found that variation in extraction temperature (with CHCL3 at 4°C and
room temperature) had no significant effect on the amount of cannabinoids
extracted. They observed that the amount of cannabinoids extracted from fresh
plant material with CHCL3 decreased over time (1.5h to 10h); no significant
difference in amount extracted for these times was demonstrated with dried
plant material.

Ohlsson et al. (1971), using chromatographic and mass spectrometric
methods to study fresh Cannabis from different parts of the world, found
cannabinoids present in all parts of the plant but is more abundant in the flow-
ering tops and the small leaves around the flowers. They also found that both
male and female plants have approximately the same amounts of cannabinoids
and in similar ratios. The authors cite other research in support of the latter
finding. ElSohly et al. (2000), in an analysis using gas chromatography of over
35,000 Cannabis preparations confiscated in the United States over an 18-year
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period, determined that the percentages of D9-THC has risen from less than
1.5% in 1980 to 4.47% in 1997. Also noted was that hashish and hash oil showed
no significant potency trends and that other major cannabinoids (cannabidiol,
cannabinol, and cannabichromene) showed no significant change in concen-
tration during the period studied.

Thin-Layer Chromatography (TLC)

There are many thin-layer chromatographic systems listed in the professional
literature that will separate cannabinoids. Generally they involve spotting an
extract of the plant material, resin, or oil along with known cannabinoid stan-
dards on silica-coated glass plates and letting them develop in mobile phases
composed of a single organic solvent or a combination of organic solvents. Early
methods included partition chromatography, where plates were predeveloped,
for example, in dimethylformamide, prior to development. Korte and Sieper
(1964) suggest such a method using cyclohexane as the developer. Today it is
probably the case that most seized-drug chemists practice adsorption chro-
matography. In either case, the plates are then dried and the separated cannabi-
noids observed in at least two ways. They can be viewed under ultraviolet light
if the plates possess fluorescent agents that ascending compounds can quench
or be visualized by spraying with reagents that color the separated cannabi-
noids. A visualizing spray used early on, fast blue B, was replaced by many prac-
titioners with fast blue 2B because the former is thought to be carcinogenic.
An alternate visualizing spray to fast blue B, a 1% methanolic solution of 
2,6-dichloroquinone-4-chlorimide, was developed by Barbato (1978). He 
claims that it is less carcinogenic and more stable than fast blue B. TLC has the
advantages for seized-drug analysis of being relatively rapid, inexpensive, and
convenient to operate and interpret.

What follows is a listing of various TLC systems for separating cannabinoids.
Clarke (Moffat, 1986a) recommends two systems for separating CBN, CBD,

and D9-THC:

(TI) Plates of silica gel G are dipped or sprayed with a 10% solution of silver
nitrate and dried. Mobile phase is toluene; plate is developed in an open
tank under unsaturated conditions.

(TJ) Plates of silica gel G are sprayed with diethylamine immediately prior to
use. Mobile phase is xylene/hexane/diethylamine, 25 :10 :1. Visualizing
reagents for both TI and TJ are fast blue B or Duquenois reagent.

The CRC Handbook of Chromatography Drugs (Gupta, 1981) also recommends two
systems for separating D9-THC, D8-THC, CBN, CBD, CBNA, CBDA, D9-THCA,
and CBChA:
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(S-1) A two-dimensional system consisting of petroleum ether/diethyl
ether/acetic acid, 40 :10 :1, in one dimension and n-heptane/diethyl
ether, 80 :10, for the second dimension on a silica gel G plate. Plate is
sprayed with fast blue B salt in 0.1 N NaOH.

(S-2) Methanol/water, 95 :5, on a silica gel plate. Cannabinoids can be visual-
ized by spraying plates after development with a solution of sodium metal
(8g) in methanol (100mL) and dimethyl sufoxide (8mL) and viewing
under ultraviolet light.

The United Nations (1991) Drug Control Program (UNDCP) recommends
three systems for separating CBCh, CBV, CBN, THV, THC, CBD, THCN, and
CBDA (the compound name that “THCN” abbreviates is not listed):

A. Petroleum ether/diethyl ether, 80 :20
B. Cyclohexane/di-isopropyl ether/diethylamine, 52 :40 :8
C. (For cannbinoid acids) N-hexane/dioxane/methanol, 70 :20 :10

The UN treatise outlines minimum quantities of plant material, resin, 
and liquid suitable for extraction along with the advantages and liabilities of 
various organic solvents for extracting cannabinoids. Though not stated in the
text, it is presumed that TLC plates are coated with silica gel. Plates can be 
visualized with a fast blue B or 2B solution and can be preserved for review 
purposes by a final spraying of diethylamine followed by sealing in plastic wrap.
Rf values are cited for the eight cannabinoids and cannabinoid acids listed
earlier.

Other TLC systems for separating cannabinoids include silica gel plates
developed in petroleum ether and ether, 4 :1 (Machata 1969), and a system
using a mixture of pentane and ether, 88 :12, described by Gaoni and
Mechoulam (1971). Mechoulam (1973) notes that a 7 :10 ratio of
acetone/hexane on silica plates minimizes oxidative degradation of labile
cannabinoids and also yields good separation. Parker and Fiske (1972), after a
literature review of numerous TLC systems for separating six cannabinoids (D9-
THC, D8-THC, CBN, CBD, CBDA, CBCh), suggest adsorption methods involv-
ing CHCl3 or 1,4-dioxane as developing solvents and fast blue B as a visualizing
spray.

Tewari and Sharma (1983) describe a two-dimensional TLC system that will
resolve 47 Cannabis constituents. A 20 ¥ 20-cm silica gel G plate was used with
heptane/dichloromethane/butan-2-one, 83 :5 :12, as the solvent for the first
dimension. After the solvent was allowed to rise 12cm, the plate was dried,
rotated 90°, run in hexane/acetone, 86 :14, and sprayed with a 0.1% solution
of fast blue 2B in 45% ethanol. They report that spots of the major cannabi-
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noids, CBC, D9-THC, trans-D8-THC, and CBD, were clearly “distinct, prominent,
and dense.”

Gas Chromatography (GC)

Numerous qualitative methods published in the 1970s reference use of packed
chromatographic columns with packings such as OV-1, OV-17, OV-225, OV-101,
and SE-30 and a variety of detectors, including flame ionization (the most
common at the time), MS, electron capture, and nitrogen/phosphorous detec-
tors (Gupta, 1981). In a series of studies in the 1970s, Strömberg (1971, 1972a,
1974a, 1974b, 1976) characterized numerous (>30) minor components of hash
and Cannabis, first with packed-column GC and later with packed-column
GC/MS. Some major cannabinoids were also profiled. Packed-column GC,
because of a resolution significantly lower than capillary-column GC, does not
have the wide application today that it once enjoyed.

The UNDCP (1991) lists three gas liquid chromatographic systems along
with operating parameters for qualitative and quantitative analysis of cannabi-
noids. Two involve packed columns; the third uses a 10-m OV-1 chemically
bonded fused-silica capillary column. All use flame ionization detection. Mills
and Roberson (1993), in a large compendium of analytical drug data, list UV,
IR, Fourier-transform NMR, and MS data for D8- and D9-THC, CBCh, CND,
CNB, CBG, cannabicyclol, and cannabispiran. The spectra were generated
specifically for that publication. In a review of analytical methodology for iden-
tification and quantification of Cannabis products, Vollner et al. (1986) describe
both a packed-column (involving derivatization) and capillary-column GC
method for separating cannabinoids.

A modern seized-drug GC procedure for profiling cannabinoids utilizes a 15-
to 50-m (I.D. 0.25mm) capillary column of fused cross-linked methyl silicone
(methyl siloxane, phenol siloxane, etc.). Plant material, hash, or hash oil can
be prepared for injection by drying a filtered petroleum ether extract and sol-
vating it in methanol. General GC screening parameters include starting with
an injection port temperature (perhaps 250°C) and ramping up the column
temperature from 110°C (at, for example, 20°C per minute) to approximately
290°C. A procedure based on these parameters should separate the three major
cannabinoids: THC, CBN, and CBD. A mass selective detector can help to iden-
tify each.

The heat of GC will decarboxylize cannabinoid acids to their neutral 
form (Kanter et al., 1979). Cannabinoids and cannabinoid acids may be sepa-
rated by using trimethylsilyl derivatives or HPLC. J.C. Turner and Mahlberg
(1982) developed a method for the latter using variation in solvent pH to 
successfully separate neutral and acidic cannabinoids. This could be particu-
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larly useful for fresh plant material, where the amounts of cannabinoid acids
are high.

3.1.3 REVIEW OF TESTING METHODOLOGIES RECOMMENDED BY
STANDARDIZING ORGANIZATIONS

Two international organizations have published standards specific to seized-
drug analysis and Cannabis in particular. They are the United Nations (UN) and
the Scientific Working Group for Seized Drug Analysis (SWGDRUG). The 
UN treatise describes specific testing procedures to analyze for Cannabis in 
its different dosage forms. SWGDRUG has made recommendations in the 
form of minimum standards for drug identification. These standards apply to
both Cannabis as plant material and its chemical constituents. Specifically,
SWGDRUG recommends a minimum number and combination of tests neces-
sary for identification of controlled substances. As important as the specifics of
testing procedures is that no testing protocol is complete if not performed in
an analytically sound context. Accordingly, each organization has published
guidelines on good laboratory practice and/or quality assurance. The following
is a review of the analytical testing standards of each organization for Cannabis
and its constituents.

3.1.3.1 The United Nations Drug Control Program (UNDCP)
The United Nations provides technical support for many forensic laboratories
worldwide under the aegis of the UNDCP. The UNDCP, based in Vienna,
Austria, publishes a series of monographs describing testing methodology for
various controlled substances. Included in this series is Recommended Methods for
Testing Cannabis (United Nations, 1991). It describes various tests for the iden-
tification of Cannabis, as plants, as resin (hashish), and as liquid. Except for its
reliance on packed-column gas liquid chromatography, the methodologies
described could easily find currency in modern forensic laboratories. After a
discussion of how Cannabis is marketed in various locations, how the resin and
liquids are prepared, and a description of the macro- and microscopic botani-
cal composition of the plant, different testing methods, including a sampling
plan, are described.

3.1.3.1.1 Sampling
The UN-recommended sampling plan can be applied to a single item, multi-
ple items, or very large aggregates. In general, it recommends that, “sampling
should be undertaken to conform to the principles of analytical chemistry, as
laid down, for example, in national pharmacopoeias or by such organizations
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as the Association of Official Analytical Chemists. For multiple items potentially
containing Cannabis, emphasis is placed upon visual examination of all items
needed for testing.”

For quantitating a cannabinoid in single-package items it recommends
homogenizing the plant material by passing it through progressively finer
sieves. For qualitative analysis of multiple packages, it recommends the 
following:

a. For 10 packages or less: sample all 10.
b. For between 10 and 100: randomly select 10 packages for sampling.
c. For more than 100 packages: “select a number of packages equal to the

square root of the total number of packages rounded to the next highest
integer.”

d. For sampling materials containing large aggregates that cannot be broken
down: random samples should be taken from at least two different parts of
an item.

3.1.3.1.2 Testing
A series of microscopic, wet chemical, and instrumental tests are described 
in cookbook fashion for identifying Cannabis and its cannabinoid 
constituents.

Macroscopic examination is based on identifying features of the male and
female plant structure such as leaf and flower morphology. Drawings of these
and more are provided. There is an abundance of microscopic structures that
in conjunction with chemical tests can be used to reveal the presence of
Cannabis. These include

a. Nonglandular hairs (trichomes), which include cystoliths
b. Glandular trichomes

Two color tests are described: the fast blue B salt test and the rapid
Duquenois test (Duquenois–Levine test). Instructions are provided for per-
forming the former either in a test tube or on filter paper. Essentially, an
amount the size of a match head of plant material, resin, or liquid is put
together with several reagents in stepwise fashion. The appearance of colors
variously indicates the presence of the cannabinoids THC, CBN, and CBD. The
rapid Duquenois test requires placing a small amount of suspected material in
a test tube, adding several reagents, and noting color changes. According to
this source, however, the appropriate colors indicate only “a Cannabis product.”
It observes that cannabinoids are not likely to be found in the stems or seeds
of the plant but are abundant in its leaves and flowers. It is stressed that these
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color tests are only presumptive; alternate tests are needed for confirmation of
identity. Some of the reagents for both tests should be refrigerated to prevent
decomposition, and fast blue BB can be substituted for fast blue B for health
reasons.

The UN recommendations for TLC and GC systems were described in
Section 3.1.2.2.4. The treatise ends with a description of four HPLC systems,
two isocratic and two gradient, all using internal standards and UV detectors
set for single-wavelength monitoring. Instructions are provided for sample
preparation along with a list of the elution order of various cannabinoids and
cannabinoid acids.

3.1.3.2 The Scientific Working Group for the Analysis of 
Seized Drugs (SWGDRUG)
Started in 1997 and sponsored by the United States Drug Enforcement Agency
and the Office of National Drug Control Policy, SWGDRUG consists of a core
committee of over 20 forensic scientists from around the world whose mission
was to develop seized-drug analytical testing standards and to recommend them
to and seek acceptance from the world forensic community. Specifically, the
group’s objectives were

• To specify requirements for forensic drug practitioners’ knowledge, skill, and
abilities

• To promote professional development of forensic drug practitioners
• To provide a means of information exchange within the forensic science 

community
• To promote the highest ethical standards of practitioners in all areas of 

forensic drug analysis
• To provide minimum standards for drug examinations and reporting
• To establish quality assurance requirements
• To seek international acceptance of SWGDRUG standards

They currently have published minimum recommendations in the areas of
training and education of seized-drug analysts, quality assurance for seized-drug
laboratories, and analytical protocols for drug identification. These recom-
mendations have been adopted as standards by the American Society for Testing
and Materials International.

The SWGDRUG recommendation for identification lists three categories of
tests, categories A, B, and C, in order of decreasing discriminating power (A
having the most discriminating power). The following category listing and
explanatory notes are reprinted from the SWGDRUG Web site and were
approved in October 2003.
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3.1.3.2.1 Categories of Analytical Techniques
Table 3.1 lists categories of analytical techniques.

3.1.3.2.2 Recommended Practices
SWGDRUG recommends that laboratories adhere to the following minimum
identification criteria:

• When a validated Category A technique is incorporated into an analytical
scheme, then at least one other technique (from either Category A, B, or C)
must be used. This combination must identify the specific drug present and
must preclude a false positive identification. When sample size allows, the
second technique should be applied on a separate sampling for quality assur-
ance reasons. When sample size is limited, additional measures should be
taken to assure that the results correspond to the correct sample.

• When a Category A technique is not used, then at least three different 
validated methods must be employed. These, in combination, must 
demonstrate the identity of the specific drug present and must preclude a
false positive identification. Two of the three methods must be based on
uncorrelated techniques from Category B. A minimum of two separate
limited, additional measures should be taken to assure that the results cor-
respond to the correct sample. All Category B techniques must have review-
able data.

• For the use of any method to be considered of value, test results must be con-
sidered “positive.” While “negative” tests results provide useful information
for ruling out the presence of a particular drug or drug class, these results
have no value toward establishing the forensic identification of a drug.
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Category A Category B Category C

Infrared spectroscopy Capillary electrophoresis Color tests
Mass spectrometry Gas chromatography Fluorescence spectroscopy
Nuclear magnetic resonance Ion mobility spectrometry Immunoassay

spectroscopy
Raman spectroscopy Liquid chromatography Melting point

Microcrystalline tests
Pharmaceutical identifiers
Thin-layer chromatography
Cannabis only:

Macroscopic
Examination
Microscopic examination

Table 3.1

Categories of analytical
techniques listed by
SWGDRUG as useful for
identification



• In cases where hyphenated techniques are used (e.g., gas chromatography-
mass spectrometry liquid chromatography-diode array ultraviolet spec-
troscopy), they will be considered as separate techniques provided that the
results from each are used.

• Cannabis exhibits tend to have characteristics that are visually recognizable.
Macroscopic and microscopic examinations of Cannabis will be considered,
exceptionally, as uncorrelated techniques from Category B when observations
include documented details of botanical features. Additional testing must
follow the scheme outline in the first two items of this list.

For exhibits of Cannabis that lack sufficient observable macroscopic and
microscopic botanical detail (e.g., extracts or residues), D9-tetrahydro-
cannabinol (THC) or other cannabinoids must be identified utilizing the
principles set forth in the first two items of this list.

• Some examples of reviewable data include printed spectra, chromatograms,
and photographs or photocopies of TLC plates. Contemporaneous docu-
mented peer review will suffice for microcrystalline tests and recording of
detailed descriptions of morphological characteristics is sufficient for
Cannabis (only).

Identification of Cannabis as plant material can be made, in the simplest way,
using the two Category B macro- and microscopic examinations and a color
test. Examples of the latter include a Duquenois–Levine test or a fast blue B
salt test. As noted in the preceding list, resins or liquids require that D9-THC
be identified utilizing the principles set forth in the first two items in the list.

The recommendations stress the use of an analytical scheme consisting of
multiple uncorrelated tests based on validated methods performed by compe-
tent analysts. Testing in excess of the minimums stated is not discouraged.

3.1.3.3 The International Association of Official 
Analytical Chemists (AOAC)
The AOAC (Cunniff, 1997) lists a Duquenois–Levine method for the identifi-
cation of cannabis (marijuana) in drug powders. The reagent is prepared by dis-
solving 12 drops of acetaldehyde (fresh) and 1.0g vanillin in 50mL of alcohol.
Approximately 100mg of sample is extracted with 25mL of petroleum ether,
filtered into a white porcelain dish, and evaporated to dryness over a steam
bath. Two milliliters of the Duquenois reagent is added to the dish and stirred
to dissolve the residue. Two milliliters of HCL is then added, and the mixture
is allowed to sit for 10 minutes. After noting the color, the solution is trans-
ferred to a test tube, 2mL of CHCL3 is added, and the tube is shaken. The
liquids are allowed to separate. A purple color in the CHCL3 layer reflects a
positive test result.
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3.1.4 REQUIREMENTS OF THE AMERICAN BOARD OF 
CRIMINALISTS’ CERTIFICATION EXAMINATION REGARDING ANALYSIS 
OF CANNABIS

As a corollary to the topics covered relating to the seized-drug analysis of
Cannabis, the American Board of Criminalists (ABC), a certifying body for those
analyzing or examining forensic evidence, requires some mastery of these topics
for applicants of their Knowledge, Skills and Abilities Drug Analysis Specialty 
Examination. In topics for review they list, under “Identification of Cannabis”
(ABC, 2001),

A. Macroscopic and microscopic morphology
B. Duquenois–Levine test
C. Botanical characteristics of Cannabis (annual plant, two sexes, existence of

several agronomic varieties of monospecific genera, etc.)
D. Hashish and hash oil
E. Major cannabinoid chemical components of the plant (two types of THC,

other psychoactive and nonpsychoactive components)
F. TLC of cannabinoids

3.1.5 MINIMUM ANALYTICAL REQUIREMENTS OF THE NATIONAL
LABORATORIES OF AUSTRALIA, ENGLAND, HOLLAND, CANADA, 
AND THE UNITED STATES FOR IDENTIFYING CANNABIS

An informal 2002 survey of senior scientists of the national laboratory systems
in the United States, England, Australia, and Holland involved with seized-drug
analysis revealed the following. Minimums of two tests are required for 
identification of Cannabis, with more being performed if there are difficulties
in analysis. Canada requires four tests for plant material. For submissions that
include plant material, all of the laboratories rely on microscopy as part of the
analytical scheme, using either stereo or compound light scopes. All laborato-
ries accept trace amounts of Cannabis for testing. With hash, hash oil, or trace
amounts of material, all require at least two selections from the following
approaches: a Duquenois test, microscopy, TLC, and GC/MS. England and
Canada reported the occasional use of HPLC for individualizing samples of
Cannabis to a common batch.

3.2 PROFILING—PROVENANCE

3.2.1 INTRODUCTION

In addition to identifying Cannabis plants and preparations or identifying the
presence of THC, it has long been of interest to look at the other constituents
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of the plant. Analysis of the concentrations and ratios of the major constituents
THC, CBN, and CBD (Doorenbos et al., 1971; Fetterman et al., 1971a, 1971b;
Small et al., 1975; Small and Beckstead, 1973b; Toffoli et al., 1966) was used to
explore the taxonomy of Cannabis and to differentiate fiber-type (low THC)
from drug-type (high THC) varieties. In addition, analytical profiles, or “fin-
gerprints,” of distributions of chemical constituents of Cannabis preparations
have been used to provide answers to two recurring questions. The first,
referred to by Perillo et al. (1994) as strategic intelligence, addresses the country
or region of origin and is important in investigating distribution. The second
addresses the question of whether two or more samples have a common origin.
This is referred to as tactical intelligence (Perillo et al., 1994). Tactical intelligence
involves a sample-to-sample comparison and is of particular utility in conspir-
acy investigations.

3.2.2 CHROMATOGRAPHIC METHODS

3.2.2.1 History
Early attempts to address one or both of these questions utilized TLC (Chiesa
et al., 1973; Fowler et al., 1979; K.D. Parker et al., 1968; Tewari and Sharma,
1983; Tewari et al., 1974). Overpressured-layer chromatography has also been
used (Oroszlan et al., 1987). Gas–liquid chromatography (GLC) using packed
columns offered increased resolution and discrimination (Toffoli et al., 1966;
Manno et al., 1974), and combination with mass spectrometry afforded posi-
tive identification of constituents (Vree et al., 1972). Differentiation of Cannabis
of different origins by plotting of peak areas of CBD vs. CBN plus THC was first
proposed by T.W.M. Davis et al. (1963). Small et al. (1975) and Small and Beck-
stead (1973b) used plots of %THC vs. %CBD to assign phenotypes. As aware-
ness of coelution of CBD and cannabichromene (CBC) grew, comparison of
THC to CBD + CBC was used by some investigators (Rowan and Fairbairn,
1977). However, it became apparent that the interpretation of analytical results
and the appropriate choice of analytical tools are dependent on a wide range
of factors. The most important factor arises from the chemical makeup of the
Cannabis plant itself. The major components, THC, CBN, and CBD, are absent
or in low concentration in the living plant (Fetterman et al., 1971a; Kimura and
Okamoto, 1970; J.C. Turner and Mahlberg, 1982), where they exist as their car-
boxylic acid derivatives, which can be decarboxylated for use in profiling based
on the major cannabinoids (Fetterman et al., 1971a). The degree to which the
precursors are decarboxylated is dependent on the time between harvest and
analysis and the environmental and storage conditions to which the samples
are exposed (Vollner et al., 1986). Since the heat of the injection port causes
decarboxylation (Fetterman et al., 1971a), the acid constituents cannot be
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determined by GLC unless the samples are derivatized prior to analysis (C.E.
Turner et al., 1974). In order to generate data that could be interpreted in
terms of chemical strains (chemovars), samples were heated to decarboxylate
the precursors and ratios, (THC + CBN)/CBD, were determined (Kimura and
Okamato, 1970; Veress et al., 1990; Kanter et al., 1979). Even though cannabi-
noid ratios have been shown to vary with environmental factors (Coffman and
Gentner, 1975; Fairbairn and Liebmann, 1974; Haney and Kutscheid, 1973;
Latta and Eaton, 1975; Siniscalco Gigliano, 1984; Valle et al. 1978), sex of the
plant (Siniscalco Gigliano, 1984; Ohlsson et al., 1971; Agurell, 1970), matura-
tion (Krejčí, 1970; Hemphill et al., 1980; Latta and Eaton, 1975; J.C. Turner 
et al., 1977), amount of light (Mahlberg and Hemphill, 1983), part of the plant
(Krejčí, 1970; Doorenbos et al., 1971; Fetterman et al., 1971a; Hemphill et al.,
1980; Fairbairn and Liebmann, 1974; J.C. Turner et al., 1977), and season when
collected (Latta and Eaton, 1975; Phillips et al., 1970), the bulk of the evidence
indicates that the most important factor is heredity (Ohlsson et al., 1971; Sinis-
calco Gigliano, 2001). The interpretation of cannabinoid ratios was compli-
cated by the inability to resolve CBN, CBC, and cannabivarin by packed-column
GC (C.E. Turner and Hadley, 1973; C.E. Turner et al., 1975). The interpreta-
tion was further complicated by the observation that the ratios detected are
affected by the storage and treatment of the material prior to analysis (C.E.
Turner et al., 1973a; J.C. Turner and Mahlberg, 1984). R.N. Smith and Vaughan
(1977) demonstrated that results are also affected by the solvents used to extract
the samples and the method of storage of the extracts (J.M. Parker et al., 1974;
R.N. Smith and Vaughan, 1977). Chloroform (C.E. Turner and Henry, 1975)
and methanol or ethanol (R.N. Smith and Vaughan, 1977) are efficient in the
extraction of cannabinoids. Storage of the extracts in the dark and in the cold
is essential to minimize changes in the samples (R.N. Smith and Vaughan,
1977).

The presence in Cannabis of the alkanes n-heptacosane and n-nonacosane as
well as other straight-chain alkanes, ranging from C19 to C32, was reported by
de Zeeuw et al. (1973). These compounds can interfere with cannabinoid analy-
sis when using GC alone. The authors noted a variation in the hydrocarbon
concentrations with area of origin. C.E. Turner et al. (1973b) noted that the
propyl homologs of CBN (cannabivarin), CBD (cannabidivarin), and THC
(tetrahydrocannabivarin), in which the pentyl side chain is replaced with
propyl, showed variations with geographical origin. Turner and Hadley (1973)
reported the absence of CBD in an African variant. This was followed by an
extensive study of cannabinoids in Cannabis from South Africa (Field and
Arndt, 1980). de Zeeuw et al. (1972) also noted geographical variation of the
propyl side chains. The ratios of concentrations of CBC, CBD, and THC were
also correlated with geographical origin (Holley et al., 1975).
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The bulk of earlier work on cannabinoid ratios utilized packed-column GC.
The packed-column GC of Cannabis constituents has been reviewed (Fish, 1974;
J.M. Parker and Stembal, 1974). Methods for qualitative and quantitative analy-
sis of Cannabis products have also been reviewed (Vollner et al., 1986).

Since the ratios of the concentrations of the major cannabinoids are more
a reflection of the origin of the seed than of the region where the crop is grown,
these ratios are more useful for separating chemical races and as tactical intel-
ligence than they are for strategic intelligence. Other constituents have been
studied in order to determine their value in determining provenance. In a
series of papers, Strömberg (1971, 1972a, 1972b, 1974a, 1974b, 1976) used
packed-column GC to explore the separation and identification of what he
termed minor components of Cannabis resin. He proposed the use of chro-
matograms showing components with both shorter and longer retention times
than CBD in comparing hashish samples (Strömberg, 1972b). Volatile compo-
nents sampled from the sealed headspace of solid Cannabis samples were
explored by Hood et al. (1973) and Hood and Barry (1978). Three different
packed-column GC analyses were used to identify three fractions consisting of
oxygenated compounds (MW < 100), monoterpenes (MW > 100), and
sesquiterpenes (MW < 100) (Hood et al., 1973). Eighteen compounds were
identified by retention times. Chromatograms of headspace volatiles from 14
samples having different geographical origins were compared (Hood and Barry,
1978). The authors concluded that headspace-volatile analysis may be useful in
comparing two seizures but that since they vary with handling and history, their
utility in determining geographic origin is doubtful. Both Strömberg and Hood
were hampered by an inability to resolve many constituents using packed
columns.

3.2.2.2 Extraction
A wide variety of extraction solvents and methods have been used to separate
the cannabinoids and other compounds of interest from the plant material or
the resins. They include soaking in petroleum ether (Barni Comparini and
Centini, 1983; Stephanou et al., 1984), chloroform (Kanter et al., 1979; J.C.
Turner and Mahlberg, 1984), or methanol (Björkman, 1982; Wheals and Smith,
1975; Nakahara and Sekine, 1985). Soxhlet extraction with cyclohexane has
been used (Novotny et al., 1976). R.N. Smith and Vaughan (1976) used
methanol–chloroform (9 :1), as did Brenneisen (1984). Baker et al. (1980) also
used methanol–chloroform (4 :1). Brenneisen and ElSohly (1988) compared
various solvents and methods and concluded that methanol–chloroform (9 :1)
gave the overall best extraction efficiency for the wide range of analytes in
Cannabis. Sonication at room temperature of powdered sample with this solvent
has become the method of choice for comparison studies with Cannabis.
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Veress (1994) used Cannabis as an example for a method of optimizing
extraction efficiency in supercritical fluid extraction (SCF) for quantification.
An evaluation of the effect of particle size on the SCF extraction of Cannabis
showed that selection of a given sieve fraction leads to erroneous conclusions
about the sample as a whole (Eory et al., 2001a). SCF has been applied to the
measurement of THC and THCA concentrations in plant material (Eory et al.,
2001b).

3.2.2.3 Derivatization
One approach to achieve increased resolution in packed-column GC and to
allow simultaneous analysis of acid components is to derivatize the phenolic
and carboxylic acid functions of the cannabinoids. Claussen et al. (1966) first
used TMS derivatives to separate the cannabinoids from their acidic derivatives.
TMS and trifluoroacetyl derivatives were described by Caddy and Fish (1967).
Fetterman et al. (1971b) and K.H. Davis et al. (1970) described TMS deriva-
tives in separations of THC, CBN, and CBD. The use of TMS derivatives to sep-
arate and identify cannabidiolic acid (CBDA) (Paris and Paris, 1973) and to
separate CBD and CBC (C.E. Turner et al., 1974) was also reported. The use
of silyl derivatives in routine analysis was advocated by C.E. Turner et al. (1974).
Rasmussen (1975a, 1975b) explored the use of GC with solid injection and with
on-column silation following solid injection with cold trapping.

Harvey and Paton (1975) combined packed-column GC with MS to explore
silyl derivatives with longer alkyl groups to separate dihydroxy from monohy-
droxy cannabinoids. The tri-n-butyl silyl derivatives afforded complete separa-
tion. t-Butyldimethylsilyl, trimethylsilylacetate, and diethylphosphate derivatives
were used in a study of the cannabinoids by GC, GC/MS, and HPLC (Knaus et
al., 1976). The t-butyldimethylsilyl and trimethylsilylacetate derivatives were
stable enough for use in HPLC. On-column methylation using dimethylfor-
mamide dimethylacetal in pyridine enabled Björkman (1982) to separate and
identify at least 16 components of Cannabis extracts, by packed-column
GCEIMS, compared with 6 without derivatization.

3.2.2.4 High-Performance Liquid Chromatography and 
Capillary Column Gas Chromatography
An alternative to derivatization of polar and acidic functions is to use a method
that does not cause decomposition or rearrangement in thermally labile com-
pounds. High-performance liquid chromatography (HPLC) fits this need.
Although HPLC does not offer the resolving power of capillary-column GC, it
is on a par with packed-column GC for the resolution of the main cannabi-
noids. The identification of the separated components requires either com-
parison to standards or isolation and analysis by mass spectrometry (Wheals and
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Smith, 1975; R.N. Smith, 1975). Reversed-phase HPLC with UV detection has
been utilized for provenance determination and specimen comparison (R.N.
Smith and Vaughan, 1976; P.B. Baker et al., 1980; J.C. Turner and Mahlberg,
1982; Brenneisen, 1984, 1986). Nakahara and Sekine (1985) developed a
method using electrochemical (EC) detection. Kanter et al. (1979) used HPLC
in a method to quantitate THC and THCA based upon comparison of raw
samples vs. decarboxylated samples, since the normal-phase separation being
used did not enable direct measurement of the THCA. Veress et al. (1990) also
used normal-phase HPLC and optimized the decarboxylation process to deter-
mine cannabinoid acids.

Novotny et al. (1976) used an 11-m by 0.26-mm glass capillary coated with
SE-52 (methylsilicone) to separate cannabinoids. Soxhlet extraction with cyclo-
hexane, followed by washing with nitromethane, was used to obtain samples for
analysis. The cyclohexane was evaporated to dryness, and dichloromethane was
used as the solvent for chromatography. The sample (4 mL) was injected into
a precolumn that was flushed with helium to remove solvent. The precolumn
was placed in the modified injection port of a GC, where it was thermally striped
(250°C) onto the analytical column (room temperature). Temperature pro-
gramming from 70°C to 240°C at 2°C was used for both FID and MS detection.
The analysis lasted 110 minutes. The method separated 70 components, 38 of
which were identified by EIMS. The authors demonstrated the discrimination
of two samples that appeared identical by comparison of CBN, THC, and CBD
using the same column under different conditions. Stephanou et al. (1984)
used capillary-column GCEIMS to separate and identify the TMS derivatives 
of Cannabis extracts. Mass spectra of 18 components, including the TMS 
derivative of tetrahydrocannabinolic acid A (THCA-A), were reported. Barni
Comparini and Centini (1983) compared packed-column GC, capillary-column
GC, and HPLC for the analysis of Cannabis constituents and advocated the 
combination of capillary GC and HPLC.

Brenneisen and ElSohly (1988) used a comprehensive approach to devel-
oping chromatographic and spectral profiles of Cannabis of different origins.
The samples (100mg herb, 50mg resin) were extracted by sonication in 1.0mL
of methanol–chloroform (9 :1) containing 0.2mg/mL of phenanthrene as
internal standard. This solvent was chosen for its ability to rapidly extract, over
a wide polarity range, the highest amount of cannabinoids and noncannabi-
noids compared with methanol, chloroform, dichlormethane, and cyclo-
hexane. It was specifically recommended not to use a Soxhlet extraction, which
can cause decomposition of thermolabile compounds. Gas chromatography was
performed on 30-m ¥ 0.25-mm fused silica columns coated with DB-1. Column
temperature was programmed from 70°C to 250°C at 5°/min. The same
column was used with an FID for generating profiles and with a GCEI (ion trap)
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MS for identification. More than 100 different compounds were separated in a
70-minute analysis (Figures 3.5 and 3.6). This same GCMS procedure was used
to identify TMS derivatives of acidic cannabinoids and polar noncannabinoids
isolated by HPLC. HPLC profiles were generated using an isocratic mobile
phase (CH3OH:H2O + 1% HOAc\77 :23) in a 750- ¥ 4.6-mm column packed
with 3mm ODS-1. Detection was by UV at 230nm. Up to 45 different com-
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Figure 3.5

GCMS profile
(reconstructed ion
chromatogram) of
Cannabis “Mexico”
Copyright ASTM.
Reprinted with permission
from Brenneisen and
ElSohly (1988).

Figure 3.6

HPLC profile of 
Cannabis “Mexico”
Copyright ASTM.
Reprinted with permission
from Brenneisen and
ElSohly (1988).



pounds were separated in a 35-minute analysis (Figure 3.6). Isolation followed
by GCMS was used to identify 20 of these. The authors concluded that most of
the diagnostically important peaks in the GC profiles are in the terpene region
and that these profiles might be useful for determining geographic origin. They
also concluded that HPLC is the preferred method of acquiring profiles of ther-
molabile and polar compounds such as THCA, CBDA, and CBCA and that these
profiles are more useful for assessing the history of the samples. The combi-
nation of these two methods provided a very powerful tool for comparing
samples (tactical intelligence) and showed great improvements over earlier
methods.

Lehmann and Brenneisen (1995) developed an HPLC method with photo-
diode array detection (DAD) that allows qualitative and quantitative analysis of
the neutral and acidic cannabinoids. Peaks were identified by comparison to
standards and by DAD-UV spectra. A 200- ¥ 2.0-mm column and a 20- ¥ 2.0-mm
precolumn packed with ODS-1(C18), 3mm, was used in combination with a
complex-gradient elution to separate compounds with a wide variety of polari-
ties (Figure 3.7). A limit of detection (LOD) of about 25ng of cannabinoid per
1mL of extract was reported. The method easily classifies the chemotypes and
can be used to measure the psychotropic potency and to compare samples.

Much of the recent research in analytical methods for cannabinoids has
focused on reducing the time of analysis and increasing the resolution and
specificity. For developing profiles of Cannabis, including the terpenes 
and sesquiterpenes as well as the main cannabinoids, capillary-column GC and
GCMS are excellent. However, in order to obtain a complete profile, a method
that allows identification and quantification of the acid components without
derivatization or decarboxylation is desirable. The method of Lehmann and
Brenneisen (1995) is excellent for establishing chemotypes and provides a 
very good profile; however, it does not resolve all of the acidic components, 
and it requires a 60-minute run. Weinberger and Lurie (1991) explored the 
use of micellar electrokinetic capillary chromatography for the analysis of 
clandestinely manufactured drugs. They found the method provided great
improvement over HPLC methods for heroin and cocaine seizures but lacked
sufficient resolving power for Cannabis samples. Lurie et al. (1998) used capil-
lary electrochromatography (CEC) to achieve excellent resolution of acidic,
highly polar, and neutral cannabinoids in a 40-minute analysis (Figures 3.8 and
3.9).

Rustichelli et al. (1996) proposed HPLC-MS as a rapid method for separa-
tion and identification of hashish constituents. Reversed-phase C-18 columns
were used with isocratic MeOH–H2O (80 :20) as the mobile phase. Excellent
resolution of THC, CDB, and CBN was achieved, but the acid components were
poorly resolved. Mass spectrometry (EI) utilized a Finnigan MAT SSQ 710A
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Figure 3.7

HPLC profiles of
chemotypes of Cannabis
sativa L.: (a) Chemotype
I (drug type); (b)
chemotype II (intermediate
type); (c) chemotype III
(fiber/industrial type)
Reprinted from Lehmann
and Brenneisen (1995)
by courtesy of Marcel
Dekker, Inc.
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Figure 3.8

Capillary
electrochromatography of
(A) concentrated hashish
extract, (B) standard
mixture of cannabinoids,
and (C) concentrated
marijuana extract
Reprinted with permission
from Lurie et al. (1998).
Copyright 1998 American
Chemical Society.

Figure 3.9

Capillary
electrochromatography 
of (A) concentrated
hashish extract and 
(B) concentrated
marijuana extract
Reprinted with permission
from Lurie et al. (1998).
Copyright 1998 American
Chemical Society.

equipped with an interface particle beam (Finnigan) and a Jasco PU980 pump.
Under the conditions used, the acid cannabinoids were decarboxylated. CBDA
and CBNA coeluted. The same chromatographic system with UV detection was
used (Rustichelli et al., 1998) in the analysis of cannabinoids in fiber hemp
plant varieties. These analyses may be sufficient in differentiating chemotypes
but would not suffice for forensic comparisons, due to the lack of resolution of
acidic cannabinoids.

Ndjoko et al. (1998) used HPLC thermospray mass spectrometry (HPLC-
TSMS) and HPLC-TSMSMS to separate and identify the major cannabinoids 



at the 100-pg level. A gradient elution (acetonitrile–H2O, 50 :50 to 100 :0) was
used to resolve the cannabinoids that gave intense molecular ions ([M + H]+)
in the TSMS with no fragment ions. Compounds recorded included THC (m/z
315), CBD (m/z 315), CBC (m/z 333), THCA (no attempt to define A or B;
m/z 359), CBDA (m/z 359), CBN (m/z 311), and cannabichromevarinic acid
(CBCVA, m/z 331). MSMS was used to obtain the characteristic fragments
shown in Table 3.2.

Another approach to analysis of the thermolabile components of Cannabis
without the need for derivatization was proposed by Bäckström et al. (1997).
Supercritical fluid chromatography was used to separate CBD, CBN, D8-THC,
and D9-THC in 8 minutes. THC-d3 was used as an internal standard. Separation
was achieved with a gradient elution consisting of 2% methanol in CO2 going
to 7% methanol in CO2 over 15 minutes. A 250- ¥ 4.6-mm cyanopropyl silica
column was used. Analytes were detected by atmospheric pressure chemical ion-
ization mass spectrometry (APCI-MS). At low cone voltages, intense molecular
ions ([M + H]+) ideal for quantitation were obtained. At higher voltages, char-
acteristic fragmentation was observed. The authors noted in their introduction
the limitation placed on GC analysis by decarboxylation of the cannabinoid
acids but did not include any acids in their study. Application of this method
to separation of mixtures such as those explored by Lurie et al. (1998) (Figure
3.8) and Lehmann and Brenneisen (1995) (Figure 3.7) should be of great 
interest.

The use of pyrolysis–gas chromatography to classify and compare hashish is
another novel approach to determination of provenance (Hida et al., 1995).
Dendrograms were developed from cluster analysis of the peaks in pyrograms
of hashish from different sources and were effective in discriminating the
samples. The method of pattern recognition of pyrograms has been widely used
in forensic science to perform comparisons of polymeric materials such as
paint, rubber, and plastic. In the case of hashish, however, it lacks the ability to
focus on the individual components of the complex mixture.
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Parent Ion m/z Daughter Ion m/z

THC 315 259, 247, 193
CBD 315 259, 247, 193
THCA 359 341, 295, 316
CBDA 359 (low intensity)
CBN 311 296, 242, 232, 195, 181, 164
CBCVA 331 205
CBC 333 298, 287, 275, 263, 207, 166, 153

Source: Ndjoko et al. (1998).

Table 3.2

Thermospray MSMS of
cannabinoids



The application of GC coupled with infrared spectrophotometric detection
(GC-IR) has been investigated by Idilbi et al. (1985).

3.2.3 NONCHROMATOGRAPHIC APPROACHES

3.2.3.1 Carbon-13
J.H. Liu et al. (1979) explored variations in the ratio of 13C to 12C in Cannabis
samples. Variations were found among the parts of the plant as well as among
samples from different sources. In spite of the authors’ suggestion that the addi-
tion of this approach to other (chromatographic) methods of comparing and
sourcing Cannabis would “increase the chance of success,” this approach has
not attracted further research.

3.2.3.2 Inorganic Constituents in Determination of Provenance
The presence and relative concentrations of trace elements were used by Fagioli
et al. (1986) to compare five hashish submissions. Atomic adsorption (AA) with
sampling in a carbonaceous slurry was used to determine Na, K, Ca, Mg, Fe,
Cu, Mn, and Zn. The submissions consisted of five different batches made up
of multiple cakes of hashish. The within-cake variations and the within-batch
variations were determined, and they demonstrated relative homogeneity
within each. The elemental data clearly differentiated all of the batches. Lahl
and Henke (1997) and Tenhagen et al. (1998) have used metals analysis to dif-
ferentiate hashish samples. The authors quantified the elements in hashish
samples by both inductively coupled plasma atomic absorption spectrometry
(ICP-AES) and neutron activation analysis and found no significant difference
in their power of discrimination when neural networks were used to interpret
the data. Watling (1998) used laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) to source the provenance of Cannabis crops in
western Australia. LA-ICP-MS is not suitable for determining precise, accurate
elemental concentrations, but it is excellent for developing “fingerprints” of
elemental association patterns. The sample preparation is simple and does not
require ashing or dissolution. The water-washed specimens are freeze-dried and
ground to fine powder under liquid N2. The powder is then compressed into
a tablet in a cardboard mount. The cardboard mount is placed inside the laser
cell, where a small portion is removed by multiple ablation (20 shots) and trans-
ferred to the plasma. The data can be presented as plots of raw data (Figure
3.10), as histograms (Figure 3.11), or as ternary ratio percentage plots that rep-
resent the direct comparison of the relationship between three analytes (Figure
3.12). This method should prove exceptionally valuable in determining prove-
nance. Ferioli et al. (2000) used AA as one component of a multiple-method
comparison of hashish samples.
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Figure 3.10

Raw count data from
laser ablation ICP-MS of
four samples showing
significant similarity and
probable single source
Reproduced by permission
of the Royal Society of
Chemistry from Watling
(1998).
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Figure 3.11

Simplified histogram plots
of median data from 
four samples
Reproduced by permission
of the Royal Society of
Chemistry from Watling
(1998).
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Figure 3.12

Ternary plots for four
bulk samples recovered
during a single raid
showing difference in
provenance (left) and
four bulk samples
showing similarity 
in provenance (right)
Reproduced by permission
of the Royal Society of
Chemistry from Watling
(1998).

3.2.3.3 Molecular Biology Approaches
The application of molecular approaches to investigations of Cannabis has 
been reviewed (Siniscalco Gigliano, 2001). A variety of methods for iden-
tifying Cannabis using DNA technology have been developed (Siniscalco
Gigliano, 1995, 1997, 1998, 1999; Siniscalco Gigliano and DiFinizio, 1997; 
Siniscalco Gigliano et al., 1997; Linacre and Thorpe, 1998). Wilkinson and
Linacre (2000) have studied the detection and persistence of Cannabis sativa
DNA on skin. Random amplification of polymorphic DNA (RAPD) has been
explored as a means of comparing samples and assessing origin (Gillan et al.,
1995; Siniscalco Gigliano, 1995; Jagadish et al., 1996; Shirota et al., 1988). Gillan
et al. (1995) used five different primers to amplify DNA extracted from 17 
different samples of herbal Cannabis. Only three of the primers led to sample



discrimination. Using these three primers (Genosys, 33: 5¢-CTTGAGTGGA-3¢,
34: 5¢-GGATCTGAAC-3¢, 37: 5¢-CCACTTT-3¢), all but 2 of the 17 samples could
be distinguished. This included samples that were indistinguishable by HPLC
(Figure 3.13) up to 10.

Kojoma et al. (2002) reported differentiation of Cannabis samples that were
compared by HPLC using inter-simple sequence repeat (ISSR) amplification.
The authors claim the method is easier than either RAPD or restriction frag-
ment length polymorphism (RFLP) analyses.

Coyle et al. (2003) have reported a simplified method of DNA extraction
using a commercially available plant DNA extraction kit manufactured by
QIAGEN to replace a more difficult and time-consuming hexadecyltrimethy-
lammonium bromide extraction (Doyle and Doyle, 1990). Amplified fragment
length polymorphism was used to assess the quality of the extracts and the
reproducibility of profiles from clonal Cannabis.

Single-strand conformation polymorphism (SSCP) using primers designed
for the intergenic spacer region between trnL and trnF genes of Cannabis sativa
chloroplast DNA was used to differentiate strains was reported by Kohjyouma
et al. (2000).

3.2.4 SUMMATION

The determination of provenance is a complex undertaking for which there 
is no single ideal procedure that meets all the needs of the forensic science
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Figure 3.13

Example of differentiation
by RAPD of two
Cannabis samples that
could not be differentiated
by HPLC alone
Reprinted from Gillan 
et al. (1995) by
permission of the Forensic
Science Society.



community. For the determination of chemotypes (differentiation of fiber- 
and drug-type material), HPLC procedures such as that published by Lehmann
and Brenneisen (1995) are adequate (see Figure 3.7). For determining com-
pliance with laws governing allowable concentrations of cannabinoids in crops,
seeds, or seed-derived products, methods that concentrate on determination of
THC alone or THC and THCA can be sufficient. HPLC procedures already
described or recently published (Zoller et al., 2000) are ideal for determining
the concentrations of THC and THCA without derivatization. GC or GC/MS
methods in which THCA is converted to THC by decarboxylation (i.e., heating)
work well when total THC is needed. Such a method (Ross et al., 2000) has
been applied to the study of THC in seeds. When the task at hand is to deter-
mine whether samples could have a common origin or may be from a particu-
lar geographical location, high-resolution GC or GC/MS revealing not only the
main cannabinoids but also the terpenes, sequiterpenes, and minor cannabi-
noids is needed. An additional profile by a method suitable for analysis of ther-
molabile compounds must also be used. These would include high-resolution
HPLC, SCFC, or CEC. Elemental analysis may be called for, especially if a geo-
graphical location is the target of the investigation. An example of the com-
bined approach is presented by Ferioli et al. (2000), who used HPLC, GC,
GC/MS, and AA in an analytical characterization of hashish samples.

3.3 IMMUNOASSAYS FOR THE DETECTION OF
CANNABINOIDS IN BIOLOGICAL MATRICES

3.3.1 OVERVIEW

Immunoassays for detecting Cannabis abuse are generally called cannabinoids
assays or THC assays. Cannabinoids immunoassays are used to detect D9-THC
and its metabolites in biological and forensic matrices; therefore, the design
and utility of immunoassays for different types of matrices have to take into 
consideration D9-THC metabolism and pharmacokinetics. The administration,
absorption, metabolism, and excretion profiles of cannabinoids have been
extensively studied and reported (Hawks, 1982; Wall et al., 1983; Chiang and
Barnett, 1984; Harvey, 1984; Law et al., 1984b; Alburges and Peat, 1986; 
Johansson et al., 1990; Moody et al., 1992b; Huestis et al., 1992a, 1992b, 1995,
1996; Cone and Huestis, 1993; Huestis and Cone, 1998a, 1998b; Smith-Kielland
et al., 1999). It is generally concluded that THC is rapidly absorbed following
marijuana smoking. The peak THC concentration in plasma is reached within
30 minutes and quickly declines due to redistribution into tissues, lipid stores,
and metabolism. THC is extensively metabolized to a large number of com-
pounds in humans; however, most of them are inactive. Notably, THC is trans-
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formed to 11-hydroxy-D9-THC (11-OH-THC), which is subsequently oxidized to
11-nor-D9-tetrahydrocannabinol-9-carboxylic acid (THC-COOH). The major
THC metabolite in urine is THC-COOH, which is present as both the free acid
and its glucuronide conjugate (Williams and Moffat, 1980; Kanter et al., 1982b;
Wall et al., 1983). Although the unconjugated THC-COOH is the “target
analyte” for cannabinoids screening and confirmation, its glucuronide conju-
gate is present in considerably higher concentrations than the parent drug in
urine and blood (Skopp and Potsch, 2002a, 2002b). Other metabolites found
in urine (Figure 3.14) are 8-a-hydroxy-D9-THC, 8-b-hydroxy-D9-THC, 8-b,11-di-
hydroxy-D9-THC, 11-hydroxy-D9-THC, and a group of acid metabolites.

3.3.1.1 Cutoff Considerations
Commercial cannabinoids immunoassays can detect the presence of several
THC metabolites via antibody cross-reactivities, although most assays for urine
drug screening are calibrated only with THC-COOH. The overall sensitivity and
specificity of an immunoassay is, to a certain extent, related to the characteris-
tics of the antibody used in the assay (Teale et al., 1974a; Jones et al., 1984a;
Peat, 1984; ElSohly et al., 1990; Salamone et al., 1998). The quantified value
(assay result), as expressed in “apparent THC-COOH concentration” (i.e., 
calibrator-equivalent unit), is the “sum” of antibody immunoreactivities toward
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THC-COOH and other structurally related THC metabolites in the testing spec-
imen. Therefore, the “administrative cutoff” levels for THC initial tests are set
at higher quantities than the associated confirmatory cutoff concentrations in
order to accommodate the total contribution of antibody cross-reactivities.
However, the correlation of total immunoreactivities to a single GC/MS value
of the THC-COOH compound can vary to some extent. Such variations may
influence the balance of clinical sensitivity and specificity for cannabinoids
immunoassays, especially for testing specimens that contain near-cutoff con-
centrations of THC-COOH.

Regardless of the technology used, the analytical performance for a cannabi-
noids immunoassay is calibrated relative to the specified cutoff concentration
and optimized for its comparative performance to the confirmation technolo-
gies. The screening cutoff of 100ng/mL (or 100mg/L) cannabinoids in urine
was chosen at the inception of the SAMHSA drug-testing guidelines (53 FR
11970, 1988). This immunoassay cutoff was set partially due to the risk of passive
exposure to marijuana smoke (Perez-Reyes et al., 1983; Law et al., 1984c;
Morland et al., 1985; Cone and Johnson, 1986; Moffat, 1986b; Mulé et al., 1988).
A comprehensive study of passive inhalation conducted by NIDA illustrated 
that it takes extensive exposure to extremely high concentrations under unre-
alistic conditions to cause a positive result (Cone et al., 1987). Additional
factors, such as the cost and goals of the specific drug-testing programs, also
influence the choice of cutoff levels (Sunshine, 1988). Several studies have since
been conducted to demonstrate that lowering the initial testing cutoff in urine
would increase the positive rates for marijuana detection (Wells and Barnhill,
1989; Rowland et al., 1994; Huestis et al., 1994; Wingert, 1997). Smith et al.
(1989) showed that marijuana test sensitivity increased from 47% to 88% and
specificity increased from 91% to 94% when the screening and confirming 
were lowered from 100ng/mL and 15ng/mL to 20ng/mL and 5ng/mL,
respectively.

The current U.S. Mandatory Guidelines (59 FR 29916, 1994) specify a 50
ng/mL screening cutoff and a 15ng/mL confirmation cutoff for cannabinoids
testing. In case a retest is required for a specimen or for the testing of “Bottle
B” of a split specimen, the retest quantification is not subject to a cutoff require-
ment; however, the retest “must provide data sufficient to confirm the presence
of the drug or metabolite” (59 FR 29916, 1994). In general, many drug-testing
programs in the nonregulated sectors also follow the cutoff defined by the
Federal Guidelines. Depending on the drug-testing program goals and prefer-
ence, four major cutoff concentrations have been used for urinary cannabi-
noids immunoassays: 20ng/mL, 25ng/mL, 50ng/mL, and 100ng/mL.
Moreover, the screening immunoassay cutoff could be further decreased for
detecting maternal and neonatal drug exposure (Hattab et al., 2000).
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For any given cutoff, there can be substantial variability between subjects and
between doses in the excretion profiles of THC-COOH. Huestis et al. (1996)
demonstrated that mean detection times in urine following smoking varied con-
siderably between individuals, even in highly controlled smoking studies. In
addition, consecutive urine specimens may fluctuate below and above the cutoff
during the terminal elimination phase, when THC-COOH concentrations
approach the cutoff (Ellis et al., 1985; Huestis et al., 1996; Smith-Kielland et al.,
1999). The “normalization” of drug excretion to urine creatinine concentra-
tion has been employed to predict new drug use and to reduce the variability
of drug measurement attributable to urine dilution (Lafolie et al., 1991, 1994;
Simpson et al., 1993; Huestis and Cone, 1998b; Fraser and Worth, 1999).

3.3.2 STABILITY OF CANNABINOIDS IN BIOLOGICAL FLUIDS

Results obtained from any given immunoassay for drugs of abuse can be deter-
mined either by qualitatively comparing the resulting signal output of the spec-
imen to that of the “cutoff-level standard” solution or by semiquantitatively
comparing to the calibration curve. Consequently, the stability of the analyte
in calibrator solutions and in testing specimens is critical to the accuracy of the
analytical system. The hydrophobic nature of the cannabinoids molecules can
lead to the loss of the drugs in the specimen because of surface adsorption to
the specimen-handling devices and storage containers. Thus the stability of
cannabinoids in biological fluids has been evaluated in various container mate-
rials stored at different temperatures.

Dextraze et al. (1989) observed a 27% reduction in THC-COOH concen-
tration due to adsorption to glass and reported that foaming of spiked urine
caused by vigorous mixing resulted in a reversible 89% apparent reduction in
THC-COOH concentration. Blanc et al. (1993) investigated cannabinoids loss
from calibrators during the immunoassay testing process and found significant
losses attributable to both the kind of pipette used and the surface contact in
the analyzer cup. The loss of THC-COOH can be reduced by using appropri-
ate pipette and maintaining a minimal surface-to-volume ratio in the analyzer
cup. Roth et al. (1996) investigated the effects of solution composition and 
an assortment of container material types on the loss of THC-COOH using
immunoassay and x-ray photoelectron spectroscopy. The authors also evaluated
the effects of sample volume and sample handling and found that THC-COOH
loss due to pipetting ranged from 1.1ng to 7.9ng per aliquot. Stout et al. (2000)
observed rapid loss of THC-COOH at 4°C for polypropylene (maximal 14%
loss) and polyethylene (maximal 17% loss), as well as a small loss (<5%) in poly-
ethylene bottles at 25°C. All losses stabilized within 1 hour, and no further losses
were seen over 1 week.
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Paul et al. (1993) examined the effect of freezing on the concentration of
abused drugs in urine and observed no significant loss of compounds except
for THC-acid, which showed an average loss of 11% (ranging from 0 to 34%).
Golding et al. (1998) observed appreciable losses (>22.4%) in some urine
samples stored at room temperature for 10 days and approximately 8% loss
when the samples were refrigerated for 4 weeks. The authors observed cannabi-
noids loss in frozen samples and postulated that the loss may be due to the
decrease of the solubility of THC-COOH or the absorption process of cannabi-
noids molecules to the storage containers. Dugan et al. (1994) reanalyzed urine
that had been stored at -20°C for 12 months and reported no extensive change
in the average drug concentrations for THC-COOH. In contrast, Romberg and
Past (1994) retested previously analyzed and frozen samples and found that 85
THC-COOH positive samples stored frozen for 1 to 10 months declined an
average of 25% (ranging from -80% to +30%). The authors found that drugs
partition into strata when frozen in urine because of the thermodynamics of
the freezing process.

Skopp and Potsch (2002b) assessed the stability of THC-COOH glucuronides
in urine and plasma by LC-tandem mass spectrometry. The glucuronide 
was stable in both matrices when stored frozen, whereas the glucuronide 
concentrations decreased at all other storage conditions. The authors reaf-
firmed that stability data derived from a particular biological matrix are impor-
tant for reliable interpretation of the analytical results. The antibodies used in
different cannabinoids immunoassays cross-react with THC-COOH and its glu-
curonide to different extents. Thus the specimen transportation and storage
conditions following the collection procedure may affect the immunoassay
results; however, the effect in general should not interfere with the screening
result interpretation.

Johnson et al. (1984) reported that THC in blood was stable for up to 4
months at 4°C and -20°C. At room temperature, THC in blood decreased sig-
nificantly at 2 months and dropped 90% after 6 months. By contrast, the con-
centration of THC-COOH was not significantly different from that of the
control. McCurdy et al. (1989) assessed the stability of THC-COOH in whole
blood while stored in four different kinds of blood collection tubes for up to
30 days at refrigeration and room temperature. Utilizing both radioim-
munoassay and GC/MS, the authors reported that THC-COOH was stable in
blood under all conditions studied. Skopp et al. (2000) demonstrated that
cannabinoids usually measured in hair analysis are more affected by solar radi-
ation than other drugs of abuse detected in hair. In addition to the deleterious
effect of sunlight on the stability of cannabinoid constituents in hair, the weath-
ering of hair, which damages the hair fiber at the ultrastructural level, may cause
additional changes in drug concentrations in hair.
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3.3.3 SPECIMEN VALIDITY AND INTEGRITY

Purposeful invalidation of the specimen by the donor can compromise speci-
men validity and integrity and, subsequently, negatively impact the accuracy of
drug-testing results. Cook et al. (2000) reviewed the characterization of human
urine for specimen validity determination. Cone et al. (1998) reported that the
average detection times for marijuana metabolites appeared to be slightly
shorter following ingestion of 1 gallon of fluids compared with ingestion of 12
oz of water. A popular means of sample adulteration is the addition of exoge-
nous chemicals, such as glutaraldehyde, detergent, bleach, and various oxidiz-
ing agents (Baiker et al., 1994; Wu et al., 1995, 1999; George and Braithwaite,
1996; ElSohly et al., 1997; Urry et al., 1998; Tsai et al., 2000, 2001). THC-COOH
is sensitive to oxidizing agents such as nitrite, peroxide, and chlorochromate.
Because of the effect of oxidants on the cannabinoids molecules, by and large
all immunoassay technologies can be affected. Specimens adulterated with oxi-
dizing agents may give false-negative screening and escape further confirma-
tion. For those that remain positive at the time of initial testing, the presence
of oxidizing agents can interfere with subsequent GC/MS confirmation unless
samples are treated with sodium bisulfite prior to the extraction procedure
(ElSohly et al., 1997). The effectiveness of oxidizing agents can be affected by
sample pH, original drug concentration, and the time between sample collec-
tion and sample testing. For example, Tsai et al. (2000) reported that signifi-
cant decreases in the immunoassay results could be observed shortly after
nitrite treatment in samples with acidic urinary pH values. In contrast, samples
with neutral or higher pH values may remain immunoassay positive 3 days post-
nitrite spiking, even though some of these adulterated urine samples exhibited
significant decrease in GC/MS recoveries following bisulfite treatment. More-
over, the decrease or loss of immunoassay-detectable cannabinoid cross-
reactives in acidic “THC positive samples” can be attenuated by chemically
increasing the pH value of the samples to the basic pH range (Lewis et al., 1999;
Tsai et al., 2000).

3.3.4 ALTERNATIVE MATRICES

The most commonly used biological matrices for cannabinoids analysis are
urine, blood, serum, and plasma samples. Urine can readily be applied to
various immunoassay analyses without sample pretreatment. Also, urine speci-
mens can be obtained in relatively large quantities in comparison to other bio-
logical fluids. Therefore urine remains the most widely used specimen for initial
screening tests, despite various issues such as variability of excretion profile,
relationship to impairment, cutoff considerations, detection window, and col-
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lection and adulteration concerns. The use of alternative matrices may offer
advantages in addressing some of the issues concerning urine drug testing
(Schramm et al., 1992; Cone, 1993, 1997, 2001; Moeller, 1996; Kidwell et al.,
1998; Skopp and Potsch, 1999; Jehanli et al., 2001; Caplan and Goldberg, 2001;
Niedbala et al., 2001).

Analyses of THC and major metabolites in blood, including those involving
immunoassay techniques, have been applied in a variety of pharmacokinetic
and pharmacodynamic investigations, driving-impairment studies, and forensic
cases (Hanson et al., 1983; Gjerde, 1991; Moody et al., 1992a, 1992b; Goodall
and Basteyns, 1995). Interpretation of the significance of blood cannabinoids
testing results and level of impairment or cannabis exposure has not been
clearly established. However, various controlled studies have been conducted
to correlate and predict these relationships (Huestis et al., 1992b; Cone, 1993).

Analysis of drugs in hair provides a longer detection window than urinalysis
even though hair analysis for cannabinoids is one of the most difficult analyses
(Nakahara, 1999). On the other hand, the detection of THC in saliva/oral
fluids may indicate very recent marijuana use (Cone, 1993; Jehanli et al., 2001;
Niedbala et al., 2001). It is generally postulated that cannabinoids in oral fluids
were from residuals left in the oral cavity during the use of cannabis (Cone,
1993; Jehanli et al., 2001). Therefore, an ideal immunoassay for oral fluid THC
should employ antibody produced against the parent THC compound instead
of the traditional THC-COOH target analyte. Maseda et al. (1986) reported that
saliva THC concentrations in subjects who drank beer after smoking marijuana
were lower than those of nondrinking subjects. An earlier study in humans
using radiolabeled THC administered by intravenous injection did not detect
any radioactivity in saliva samples (Hawks, 1982). Although an advantage of oral
fluid is the relative ease of collection, currently there is no standardized method
for specimen collection. O’Neal et al. (2000b) demonstrated the impact of
various collection devices on the measured drug concentrations in oral fluids.
The chemical nature of the cannabinoids warrants caution in the specimen-
collection mechanism. Alternative matrices are considered less vulnerable to
adulteration due to the observed procedures of sample collection. However,
there exist issues of environmental contamination, passive exposure, and bias
concerns for some of the matrices (Nakahara, 1999; Kidwell et al., 2000; Skopp
et al., 2000; Kidwell and Smith, 2001). A very small percentage of oral fluid
sample substitution with canine or feline saliva was noticed when oral fluid
sample integrity was checked for the presence of human IgG, indicating that
the collection was not witnessed (Peat, 2000).

Compared to the urine matrix, oral fluid testing and sweat drug testing may
have the limitations of the small amount of matrix collected and the lower levels
of drugs in the specimen (Kintz et al., 2000). Oral fluid concentrations of THC
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vary over a wide range immediately after marijuana exposure and then rapidly
decline over the first few hours. Thus the selection of a low cutoff for THC in
oral fluid can increase the diagnostic sensitivity and allow a longer window 
of detection time. Niedbala et al. (2001) compared oral fluid THC testing to
urine testing utilizing a screening cutoff of 1ng/mL and a confirmation
(GC/MS/MS) cutoff of 0.5ng/mL. Although currently there is no standard-
ized cutoff decision for alternative matrices, SAMHSA has been drafting a 
revision of the Mandatory Guidelines that will set cutoff levels and define require-
ments for alternative specimen drug screening and confirmation tests. The low
drug concentration and hydrophobic feature of THC can present challenges
for some of the screening technologies when applied to alternative matrices
testing. Nevertheless, alternative matrix testing is an actively pursued area and
more studies and reports are to be expected in the foreseeable future.

3.3.5 IMMUNOASSAY TECHNOLOGIES

Immunoassays utilize the high affinity and specificity of antibody–antigen
binding interactions to detect minute amounts of molecules in complex bio-
logical materials. Immunoassays for drugs-of-abuse testing are generally used to
eliminate negative samples, and to maximize the likelihood of finding the pres-
ence of a drug or a group of structurally related drugs in the specimen at, or
above, a predetermined cutoff concentration. The following provides a brief
overview of the commonly used cannabinoids immunoassay. The principles of
these technologies were reviewed in greater detail in Chapter 2. Because most
of the commercial immunoassays have been extensively evaluated in various
comparative studies, the overall comparison of cannabinoids immunoassay
technologies will be reviewed collectively in Section 3.3.6.

3.3.5.1 Radioimmunoassay (RIA)
An array of RIA tests has been developed or evaluated in the past three decades
for the quantification of cannabinoids in urine, blood, serum, and plasma
(Teale et al., 1974a, 1974b, 1975; Marks et al., 1975; Gross et al., 1974; Wall 
et al., 1976; Owens et al., 1981; Bergman et al., 1981; Zimmerman et al., 1983;
Mason et al., 1983; Childs and McCurdy, 1984; Jones et al., 1984a, 1984b; D.E.
Smith et al., 1989; Clatworthy et al., 1990; Altunkaya et al., 1991; Moody et al.,
1992a). Hanson et al. (1983) compared 3H-RIA and 125I-RIA for cannabinoids
with GC/MS and found that the three methods gave parallel but significantly
different quantitative results. However, each technique was capable of measur-
ing THC concentrations in blood and serum up to 3 hours after usage. Law et
al. (1984a) described the confirmation of cannabis use through the analysis of
blood and urine for THC-COOH and its O-ester glucuronide using combined
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HPLC/RIA. An assortment of cannabinoids RIA kits was developed by Roche
(Abuscreen RIA; now discontinued), Diagnostics Products Corporation (DPC,
Los Angeles), the Immunalysis Corporation (Pomona, CA), and by Research
Triangle Institute. The cross-reactivity profile, GC/MS comparison and regres-
sion analysis of RIA kits from different times and manufacturers have been ana-
lyzed in a number of studies (Bergman et al., 1981; Jones et al., 1984a; Peat,
1984; Weaver et al., 1991; R.H. Liu et al., 1994; R.H. Liu and Goldberger, 1995;
Brendler and Liu, 1997).

In addition to blood and urine, RIA has been applied to the analysis of
cannabis in oral fluids (Gross et al., 1985), fingernails (Lemos et al., 1999), hair
(Mieczkowski, 1995), and meconium (Ostrea et al., 1989). Although RIA has
the advantages of high analytical sensitivity for quantifying cannabinoids in a
variety of biological and forensic matrices, there have been increasing concerns
regarding the handling of radioactive materials and the disposal of radioactive
waste. Currently the double-antibody cannabinoids RIA can be purchased from
DPC. The THC Direct RIA available from Immunalysis Corporation has a 
100ng/mL cutoff for urine cannabinoids and claims a sensitivity of 2.5ng/mL
and a sharp and linear plot through 50ng/mL from the low point through the
high concentration point.

3.3.5.2 Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA-based cannabinoids assays have the advantages of low detection limits
and high versatility for various forensic and toxicological analyses. Diverse com-
mercial ELISA kits can be used or tailored to test matrices such as urine, blood,
serum, oral fluid, sweat, meconium, bile, vitreous humor, and tissue extracts
(Perrigo and Joynt, 1995; K.A. Moore et al., 1999; Kerrigan and Phillips, 2001;
Niedbala et al., 2001). ELISA has also been used to detect cannabinoids in plant
tissue culture systems (Kanaka, et al., 1996).

Kerrigan and Phillips (2001) compared the performance of ELISA kits to
detect drugs of abuse in blood with a selected cutoff for cannabinoids of 30
ng/mL. In comparative analysis of ELISAs from STC (now OraSure Technolo-
gies, Inc., Bethlehem, PA) and Immunalysis Corporation for six drugs-of-abuse
classes in whole blood and urine, the authors concluded that Immunalysis assays
offered superior binding characteristics and detection limits, whereas STC
assays offered improved overall precision and lot-to-lot reproducibility. The STC
serum cannabinoids assay is directed toward the carboxylic acid metabolite but
is also reactive with parent THC. The percent cross-reactivity to D9 -THC for 
the ELISA kits used in the study (Kerrigan and Phillips, 2001) was 24.2% for
STC and <5% for Immunalysis. By comparison, the respective percent cross-
reactivity to D9-THC and D8-THC is reported as 10.4% and 125% for the Diag-
nostix cannabinoids assay and 35% and 200% for the Neogen cannabinoids
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assay (package inserts: 2001). In general, the cross-reactivity profile may vary in
kits from the same company at different times and can be optimized for the
specific requirements of different kit configurations. For example, the cross-
reactivity profile of various ELISA kits from Immunalysis is shown in Table 3.3.

3.3.5.3 Enzyme-Multiplied Immunoassay Technique (EMIT)
The original formats of EMIT cannabinoids assay included the Emit-st 
assays, which utilized a single 100ng/mL calibrator containing D8-THC-COOH,
and the Emit d.a.u. assays, which utilized a negative control, a low calibrator,
and a medium calibrator (Irving et al., 1984; Bastiani, 1984; Ellis et al., 1985).
O’Conner and Rejent (1981) confirmed EMIT cannabinoids assay with RIA 
and GC/MS and postulated that for routine screening applications, the 
heterogeneity of the EMIT cannabinoid antibody may be more sensitive than
the other methods in detecting cannabinoid metabolites. Black et al. (1984)
adapted EMIT for high-volume urine cannabinoids testing. Foltz and Sunshine
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Compound Approximate Percent (%) Cross-Reactivity Relative to the
Specified THCA Equivalent Concentration of Each Assay

Immunalysis Immunalysis Immunalysis Immunalysis
Direct ELISA Direct ELISA Ultrasensitive Sweat/Oral 
(equivalent (equivalent ELISA fluid ELISA
to 30 ng/mL to 10 ng/mL (equivalent (equivalent
THCA)a THCA)b to 25 pg/mL to 1 ng/mL 

THCA)b THCA)b

April 1998c May 2001c July 2001c May 2001c

11-nor-9-Carboxy- 100 100 100 100
D9-THC

11-nor-9-Carboxy- 110 110 110 125
D8-THC

8 11-Dihydroxy-D9- <5 <5 <5 <1
THC

11-Hydroxy-D9-THC <5 <5 16.6 <1

D9-THC <5 21 4.1 60

D8-THC NAd 45 NAd 66

Cannabinol <5 <5 <1 <1

Cannabidiol <5 <5 <1 <1

a Information was published by Kerrigan and Phillips (2001).
b Information was obtained from the specified package inserts, Immunalysis Corporation.
c Date of package insert or package insert revisions.
d NA—Not available.

Table 3.3

Example of cross-reactivity
profile of ELISA
cannabinoids
immunoassays



(1990) compared the analysis of urine specimens with TLC, EMIT, and GC/MS
and reported that 63% of the urine specimens shown by GC/MS to contain
greater than 20ng/mL of THC-COOH were identified as positive by the 
Emit d.a.u. assay at the 100ng/mL cannabinoids cutoff. Standefer and Backer
(1991) investigated the precision, linearity, accuracy, and stability of quantita-
tive results for five drugs of abuse by using Emit d.a.u. reagents and reported
that the within-day and between-day coefficients of variation were between 
10% and 20% for THC-COOH. The formulation of Emit II differs from earlier
ones in the use of new drug–G6P-DH conjugates and new antibodies to improve
performance at the cutoff level (Armbruster et al., 1993a). A comparative study
indicated that both Emit 700 and Emit II assays detected approximately 90%
of the urine samples screened positive by RIA and confirmed positive for mar-
ijuana (Armbruster et al., 1994). Smith-Kielland et al. (1999) compared results
of the 1992 and 1993 testing of up to 20,000 urine specimens and concluded
that there was no major difference in performance with the new formulation.

Currently the THC assays for both Emit d.a.u. (lyophilized) and Emit II 
Plus (liquid) are available in three cutoff levels: 20ng/mL, 50ng/mL, and 
100ng/mL.

In addition to Dade Behring Syva Emit products, cannabinoids assays that
utilize similar enzyme immunoassay principles for urinary drug screening 
are also available from the companies Beckman Coulter, as Synchron THC-
cannabinoids assay (Dietzen et al., 2001), and Microgenics, as DRI (formerly
Diagnostic Reagents Inc.) cannabinoid (THC) assay (Broussard and Hanson,
1997). Besides urinary drug testing, EMIT assays have been applied to matrices
such as blood and plasma (Peel and Perrigo, 1981; Mason and McBay, 1984;
Asselin et al., 1988; Lewellen and McCurdy, 1988; Perrigo and Joynt, 1989; Blum
et al., 1989; Bogusz et al., 1990; Gjerde et al., 1990), saliva (Peel et al., 1984),
and meconium (Wingert et al., 1994; ElSohly et al., 1999). Gjerde (1991)
reported the use of EMIT d.a.u. cannabinoid assay to test methanolic extracts
of blood as a screening method in cases of suspected impairment by cannabis,
provided that THC was analyzed in the subsequent assay. When a cutoff limit
corresponding to 50nM THC-COOH (17ng/ml) was used, 86% of the EMIT
positive blood samples contained THC concentrations above the cutoff limit of
1nM (0.3ng/mL).

3.3.5.4 Fluorescence Polarization Immunoassay (FPIA)
The Abbott (Abbott Park, IL) FPIA Cannabinoids assay is calibrated using
either a master calibration (2-point) or a six-point calibration curve (0, 25, 40,
60, 80, and 135ng/mL). Master calibrator concentrations were chosen that
most accurately adjust the 0–135ng/mL calibration curve with only two points.
The FPIA cannabinoids assay is designed to perform at a variety of commonly
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used threshold levels. Analyzers for Abbott FPIA such as TDx, TDxFLx, and
AXSYM have been “factory set” at a specified cutoff concentration. Instrument
procedures are available for the users to configure the cutoff level if necessary.
The reagent pack consists of bottles that contain antiserum, pretreatment solu-
tion, and cannabinoids fluorescein tracer, respectively. Previously the cross-
reactivities of the Abbott TDx assay to various cannabinoid metabolites and a
group of cannabinoids and noncannabinoid phenolic constituents of cannabis
were also analyzed by ElSohly et al. (1990). In addition to urine samples, FPIA-
based drug assays have been applied for the analysis of blood (Bogusz et al.,
1990; Goodall and Basteyns, 1995; Cagle et al., 1997; Keller et al., 2000), meco-
nium (ElSohly et al., 1999), synovial fluid of the knee joint and in vitreous
humor (Felscher et al., 1998), and hair (Kintz et al., 1992).

3.3.5.5 Kinetic Interaction of Microparticles in Solution (KIMS)
The Roche (Indianapolis, IN) Abuscreen ONLINE and ONLINE DAT II prod-
ucts are KIMS-based immunoassays (Armbruster et al., 1993a, 1993b; Hailer 
et al., 1995; Crouch et al., 1998b; Boettcher et al., 2000). The cannabinoids
qualitative applications utilize calibrators for cutoff at 20, 50, or 100ng/mL,
whereas the semiquantitative applications employ either four or five calibrators
as appropriate for the respective cutoff levels. For example, calibrators 0, 20,
50, 100, and 300ng/mL are used for the 50ng/mL cutoff assay. For semi-
quantitative COBAS INTEGRA applications, the change in absorbance for each
calibrator is plotted against its concentration and a lineal interpolation model
is used to construct a calibration curve. For semiquantitative Roche/Hitachi
applications, the analyzer computer constructs a calibration curve from
absorbance measurements of the standards using a four-parameter logit-log
fitting function, which fits a smooth line through the data points. The
absorbance measurements of samples are then used to calculate drug or drug
metabolite concentration by interpolation of the logit-log fitting function. The
resulting curves are retained in analyzer memory and recalled for later use. In
addition to urine drug testing, the ONLINE assays have also been applied to
drugs-of-abuse analysis in serum (Moody and Medina, 1995) and other appli-
cations can be developed by the users for their specific drug-testing needs.

The design and selection of antibody have a significant impact on the speci-
ficity of an immunoassay. The immunogen structures can be designed to gen-
erate antibodies with different selectivity towards the cyclohexyl ring of the
cannabinoid structure. Immunogens from benzpyran derivatives have been
developed to elicit antibodies with broad cross-reactivity to cannabinoid
metabolites (Salamone et al., 1998). The total cross-reactive cannabinoid values
obtained with the benzpyran-elicited antibodies were 49% higher than the
values obtained using the traditional immunogen structure. The broad-
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spectrum antibody has been used to develop the ONLINE DAT II cannabinoids
assay. This antibody has also been utilized in an immunoaffinity extraction pro-
cedure for the simultaneous analysis of THC and its major metabolites in urine,
plasma, and meconium by GC/MS (Feng et al., 2000).

3.3.5.6 Cloned Enzyme Donor Immunoassay (CEDIA)
The Microgenics (Fremont, CA) CEDIA DAU Multi-Level THC assays can be
used for qualitative or semiquantitative determinations of cannabinoids at 25,
50, or 100ng/mL cutoff levels. The data analysis using the Roche/Hitachi ana-
lyzers has been described in the previous section. The calibrators used for a 50
ng/mL cannabinoids assay are 0, 25, 75, and 100ng/mL. The performance of
CEDIA for urine drug testing was compared to that of RIA, TDx, ONLINE, and
EMIT II (Armbruster et al., 1995).

Wu et al. (1995) compared CEDIA to EMIT II for its use in drug screening
in urine and investigated the effect of various adulterants on the immunoassay
performance. Cagle et al. (1997) evaluated CEDIA and FPIA for their combined
effectiveness in the analysis of cannabinoids in acetone-pretreated whole blood.
The authors reported that all blood samples that screened positive could be
confirmed for the presence of THC-COOH by GC/MS at concentrations
greater than the 10ng/mL cutoff. However, the GC/MS results were found to
correlate significantly better with those of the FPIA cannabinoids assay. Iwersen-
Bergmann and Schmoldt (1999) demonstrated that the use of the CEDIA 
urine-screening technique without any adaptation can provide a sensitive
serum/whole blood screening for several drugs of abuse, including cannabi-
noids.

3.3.5.7 Onsite (Point-of-Collection) Immunoassays
Various immunoassay technologies have been applied to develop onsite drug-
testing products since the late 1980s. In a study that involved volunteers with a
history of marijuana use, Jenkins et al. (1993) compared results of the enzyme
immunoassay based EZ-SCREEN (Environmental Diagnostics, Burlington, NC)
with GC/MS and reported that the test produced positive results at a standard
THC-COOH concentration of 5ng/mL. Overall agreement between the three
analysts was approximately 80%. Delayed readings and photocopy readings
tended to be less accurate than readings obtained at 3 minutes. Another example
of multistep, point-of-collection drug screening is the Triage drugs-of-abuse
testing panel (Biosite Diagnostics Inc., San Diego, CA) (Buechler et al., 1992; Wu
et al., 1993; Rohrich et al., 1994; de la Torre et al., 1996).

The Roche Abuscreen OnTrak THC assay was based on the visual interpre-
tation of qualitative results following a KIMS-like reaction (Schwartz et al., 1990;
Cone et al., 1991; Armbruster et al., 1993a; Crouch et al., 1998a, 1998b). The
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manual, qualitative immunoassay system was shown to be sufficiently sensitive,
and the results were found to agree well with those obtained from instrument-
based screening and GC/MS confirmation (Armbruster and Krolak, 1992).
(The product line was recently discontinued.) With the advantages of simple
and rapid one-step testing as well as room temperature storage, a variety of
lateral-flow assays have been gaining popularity in various drug-testing pro-
grams in the past few years. Most of these devices have been evaluated for onsite
screening of abused drugs, including cannabinoids, in urine (Jenkins et al.,
1995; Towt et al., 1995; Ros et al., 1998; Crouch et al., 1998b; Buchan et al.,
1998; Wennig et al., 1998; Peace et al., 2000; Leino et al., 2001; Gronholm and
Lillsunde, 2001). The lateral flow immunochromatographic assays were also
adapted to drug screening for alternative matrices such as oral fluids (Kintz 
et al., 2000; Samyn and van Haeren, 2000). For example, the Cozart RapiScan
(Abingdon, Oxfordshire, UK) is a hand-held reader that couples a lateral-flow
test strip with digital photography for the detection of drugs of abuse in saliva.
Jehanli et al. (2001) compared the use of Cozart RapiScan with that of enzyme
immunoassays and GC/MS methods in blind clinical trials. The authors
reported that the cutoff of the marijuana test at 10ng/mL THC-COOH was too
high to detect marijuana use for more than a few hours after smoking.

3.3.6 COMPARATIVE EVALUATIONS

With plenty of technological choices, a wide variety of studies have been 
carried out over the past decades to evaluate and compare the performance of
various immunoassays. When comparing results from these studies, it is always
important to recognize the variables that can influence the outcome and inter-
pretation of the immunoassays and comparative studies (Baselt, 1984; Kricka,
2000). The contributing variations include, but are not limited to, physiologi-
cal and biological factors (Huestis and Cone, 1998a, 1998b; Vandevenne et 
al., 2000) and potential interference with the assays by food or medication
(Berkabile and Meyers, 1989; Rollins et al., 1990; Colbert, 1994; Wagener et al.,
1994; Linder and Valdes, 1994; Joseph et al., 1995; ElSohly and Jones, 1995; 
Costantino et al., 1997; Lehmann et al., 1997; Struempler et al., 1997). Addi-
tional factors to be taken into consideration include market-segment goals on
sensitivity and specificity, percentage of “near-cutoff” specimens evaluated,
sample size, prevalence, the type of population selected for evaluation, and the
study protocols.

As discussed in previous sections, the utility of combining a 50ng/mL
immunoassay cutoff and a 15ng/mL GC/MS cutoff has been supported by
several studies and chosen as the rule by the U.S. Mandatory Guidelines. However,
the composition of total THC metabolites relative to the amount of THC-
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COOH can vary for any given specimen donor that provides a sample at any
given time. Therefore, the balance of “analyte detection rate” and “confirma-
tion rate” for samples that exhibit GC/MS values between the GC/MS cutoff
and immunoassay cutoff can differ from study to study. Smith-Kielland et al.
(1999) demonstrated the relationship between the GC analysis of urinary THC-
COOH concentration (using a 10ng/mL cutoff) and Syva Emit immunoassay
values (using a 20ng/mL cutoff). The results were obtained by screening 1432
samples, of which 1248 samples were further analyzed by GC. Although the
cutoff levels chosen for EMIT and GC/MS were lower than those mandated by
the current SAMHSA guidelines, the scatter plot (Figure 3.15) exemplifies a
field scenario where there is correlation but not a directly linear relationship
between the two types of results. Comprehensive studies that utilize regression
analysis to explore the relationship of immunoassay screening and GC/MS con-
firmation have been presented in a series of scatter graph plots published by
Weaver et al. (1991), R.H. Liu et al. (1994), R.H. Liu and Goldberger (1995),
and Brendler and Liu (1997).

Baselt (1989) and Haver et al. (1991) raised questions regarding the utility
of immunoassays as a quantitative tool. When used as a qualitative assay, the
amount of drugs and metabolites detected in any given sample cannot be esti-
mated from immunoassay results. Semiquantitative determinations of cannabi-
noids concentrations are possible by plotting the DA or mP values of 
the calibrators and comparing the DA or mP value of the positive sample to the
standard curve. Armbruster et al. (1993a) reported that the slopes for the
immunoassay calibration curves of KIMS and FPIA assays were significantly
greater than those of the Emit II assays. Wu et al. (1995) reported that the rate
separations by CEDIA assays between the negative and cutoff calibrators were
greater than corresponding Emit II assays.
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Frederick et al. (1985) compared GC/MS and five commercial cannabinoids
immunoassays (Emit-st, Emit d.a.u., Abuscreen RIA, Immunalysis RIA, and Toxi-
Lab TLC). The GC/MS method provided confirmation for all procedures
except 2% or 3% of the positive EMIT-d.a.u. results. Abercrombie and Jewell
(1986) evaluated EMIT and RIA “high volume test procedures” for THC
metabolites in urine utilizing GC/MS confirmation and reported that EMIT
and RIA results agreed for 91% of samples. The authors found that there is no
relationship between quantitations determined by the two tests.

Budgett et al. (1992) compared the qualitative detection of cannabinoids in
urine using Abbott FPIA and Roche RIA and concluded that the two tech-
nologies give comparable results. Karlsson and Strom (1988) applied the FPIA
using TDx and the Emit assay using Cobas analyzer for detection of cannabi-
noids in urine from prison inmates. Their results indicated that the Emit assay
detects a few more positive samples but also yields a higher rate of unconfirmed
positive results compared to the TDx. Those additional “positives” by Emit had
THC-COOH concentrations below 10ng/mL.

Kintz et al. (1995c) compared GC/MS and immunological methods, includ-
ing Syva Emit, Abbott FPIA, and Roche ONLINE immunoassay, for the deter-
mination of THC-COOH. The immunological methods compared favorably
and are acceptable for detecting the presence of cannabis metabolites in urine.
The authors stated that these results support the concept that all immunoas-
says for cannabinoids should be considered screening procedures. No con-
centration correlation between GC/MS and the immunoassays could be
established because of the different cross-reactivities of the metabolites.

K.A. Moore et al. (1999) compared double antibody RIA kits (DPC and
Immunalysis) and ELISA (STC Microplate EIA) for the screening of post-
mortem blood and tissues for nine cases of drugs of abuse. The cutoff used 
for THC immunoassay and confirmation was 25ng/mL and 10ng/mL, respec-
tively. The performances of EIA and RIA were comparable when 239 samples
were tested for cannabinoids. Niedbala et al. (2001) compared ELISA-based
cannabinoids assays for oral fluid testing (by using a 1ng/mL cutoff) to ELISA-
based cannabinoids assays for urine testing (by using a 50ng/mL cutoff) in sub-
jects who were administered single doses of marijuana by smoked and oral
routes. The results supported the utility of oral fluid testing with the chosen
cutoff concentration and hinted at the dependence of the detection time
window for various matrices or assays on their cutoff level selection.

A few large-scale evaluations were carried out to examine and compare
diverse drugs-of-abuse immunoassays that were conducted in the same 
study setting or comparable conditions. Ferrara et al. (1994) compared six
immunochemical techniques and three chromatographic techniques and
demonstrated the statistical approach and experimental comparison of these
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nine techniques. Among the seven immunoassays evaluated (the assays have 
different cutoffs), sensitivity for cannabinoids detection ranged from 56.8% to
97.6%, whereas specificity for corresponding tests ranged from 94.0% to 98.9%.
The sensitivity results were inversely related to the cutoff concentrations for the
assays evaluated.

Armbruster et al. (1993a) compared several immunoassays and showed that
RIA, TDx, ONLINE, and EMIT II detected 99%, 95%, 99%, and 88% of the
GC/MS-confirmed marijuana samples, respectively. In a separate study, 
Armbruster et al. (1995) showed that RIA, TDx, ONLINE, EMIT II, and CEDIA
detected 100%, 87.2%, 88.8%, 85.5%, and 88.8% of the GC/MS-confirmed
marijuana samples, respectively.

Huestis et al. (1995) evaluated the use of RIA, EMIT, FPIA, and KIMS
immunoassays (at two cutoff concentrations) to monitor urine samples from
six healthy subjects with a history of marijuana use when they had resided in
the clinical ward of the Addiction Research Center for 4 to 6 weeks. Using 50
ng/mL and 15ng/mL as the respective cutoff for immunoassays and GC/MS,
the respective efficiency of these immunoassays ranged from 91.4% to 94.7%.
In another study, Huestis et al. (1994) determined detection times of cannabi-
noids in urine using five cannabinoid immunoassays (EMIT, ONLINE, RIA,
DRI, and ADx) with different cutoff concentrations and GC/MS and reported
that urinary cannabinoid detection times varied substantially across assays, sub-
jects, doses, and cutoff concentrations.

von Meyer et al. (1997) evaluated the performance of the following systems
in accordance with the guidelines of the European Committee for Clinical 
Laboratory Standards (ECCLS): Abbott TDx and ADx (using Abbott AxSYM
analyzer), Syva Emit d.a.u. (using Roche MIRA S Plus analyzer), Syva Emit
d.a.u.(using Syva ETS Plus analyzer), Syva Emit II (using Hitachi 717 analyzer),
and Roche Abuscreen (using MIRA S Plus analyzer). The test analytes, includ-
ing cannabinoids, were each investigated in three laboratories on different
systems. The authors reported that the imprecision of all systems in the 
series and from day to day was good, with CV values of less than 5% and 10%,
respectively.

Studies have also been carried out to evaluate diverse onsite devices. A
SAMHSA-sponsored study was conducted by the Center for Substance Abuse
Prevention Division of Workplace Programs to evaluate 15 onsite devices and
the instrument-based Emit assays (http://workplace.samhsa.gov/Resource-
Center/r362.htm). The evaluation was designed to challenge the devices on
their accuracy around the cutoff. The report did emphasize that actual speci-
mens from the field have much fewer specimens with drug concentrations near
the cutoff. This means that a much higher percentage of confirmed positive
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results and fewer false-negative results should occur during actual testing in the
field.

Another large study, a field test of onsite drug detection devices, was 
sponsored by the Department of Transportation National Highway Safety
Administration (http://www.nhtsa.dot.gov/people/injury/research/pub/
onsitedetection/Drug_index.htm). The study identified 30 onsite devices and
rated 16 devices based on 14 criteria. From the rating results, 5 devices were
selected to evaluate 800 samples in two high prevalence counties in New York
and Texas, respectively. For THC assay, there were no false negatives for the
samples that tested negative on all devices. However, false-negative results were
obtained on samples that tested negative on some, but not all, of the devices
for a given drug. These false-negative rates ranged from 0.12% to 0.37% for
drug present in concentrations greater than the screening cutoff and ranged
from 0.25% to 0.87% for drug present in concentrations greater than the con-
firmatory cutoff. The report indicated that when cutoff concentration and addi-
tional drugs are taken into consideration, the devices were accurate in
identifying positive samples and rarely failed to identify a driver who had the
target drugs in his/her urine. The report also stated that police officers who
participated in the study generally favored the use of onsite devices in the
enforcement of impaired driving laws, although the use of these devices should
not supplant the officer’s judgment regarding impairment.

Buchan et al. (1998) reported a field evaluation of onsite, multianalyte drug-
testing devices to determine their accuracy, efficiency, and cost-effectiveness as
a tool for identifying impaired drivers and determining prevalence of illicit
drugs in reckless drivers in a county in Florida. For THC, results from testing
303 voluntary urine specimens indicated that the accuracy ranged from 97.4%
to 98.0%. The authors observed that the four kits were in very close agreement
on prevalence (15.5–15.8% for THC). Gronholm and Lillsunde (2001) evalu-
ated the accuracy of 10 onsite testing devices for drug screening using urine or
oral fluid specimens. The onsite test results were compared with GC/MS. A
total of 800 people and eight onsite devices for urine and two for oral fluid
testing were included in the study. The accuracy of the devices was in the range
of 97% to 99% for cannabinoids, although there were differences in the ease
of performance and interpretation of test results. For oral fluid onsite devices,
the cannabinoids assay did not fulfill the needs of sensitivity. Leino et al. (2001)
evaluated eight commercially available onsite drugs-of-abuse testing devices and
reported sensitivities ranging from 88% to 98% and specificities ranging from
95% to 100% for THC-COOH. However, the devices differed markedly with
respect to the interpretation of test results and to the ease of test performance,
leading to the suggestion that different criteria should be used for selecting
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onsite devices for either emergency laboratories in hospitals or police stations
and prisons. The authors also emphasized the importance of confirming any
positive screening test result.

In 1989, Frings et al. reported results of a blind study designed to determine
the accuracy of drugs-of-abuse testing in urine in 31 laboratories across the
United States. The authors concluded that urine drug testing could be accu-
rate when performed by qualified staff, using up-to-date screening and con-
firmation methods, appropriate quality assurance measures, and a chain of
custody. The fundamental conclusions remain valid more than 10 years later.
However, because the immunoassay reagent formulations may change over time
and the evaluation protocols, goals, and sample populations may vary signifi-
cantly, the relative performance of one immunoassay over the other may vary
from study to study. Even though most studies showed that there is no absolute
relationship between quantifications of various cannabinoids immunoassays,
the majority of cannabinoids immunoassay evaluations demonstrated compa-
rable performance. Most important, these immunoassays are cost-effective
initial tests for the screening of abused drugs, provided that confirmatory tests
of presumptive positives are performed to ensure reliability of forensic drug
analysis results.

3.4 CONFIRMATION (CONFIRMATORY TEST)  OF
CANNABINOIDS IN URINE SPECIMENS

3.4.1 INTRODUCTION

Confirmations of drugs or metabolites detected by immunoassay require
methods capable of quantifying a single chemical species and of excluding all
other relevant species. By far the most commonly performed analysis in the 
toxicology of cannabinoids is the confirmation of THC-COOH in urine. This
is the preponderant cannabinoid in urine, and it is the target of commercially
available immunoassays used in screening.

In order for an analytical method to be of value in forensic cases, preem-
ployment testing, postemployment testing, or probation testing it must be
highly specific and it must be sensitive. In the United States the required cutoff
for confirmation of THC-COOH in federally regulated drug testing is 15ng/mL
(Federal Register 59, 29908–29931, 1994). The method used must be capable
of detecting THC-COOH at 6ng/mL (40% of the cutoff) in reanalysis of chal-
lenged cases. In Europe, cutoff concentrations from 1 to 400ng/mL are used,
depending on the type of laboratory and the purpose of the analysis (Badia et
al., 1998a, 1998b). A cutoff of 15ng has been recommended in the European
Union (de la Torre et al., 1997). Methods of analysis have been reviewed by
ElSohly and Salem (2000).
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3.4.1.2 Sample Preparation
3.4.1.2.1 Glassware/Plasticware/Pipettes
Adsorption of cannabinoids by the surface of containers and equipment has
been reported (Garrett and Hunt, 1974; Fenimore et al., 1976a; Jones et al.,
1984a; Christophersen, 1986; Joern, 1987; Dextraze et al., 1989; Blanc et al.,
1993; Bond et al., 1990; Dugan et al., 1994). Such adsorption of THC-COOH
can lead to a lack of linearity in analysis (Joern, 1987) and is one explanation
for loss of THC-COOH in storage (Jones et al., 1984a). Joern (1992c) reported
that loss occurs from standard solutions of THC-COOH in borosilicate glass
tubes whether or not they are silanized and the adsorption is highly variable.
The adsorption of THC-COOH is greatly reduced or nonexistent from basic
solutions and organic solutions (Joern, 1987). Joern (1992c) proposed that
standard THC-COOH solutions be prepared in drug-free urine made basic by
addition of 10M sodium hydroxide to yield a final concentration of sodium
hydroxide of 0.10M. The solution must be centrifuged or filtered to remove
precipitate. Additionally, it was suggested that the basic solutions used in 
hydrolysis be added to tubes before the addition of patient or control urines.

Roth et al. (1996) reported a comprehensive study on the effects of solution
composition and container material type on the loss of THC-COOH. The
authors measured losses in relation to surface area (ng/cm2) for glass, acrylic,
silanized glass, Kynar, Teflon-S, polystyrene, polypropylene, and high-density
polyethylene and for three solvents: water, urine, and Abbott cannabinoids
diluent. The authors’ conclusions provide insight into methods to minimize
loss of standard or analyte. The losses were greatest for high-density polyethyl-
ene and least for untreated glass. Water solutions were subject to greater loss
than urine. The smaller the volume of solution (with a greater surface-to-
volume ratio), the greater was the observed loss. Of particular interest is the
observation that no loss was observed beyond the first hour.

Losses in pipetting were least for unsilanized glass and were determined by
time of exposure and temperature, with less loss at lower temperatures. The
authors concluded that exposure of THC-COOH solutions to new surfaces
should be avoided during sample handling. The stability of THC in urine in
high-density polyethylene is addressed by Giardino (1996).

3.4.1.2.2 Hydrolysis
Since THC-COOH is found in urine as both the free acid and the glucuronic
acid conjugate (Kanter et al., 1982b; Law et al., 1984a, 1984b), the analysis 
generally starts with the hydrolysis of the sample. Either basic solutions or
enzymes can be used to free the acid from its conjugate. A wide variety of con-
ditions have been reported for the basic hydrolysis. Baker et al. (1984) com-
pared recoveries of THC-COOH using a variety of hydrolysis conditions and
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concluded 1mL of 1N KOH for 5mL of urine heated at 37°C for 15 minutes
gave optimum recovery. They also concluded that b-glucuronidase (bovine 
liver) could completely hydrolyze the sample in 30minutes at 37°C. It should
be noted that many reported b-glucuronidase hyrolyses are carried out
overnight (16h) and that results are dependent on the source and the partic-
ular batch. Kemp et al. (1995b) reported that 2N NaOH (0.5mL) when added
to a solution of unhydrolyzed urine (1mL) and phosphate buffer (1mL, for 
volume adjustment) followed by hexane :ethyl acetate extraction gave complete
hydrolysis of THC-COOH without heat or incubation time. Kemp et al. (1995b)
also demonstrated that base hydrolysis is ineffective in hydrolyzing ether 
glucuronides (as opposed to esters) and that hydrolysis with bacterial b-
glucuronidase revealed significant concentrations of THC and 11-OH-THC in
urine. The b-glucuronidase from bacteria (Escherichia coli) was shown to be
much more effective than b-glucuronidase from mollusks (Helix pomatia) in
hydrolyzing ether conjugates, such as found in THC-glucuronide. The choice
of method will depend on the purpose of the analysis, with b-glucuronidase
being essential if analytes other than THC-COOH are of interest. For routine
analysis of THC-COOH, basic hydrolysis is the most widely used method.

3.4.1.2.3 Extraction
The extraction of cannabinoids from biological matrices can be achieved by
liquid–liquid extraction or solid-phase extraction. The most commonly used
solvent for extraction from urine is hexane–ethyl acetate (7 :1, 9 :1). For extrac-
tion from blood, plasma, serum, and other tissues, acetone and/or acetonitrile
are often used. The supernatant after centrifugation is generally evaporated,
and the extract is dissolved in base and the neutral and basic components
extracted into an organic solvent, typically hexane–ethyl acetate (9 :1). The
aqueous layer is then acidified, and the acid components are extracted into
organic solvent. Liquid–liquid extraction is still widely used in research studies.
Solid-phase extraction is now the most frequently used method in urine drug
testing (Gere and Platoff, 1995) and in many research studies. A widely used
method for THC-COOH in urine (Paul et al., 1987) employs anion exchange
resin. Solid-phase extraction (SPE) systems are commercially available from
numerous manufacturers. Gere and Platoff (1995) have reviewed all facets of
SPE, including the cartridges of specific manufacturers and automation of the
process.

The trend in workplace and regulatory drug testing is toward systems that
reduce the volume of organic solvents (O’Dell et al., 1997) and that can be
automated. In this regard extraction discs in which the solvent is enmeshed in
inert microfibrils have proved useful (Singh and Johnson, 1997). Wu et al.
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(1993a) utilized such discs in a procedure where the THC-COOH that had been
extracted onto the disc was eluted and derivatized by MSTFA in one step.

Solid-Phase Extraction (SPE)

A typical analysis for THC-COOH using SPE will include the following steps:

1. Measurement of aliquot of urine (1–3mL)
2. Addition of base and internal standard (hydrolysis)
3. Adjustment of pH (acid)
4. Transfer of solution to appropriately prepared extraction cartridges
5. Passage of solution through the cartridge
6. One or more washes with appropriate solvents (dependent upon solid

phase used)
7. Drying of solid phase
8. Elution with appropriate solvent
9. Evaporation

10. Derivatization (may be multiple steps)
11. Chromatography

Preparation of the SPE cartridges requires one or more washings with appro-
priate solutions, which are dependent on the specific packing. The cartridge
preparation and steps 5 to 8 are often preformed by placing the cartridges in
the top of a vacuum manifold that draws the liquids through the cartridges.
These commercially available vacuum systems allow processing of 12 or more
samples simultaneously.

An actual application of SPE is shown in the following example from Langen
et al. (2000) using Bakerbond SPD NARC-1 3-mL extraction cartridges.

Step 1. 1mL urine.
Step 2. 300mL 10M KOH, 2mL H2O, 25mL IS (4mg/mL THC-COOH-d3) 

15min/60°C.
Step 3. 350mL acetic acid (96%), adjust to pH 2.5 with 2mL 50mM phos-

phate buffer.
Step 4. Preparation of cartridges:

a. 3mL methanol
b. 3mL 50mM phosphate buffer

Step 5. Draw sample through cartridge—do not dry.
Step 6–7. Wash—2mL acetonitrile/0.1M HCl (2 :3 v/v)—dry (1min)—0.5mL

hexane—dry 5min.
Step 8. Elute—3mL hexane/ethyl acetate (1 :1 v/v).
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Automation

Automation of the entire process or significant components of the process
offers the possibility of improving throughput, reducing errors, reducing labor
costs, and improving precision. One automation system, the Dupont Prep-1,
has been widely used (Paul et al., 1987; Abercrombie and Jewell, 1986) in this
regard but is no longer manufactured. Creative Technology has developed a
successor (Xtrx Automated Processor) to the Prep-I. An early version of the
Zymate, a complete robotic system manufactured by Zymark, was found by one
author (CT) to take up too much space and to perform too slowly to justify its
cost. A less ambitious instrument, Rapid Trace, by Zymark has, on the other
hand, been successful in efficiently performing all the steps usually performed
manually on the vacuum manifold (Polyniak, 2001). Stonebraker et al. (1998)
reported the use of Rapid Trace to automate the SPE and GCMS analysis of
THC in blood. Zymark also manufactures Confir Mate for robotic preparation
of samples for GCMS.

Instruments designed to automate all or part of the sample preparations are
manufactured by Tecan, Waters, Savant, Gilson, Hamilton, and Agilent. Whitter
et al. (1999) have reported successful improvement of laboratory efficiency and
reduction of costs using a Six-Head Probe Hamilton Microlab 2200 system to
automate steps 1 through 8. Langen et al. (2000) have reported on the use of
ASPECXL (Gilson) to automate the extraction procedure. The authors encoun-
tered difficulty in controlling absorption of the analyte in the tubing and glass-
ware during the procedure. Throughput was slow, but the system could operate
24h a day. The instrument can be used to perform the hydrolysis, evaporation,
derivatization, and possibly the injection steps; however, no evaluation of 
these functions has been reported. Extraction procedures for analytes from
matrices other than urine will be covered under specific matrices. Steinberg 
et al. (1997) evaluated Toxi-Prep to semiautomate SPE extractions of drugs in
urine.

3.4.1.3 Standards
Certified urine-based standard reference material (SRM) for 11-nor-D9-
tetrahydrocannabinol-9-carboxylic acid (SRM 1507b) is available from the U.S.
National Institute of Standards and Technology (NIST). The SRM 1507b con-
sists of three concentration levels (approximately 12, 25, and 50ng/mL). These
certified reference standards can also be obtained from the College of Ameri-
can Pathologists (CAP). Standards of D9-THC-COOH as well as D8-THC-COOH,
11-hydroxy-D9-tetrahydrocannabinol, cannabinol, and cannabidiol are available
from Sigma (St. Louis, MO). Standards are also available in the United States
from Research Triangle Institute (Research Triangle Park, NC), Alltech-Applied
Science (State College, PA), and Cerilliant (Austin, TX).
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3.4.1.4 Analytical Methods
Confirmation of THC-COOH by GC/MS is by far the most widely used method,
especially for forensic examination and for regulated analyses (Bronner and
Xu, 1992; Goldberger and Cone, 1994; Badia et al., 1998a). However, a wide
variety of methods are used in unregulated testing or in countries where regu-
lated testing does not mandate mass spectrometry (Badia et al., 1998a).

3.4.1.4.1 Thin-Layer Chromatography
The use of TLC to identify THC-COOH is widespread in clinical labora-
tories and has substantial use in forensic laboratories (Badia et al., 1998a).
Kaistha and Tadrus (1982) advocated the use of silica gel plates with 
chloroform–methanol–concentrated ammonium hydroxide (85 :15 :2) as the
mobile phase. Fast blue RR (0.5% w/v, in equal volumes of methanol and water)
was used for detection. The limit of detection is approximately 50ng/mL.
Kanter et al. (1982b) developed a method for simultaneously detecting THC-
COOH and THC-COOH glucuronide by extracting the free acid prior to
hydrolysis of the glucuronide. The extracts were sequentially developed in two
different solvent systems and detected with fast blue salt B. A method (Kanter
et al., 1982a) for identifying total THC-COOH utilized silica gel G plates and
sequentially developed them in acetone–chloroform–triethylamine (80 :20 :1)
followed by petroleum ether–ether–glacial acetic acid (50 :50 :1.5). The proce-
dure could detect a spot containing 0.5mg of THC-COOH. High-efficiency 
thin-layer chromatography (HETLC) was utilized by Black et al. (1984) to 
aid in the confirmation of EMIT results. An internal standard (IS) (D8-
THC) was added to 10mL of urine before basic hydrolysis. Solid-phase extrac-
tion (Bond-Elut-THC) was used to isolate the analyte and IS for HPLC and
HETLC. Hexane–acetone–glacial acetic acid (70 :30 :1) was used to effect the
separation on 10 ¥ 10-cm HETLC-HL plates (Analtech). Visualization utilized
alkaline fast blue B salt. The LOD was 20ng/mL. Kogan et al. (1984) used SPE
and 25 ¥ 75-mm E. Merck silica gel 60 plates. A mobile phase of ethyl
acetate–methanol–water–ammonium hydroxide (12 :5 :0.5 :1) was used to chro-
matograph the extracts, and fast blue RR was used to visualize the cannabinoids.
The LOD was 20ng/mL in 10mL of urine. Meatherall and Garriott (1988) used
HPTLC plates from three different manufactures (Analtech, Whatman, and
Merck Science) to detect THC-COOH with a LOD of 5ng/mL in 2mL of urine.
Fast blue BB was used to visualize the analyte, and heptane–butanol–acetic acid
(90 :9 :1) was used as the mobile phase. The hydrolyzed samples were made
acidic and extracted with hexane. Foltz and Sunshine (1990) evaluated the
Toxi-MS cannabinoid test (Toxi-Lab, Inc.). In this system the hydrolyzed
samples are aspirated through a SPE layer and then through a silica gel phase
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to achieve separation. The first layer concentrates the sample at the beginning
of the TLC plate, and a rapid development separates the THC-COOH from
other components. Fast blue BB is used to visualize the analyte. The method
was compared directly via EMIT and GC/MS. A LOD of 10ng/mL was reported.

Brandt and Kovar (1997) developed a TLC method that is sensitive, quanti-
tative, and specific enough for forensic identification of THC-COOH. 
SPE was performed with Isolute C8-(EC), 500mg, 10-mL columns. After passing
the hydrolyzed urine through the column, the column was washed first with
acetonitrile–water (4 :6) and then with dichloromethane–n-hexane (2 :8).
Elution with diethyl ether–n-hexane (2 :8) gave very clean extracts. Separation
was achieved on 0.1-mm layers of silica gel 60 WRF254

s (Merck). Online detec-
tion and quantitation was carried out by UV (LOD 4ng/mL) and IR (LOD 
14ng/mL). An IR spectrum of the THC-COOH is obtained.

3.4.1.4.2 High-Performance Liquid Chromatography
Between 10% and 11% of European Union laboratories reported the use of
HPLC for identification of drugs in urine. Many laboratories (13%) reported
HPLC as a method used for quantification (Badia et al., 1998a). Methods using
UV detection (ElSohly et al., 1983; Posey and Kimble, 1984; Karlsson and Roos,
1984; Johansson and Halldin, 1989; Ferrara et al., 1992), electrochemical detec-
tion (Bourquin and Brenneisen, 1987; Craft et al., 1989; Fisher et al., 1996),
and RIA (Law et al., 1984b) have been published. Breindahl and Andreasen
(1999) developed an LC method using atmospheric pressure ionization elec-
trospray mass spectrometry (API-ES-MS) for detection. This method overcomes
the lack of specificity of the aforementioned methods and allows for isotope
dilution for quantitative methods using THC-COOH-d3 as the internal stan-
dard. A gradient elution varying the concentration of acetonitrile in a constant
4mM formic acid solution through a 150 ¥ 3.0-mm C8 column was used. The
instrument was used in the positive ion mode. A LOD of 15ng/mL was obtained
using the authors’ acceptance criteria, which included the m/z 345 ion (THC-
COOH-H+) and the m/z 327 and 299 ions created by up-front collision-induced
dissociation. These two ions must have ion ratios within ±20% of standards.
Using the m/z 345 ion alone gave a LOD of 2ng/mL. Tai and Welch (2000)
used a C18 column and an isocratic mobile phase (0.05M ammonium acetate
in methanol–water, 75 :25) in a LCESMS method to measure THC-COOH in
SRM 1507b. The negative ion mode was used, and m/z 343 and 346 for THC-
COOH and THC-COOH-d3 were monitored. A LOD of 5pg/mL is reported
for this method on spiked urine. No hydrolysis was needed, and no qualifying
ions were used since identification was not the goal of the analysis. A summary
of HPLC methods is shown in Table 3.4.
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Source Column Mobile Phase Internal Detector Run Limit of Limit of
Standard Time Detection Quantification

(min) (ng/mL) (ng/mL)

ElSohly 2.5cm ¥ 65% acetonitrile, CBN-COOH UV 214 nm 6 25
et al. (1983) 4.6-mm 35% 50 mM

C-8 H3PO4

Posey and 30cm ¥ 45% ACN, D8-THC-COOH UV 205 nm 8 20
Kimble 3.9-mm 55% phosphate
(1984) C-18 buffer pH 6.0

Karlsson and 125 ¥ 4-mm 50% acetonitrile, D8-THC-COOH UV 220– 15 20
Roos (1984) C-8 50% 0.05 M 225 nm,

(NH4)H2PO4 quant. by
GC of
eluate

Law et al. 160 ¥ 5-mm 82.5% v/v None UV 220 nm, 15 3.3
(1984a) C-18 MeOH in monitor total

pH 1.95 buffer RIA cannabi-
noids

Bourquin and 150 ¥ MeOH/5% Cannabinol EC 16 5
Brenneisen 4.6-mm HOAc (76 : 24)
(1987) C-18

Johansson 250 ¥ MeOH : 50 mM 11-nor- UV/EC 12 7
and Halldin 4.6-mm H3PO4 3 : 1 Cannabinol-9-
(1989) C-18 (pH 3.2) carboxylic acid

Craft et al. 250 ¥ Gradient 11-nor-11- EC 25 Not 
(1989) 4.6-mm Hydroxy-D9- reported

tetrahydro-
cannabinol 
(not suitable
in casework)

Ferrara et 250 ¥ 0.05 M UV 13 50
al. (1992) 4-mm H3PO4 :

C-8 acetonitrile
35 : 65 v/v

Breindahl and 150 ¥ 3-mm Gradient THC-COOH-d3 APIESMS 6 15
Andreasen C-18 positive
(1999) ion

Tai and Welch C-18 0.05 M THC-COOH-d3 ESMS 7 0.005
(2000) ammonium negative

acetate in ion
MeOH/H2O
(75 : 25)

Table 3.4

HPLC methods for THC-COOH identification and quantitation



3.4.1.4.3 Gas Chromatography and Gas Chromatography–Mass Spectrometry
Many of the methods of TLC and HPLC already described lack the specificity
required to meet the demands of modern forensic or regulated drug-testing
laboratories (Federal Register 59, 299908-2993, 1994). In 1998 over 50% of the
laboratories in the European Union (Badia et al., 1998b) and all of the feder-
ally regulated laboratories in the United States used GC/MS methods to
confirm THC-COOH. In the European Union 14% of the laboratories use GC
without MS to identify THC-COOH (Badia et al., 1998b). Several excellent
reviews of analytical methodology related to cannabinoid analysis in biological
samples have been published within the past 10 years. Cody and Foltz (1995)
and Goldberger and Cone (1994) have published excellent reviews of GC/MS
of drugs of abuse in body fluids. Bronner and Xu (1992) extensively covered
the literature of GC/MS analysis of THC-COOH through the middle of 1991.
Staub (1999) has reviewed chromatographic procedures for determination of
cannabinoids in matrices other than urine.

Internal Standards

Most, if not all, GC methods for THC-COOH and other cannabinoids utilize
an internal standard (IS). Ideally the IS is added to the specimen at the begin-
ning of the analysis, i.e., before the extraction of the specimen. The standard
should be chemically similar to the analyte. If the IS is chosen well, it will serve
as a quantitative reference, as a monitor of the extraction and derivatization
procedure, and as a means of compensating for analytical variables such as
extraction efficiency, efficiency of derivative formation, and minor changes in
gas chromatographic parameters. If GC is being used without MS, the IS must
be chromatographically separable from the analyte. In the case of THC-COOH
the IS should contain a carboxyl function and a phenolic function. Frederick
et al. (1985) used D8-THC-COOH as an internal standard, which has extraction
characteristics identical to those of D9-THC-COOH and which is separated by
GC. Bronner and Xu (1992) cite numerous examples of internal standards that
are inadequate. For analysis by GCMS, isotopically labeled THC and THC-
COOH are available as internal standards for these analytes. Isotope dilution
with single-ion monitoring is the preferred method for THC-COOH. When
using multiple- or single-ion monitoring, these are the ideal internal standards.
If full-scan spectra are being used, an IS that is chromatographically separable
must be used. Common deuterated internal standards for THC-COOH analy-
sis are shown in Table 3.5 along with the common ions observed in EIMS with
various derivatives. The most commonly referenced IS is 5¢-(2H3)-11-nor-D9-
tetrahydrocannabinol-9-carboxylic acid (THC-COOH-d3) (Cerilliant, Sigma,
Research Triangle Institute). This IS is still widely used as its methyl
ester–methyl ether, in spite of a minor m/z 316 ion in the MS of the analyte.
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The ratio of the m/z 313 ion in the analyte to the m/z 316 ion in the IS is used
for quantitative analysis, and the presence of a minor m/z 316 ion in the analyte
yields nonlinearity above 800ng/mL.

ElSohly et al. (1988) developed 2H6-11-nor-D8-tetrahydrocannabinol-9-
carboxylic acid (D8-THC-COOH-d6) (ElSohly Labs, Meridian, MS) as an IS that
has the same extraction properties as THC-COOH, can be separated chro-
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CO2H

OH

D3C

D3C
8-TD HC-COOH-d6

O

CO2H

OH

D3C

D3C CD3

THC-COOH-d9

O

CO2H

OH

D3C

D3C

THC-COOH-d6 

O
H3C

CO2H

H3C

OH

CD3

5´(2H3)-11-nor-D9-
tetrahydrocannabinol-9-
carboxylic acid
THC-COOH-d3 

Derivative Ions D(H) References

—CH3, —CH3 316, 360, 375 Paul et al. (1987)
(313, 357, 372)

—C3H7, —C3H7 344, 388, 431 Mulé and Casella
(341, 385, 428) (1988)

TMS, TMS 374, 476, 491
(371, 473, 488)

TBDMS, TBDMS 416, 518, 560, 575 Clouette et al.
(413, 515, 557, 572) (1993)

605 Kintz et al.
(432, 474, 602, 622) (1995a, 1995b)

610, 625 Joern
(445, 459, 607, 622) (1987)

—CH3, —CH3 319, 360, 378 ElSohly et al.
(313, 357, 372) (1992)

TMS, TMS 377, 494 ElSohly and Feng
(371, 473, 488) (1998)

TBDMS, TBDMS 422, 524, 563, 581 Clouette et al.
(413, 515, 557, 572) (1993)

454, 468 Stout et al. (2001)
(445, 459, 489, 622)

—CH3, CH3 248, 322, 378 ElSohly et al.
(313, 357, 372) (1988)

TMS, TMS 306, 438, 494 ElSohly et al.
(371, 473, 488) (1988)

O 

CH2CF2CF3 /  C   CF2CF3

                               O 

CH2CF2CF3 /  C   CF2CF3

O

CH(CF3)2 / C  CF2CF3

Table 3.5
Internal standards commonly used in mass spectrometry of THC-COOH and the major ions of common derivatives



matographically from THC-COOH, and does not suffer from the interference
noted for THC-COOH-d3 when used as the methyl ester–methyl ether deriva-
tive. Joern (1992a) successfully used this IS in the procedure of Paul et al.
(1987).

ElSohly et al. (1992) reported 2H6-11-nor-D9-tetrahydrocannabinol-9-
carboxylic acid as an IS and its use as the methyl ester–methyl ether derivative.
With this IS the analysis was linear over a wide range. ElSohly and Feng (1998)
reported the use of this IS as the TMS derivative.

Clouette et al. (1993) reported the use of 5¢-2H3-11-nor-D9-tetrahydro-6, 
6-di(methyl-2H3)-cannabinol-9-carboxylic acid (THC-COOH-d9) (Cerilliant,
Austin, TX) and THC-COOH-d3 in a study of the mechanism of fragmentation
of the t-butyldimethylsilyl derivative of THC-COOH. Szirmai et al. (1996)
reported the use of THC-COOH-d10, with no apparent advantages over existing
standards.

Stout et al. (2001) have developed a method, suitable for high-volume labo-
ratories, using pentafluroproprionic acid and pentafluropropanol as derivitiz-
ing agents and THC-COOH-d9 as the IS. An anion exchange SPE was used 
to give 95% recovery, 0.875ng/ml LOD with 3-mL samples, and linearity to 
900ng/mL. With THC-COOH-d9 there is negligible contribution from IS to
very weak samples.

Derivatization

Analysis of THC-COOH by GC universally involves derivatizing the carboxyl and
phenol functions of the molecule. A wide variety of approaches have been uti-
lized (Bronner and Xu, 1992). The choice of derivatives will depend on several
factors, including GC detectors, MS methods, number of samples, sensitivity,
and stability required. A summary of published derivatives is shown in Table
3.6. These derivatives can be divided into four groups based on the chemistry
utilized in preparing them.

Alkyl Ester–Alkyl Ether Derivatives The most commonly reported method (since
its first use and currently) is the esterification of the carboxyl function and alky-
lation of the phenolic group to give an alkyl ester–alkyl ether (Whiting and
Manders, 1982). In this method the extract is treated with tetramethylammo-
niumhydroxide followed by iodomethane to yield the methyl ester–methyl
ether. Ethyl, propyl, and butyl derivatives have been evaluated (McCurdy et al.,
1986), and the propyl derivative has been widely used in the method of Mulé
and Casella (1988). Baker et al. (1984) and Nakahara et al. (1995) have com-
pared the methyl ester–methyl ether with TMS derivatives. Dimethyl sulfate has
been used to methylate THC-COOH (Wall et al., 1979), and THC-COOH 
has been methylated on column using dimethylformamide dimethylacetal
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(Björkman, 1982) or 4 :1 methanol–10% tetramethylammonium hydroxide 
in methanol (Nakamura et al., 1985). The methyl ester–methyl ether is widely
used in part due to its stability, ease of preparation, and lack of adverse effects
on columns and MS sources (Paul et al., 1987; Mulé and Cassella, 1988).
According to Cody and Foltz (1995), when using EIMS the alkyl derivatives
provide maximum stability and sensitivity. Studies utilizing alkyl ester–alkyl
ether derivatives are listed in Table 3.7.
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Table 3.6

Commonly used derivatives of 11-nor-D9-tetrahydrocannabinol-9-carboxylic acid

R¢ R≤ m/z of Abundant Ions References

—CH3 —CH3 313, 357, 372 Whiting and Mauders (1983)

—C3H7 —C3H7 341, 385, 413, 428 McCurdy et al. (1986)

371, 473, 488 Harzer and Kächele (1983)
McCurdy et al. (1986)

413, 515, 572 Bourquin and Brenneisen (1987)
Clouette et al. (1993)

429, 477, 489, 640 O’Connor and Rejent (1981)

344, 492 (daughter ions), Baumgartner et al. (1995)
670 (parent ion) (NCI, 
MS-MS)

445, 459, 607, 622 Joern (1987)

—CH3 454 (NCI) Foltz et al. (1983)C

O

CF3

C CF2CF3

O

CH2CF2CF3

C CF2CF2CF3

OCF3

CF3

CH

C CF2CF3

OCF3

CF3

CH

Si

CH3

CH3

tbutylSi

CH3

CH3

tbutyl

Si CH3

CH3

CH3

Si CH3

CH3

CH3

O

OR"

C5H11CH3

H3C

CO OR'



Silylester–Silyl Ether Derivatives Silyl ester–silyl ether derivatives of THC-COOH
have been widely used. The trimethylsilyl (TMS) derivative is the most common
and is readily prepared using N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA), N,O-bis(trimethylsilyl)acetamide (BSA), or bis(trimethylsilyl)trifluo-
roacetamide (BSTFA), with or without 1% trimethylchlorosilane as a catalyst
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References Reagent

Selected Studies Using
Silyl Ester–Silyl Ether Derivatives

Fredrick et al. (1985) MSTFA
Craft et al. (1989) BSA
Parry et al. (1990) BSTFA
Clouette et al. (1993) MTBSTFA
Kintz et al. (1995c) BSTFA
Singh and Johnson (1997) MSTFA
O’Dell et al. (1997) BSTFA
Whitter et al. (1999) MTBSTFA
Langen et al. (2000) MTBSTFA

Selected Studies Using
Alkyl Ester–Alkyl Ether Derivatives

Whiting and Manders (1982, 1983) TMAH/CH3I
ElSohly et al. (1984) PFBBr/BTMAH
McCurdy et al. (1986) TMAH/C3H7I
Paul et al. (1987) TMAH/CH3I
Cone et al. (1987) TMAH/CH3I
Mulé and Casella (1988) TMAH/C3H7I
Rosenfeld et al. (1989) PFBBr (XAD-2)
Lisi et al. (1993) THAH/CH3I
Cone et al. (1993) TMAH/CH3I
Liu et al. (1994) TMAH/CH3I
Huestis et al. (1995) TMAH/CH3I
Jenkins et al. (1995) TMAH/CH3I
Huestis et al. (1996) TMAH/CH3I
Huestis and Cone (1998b) TMAH/CH3I
Fraser and Worth (1999) TMAH/C3H7I

Selected Studies Using
Alkyl Ester–Alkyl Ester Derivatives

O’Conner and Rejent (1981) PFPA/PFIP
Karlsson and Roos (1984) PFPA/PFIP
Joern (1987) PFPA/PFPOH
Stout et al. (2001) PFPA/PFPOH

Table 3.7

Publications
demonstrating the use of
common derivatizing
agents in urine analysis



(Bronner and Xu, 1992). Unlike the alkyl derivatives, the TMS derivatives are
sensitive to moisture. The derivatives can be injected into GC or GC/MS
without further cleanup. MSTFA has been used to elute sample from an extrac-
tion disc and simultaneously derivatize the THC-COOH (Wu et al., 1993). 
Clouette et al. (1993) published a study of the mechanism of MS fragmenta-
tion of THC-COOH derivatives using the t-butydimethylsilyl derivative first used
by Bourquin and Brenneisen (1987). The derivative yields four characteristic
ions and is exceptionally stable. It is insensitive to moisture to the extent that
it has been used in HPLC (Knaus et al., 1976). Studies using silyl derivatives are
listed in Table 3.7.

Alkyl Ester–Alky Ester Derivatives The formation of alkyl ester–alkyl ester deriv-
atives by esterification of the carboxyl group and acylation of the phenol group
can be used to prepare fluoronated derivatives that aid in the formation of neg-
ative ions in NCIMS methods and give higher-mass fragments in EIMS. Reac-
tion of THC-COOH, either sequentially or concurrently, with an acid anhydride
and an alcohol yields an alkyl ester–alkyl ester derivative. Pentafluoropropri-
onic anhydride and 2,2,3,3,3-pentafluoro-1-propanol were utilized by Karlsson
et al. (1983) in a comparison of EI, PCI, and NCI mass spectrometric methods.
Joern (1987) proposed this derivative for routine confirmations by EIMS in a
substance-abuse treatment setting. A LOD of 1.8ng/mL using 1mL of sample
was achieved. Although Karlsson et al. (1983) claimed that NCIMS was over 200
times as sensitive as EIMS, the LOD reported is only 0.7ng/mL. McBurney et
al. (1986) achieved subnanogram/mL detection limits for cannabinoid metabo-
lites in urine and plasma using the pentafluoropropionyl–hexafluoroisopropyl
derivatives and EIMS. W.A. Baumgartner et al. (1995) used derivatization with
heptafluorobutyric anhydride and hexafluro-2-propanol to detect low picogram
levels of metabolites in hair by NCIMSMS.

Alkyl ester–alkyl ester derivatives can also be prepared by methylating the
carboxylic acid, followed by acylation of the phenol. A very sensitive method
for analysis of THC-COOH in blood, plasma, serum, and urine was reported by
Foltz et al. (1983). The carboxylic acid was methylated using methanolic-BF3.
The phenol was then acylated with trifluoroacetic anhydride. The derivative was
used in an NCIGCMS method to detect 100pg/mL concentrations of THC-
COOH. Cano and Lykissa (1989) reported the use of the same derivative in a
GCEIMS method.

Alkyl Ester–Trimethyl Silyl Ether Derivatives The use of methyl ester–trimethylsi-
lyl ether derivatives has been reported by Foltz and Hidy (1982), T.S. Baker 
et al. (1984), and Harvey et al. (1980). J.M. Rosenfeld et al. (1986, 1989)
reported that THC-COOH extracted onto XAD-2 resin could be alkylated with
pentafluorobenzyl bromide. The dialkyl derivative or each of the possible
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mono-alkyl derivatives could be obtained, depending on conditions. Treatment
with BSTFA gave the two pentafluorobenzyl–TMS derivatives.

Chromatographic Parameters

Phenyl methyl silicone or cross-linked dimethyl silicone capillary columns
(12–40m) are nearly universally used in cannabinoid analysis in biological
matrices. Column temperature is usually programmed, with starting tempera-
tures at 65 to 150°C and ending temperatures of >300°C. Analysis times of less
than 15 minutes are routine for THC-COOH in urine. For workplace testing
and routine forensic testing of urine for THC-COOH, EIMS is by far the most
popular detection method. PCIMS, NCIMS, and MSMS methods are used when
enhanced sensitivity is needed for research or for detection of low concentra-
tions found in alternate matrices, such as blood, hair, and saliva.

3.4.1.5 Potential Interferences Encountered in Urine Analysis 
of THC-COOH
3.4.1.5.1 Adulteration
The adulteration of urine specimens with nitrite ion can cause failure to
confirm THC-COOH by GC/MS (ElSohly et al., 1997). The degradation of the
THC-COOH has been shown to be pH dependent, with the metabolite being
stable in neutral or basic urine and degraded in even weak (pH 6) acid (Tsai
et al., 1998). Much of the degradation may come during the step where the
metabolite is extracted from acidic solution. Degradation during processing
can be avoided by adding 250mg of sodium bisulfite to the specimen prior to
hydrolysis (ElSohly et al., 1997). Frederick (1998) reports consistently good
results by using sulfamic acid to adjust the pH from basic in the hydrolysis step
to acidic prior to extraction.

3.4.1.5.2 Interference by Other Drugs
Brunk (1988) reported that high concentrations of ibuprofen can cause false-
negative confirmations by consuming derivatizing agents. Interferences from
ibuprofen or other acidic drugs can be removed by reanalyzing the samples
with an excess of the derivatizing agent (ElSohly et al., 1997)

If a nontarget drug or metabolite coelutes with derivatized THC-COOH 
and has a fragmentation ion in common with either the THC-COOH-d3

derivative or the derivatized THC-COOH, the ion ratios for these ions will not
fall within acceptance tolerances, and thus the confirmation will fail. Two 
such interferences have been reported in THC-COOH confirmation analyses
using the dimethyl derivative of THC-COOH. Podkowik et al. (1991a) reported
that ritodrine, a beta-blocking drug used to prevent premature labor, has a
metabolite that is not completely separated from THC-COOH in the system
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being used by the U.S. Army Laboratory in Wiesbaden, Germany, at that time.
In the procedure used, the m/z 316, 360, 375 ions are monitored for the
dimethyl derivative of THC-COOH-d3. (m/z 313, 357, 372 are monitored for
the THC-COOH derivative.) This coeluting metabolite interfered with the m/z
316 ion in the fragmentation of THC-COOH-d3 (dimethyl derivative). Rerun-
ning the samples with a lower-temperature program could eliminate the inter-
ference. An interference with the m/z 360 ion was also noted in some cases
(Podkowik et al., 1991b). The interfering substance was identified as 8-hydroxy-
3¢,4¢,5¢-tris-nor-D9-THC-2¢-oic acid, a minor metabolite of THC. Joern (1992b)
noted a significant number of cases that failed acceptance standards when using
the dimethyl derivative. The failure was traced to an unidentified eluent that
broadened the m/z 313 ion. Using the dipropyl derivative eliminated the 
interference.

3.4.1.6 Criteria for Positive Identification and Calculation 
of Concentrations
In order to positively identify an analyte using GCEI-MS, it is widely accepted
that the full-scan spectrum should have a minimum of three characteristic 
ions whose ratios are within 20% of the same ion ratios run on standards on
the same instrument. When using selected ion monitoring, a minimum of 
three ions in the analyte should be monitored and meet the same standards 
as for full-scan spectra. Most chemical ionization methods offer increased 
sensitivity but do not yield three characteristic peaks. These methods are 
more suitable to quantitative determinations of very low concentrations for
research purposes. Soft ionization techniques coupled with tandem mass 
spectrometry offer a combination of extreme sensitivity and the opportunity 
to increase specificity by generating daughter ions. The majority of quanti-
tative determinations of cannabinoids in urine or other biological matrices
utilize coeluting deuterated internal standards, i.e., isotope dilution 
methods.

3.4.2 BLOOD, SERUM, AND PLASMA

The detection and quantitative analysis of cannabinoids in blood, serum, and
plasma are of interest for both pharmacological studies (Foltz et al., 1983) and
forensic studies (Agurell et al., 1973). The possibility of correlating concen-
trations of THC and THC metabolites with time of consumption (Huestis 
et al., 1992a, 1992b) is of particular interest in traffic law enforcement and
forensic cases since urinanalysis is not useful in determining whether the
subject was under the influence at a given time. In order to be useful, 
analytical methods must have appropriate sensitivity and selectivity. For foren-
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sic investigations, a LOD of 1.0ng/mL of THC is generally sufficient. More 
sensitive techniques have been developed for pharmacological studies. The 
requisite selectivity for forensic purposes can be obtained only through 
mass spectrometric or infrared techniques. However, many less selective tech-
niques are utilized for both forensic and clinical investigations in some juris-
dictions (Badia et al., 1998a). In addition to immunoassay techniques, TLC,
GC, and HPLC methods are used for screening of samples.

Methods of determination of drugs in blood, including Cannabis, have 
been reviewed for the years 1991 to 1997 (Moeller et al., 1998) and of cannabi-
noids from 1990 to 1999 (Staub, 1999). GC/MS methods for THC-COOH in
biological matrices, including blood, have been comprehensively reviewed
through 1991 (Bronner and Xu, 1992; Cody and Foltz, 1995). A review and spe-
cific methods can be found in ElSohly and Salem (2000). Older methods,
including TLC methods, are reviewed by Foltz et al. (1980), Foltz (1984),
Burstein (1979), and Harvey (1985).

3.4.2.1 Standards and Internal Standards
See Sections 3.4.1.3 and 3.4.1.4.3.

3.4.2.2 Glassware
All glassware and stoppers should be silanized.

3.4.2.3 Extraction
Effective extraction procedures must efficiently remove the analytes of interest
from the matrix and separate them from endogenous materials that may inter-
fere with the analytical method chosen. Blood and plasma contain lipids that
are soluble in the lipohilic solvents that extract the neutral cannabinoids. They
also contain proteins that can complicate the extractions. A wide variety of
extraction procedures have been used. The procedure of choice will depend
upon the analytes of interest and the analytical method chosen.

3.4.2.3.1 Liquid–Liquid Extraction
Early methods (Agurell et al., 1973; Ohlsson et al., 1976) utilized liquid–liquid
extraction with petroleum ether or petroleum ether–isoamylalchol (1.5%) fol-
lowed by separation by liquid chromatography on sephadex columns prior to
actual analysis. Extraction from blood or plasma at pH 4 with hexane–isoamy-
lalcohol (98 :2), followed by shaking of the hexane layer with modified Claisen
alkali (3.7g of potassium hydroxide in 20mL of water added to 100mL of
methanol), extracts cannabinoids and reduces the amount of lipids (Vinson 
et al., 1977; J.J. Rosenfeld et al., 1974). The alkali layer is acidified, and the solid
that forms is dissolved in H2O and extracted with hexane. See Figure 3.16.

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S114



C A N N A B I S :  M E T H O D S  O F  F O R E N S I C  A N A L Y S I S 115

pH 4
hexane or hexane/isoamyl alcohol

Hexane Aqueous

Claisens Alkali

Alkali Hexane

discard

discard

HCl hexane

Solid

H2O
hexane

Hexane Aqueous discard

evaporate

Figure 3.16

Extraction of
cannabinoids from blood
or plasma designed to
optimize removal of lipids.
Acids, as well as neutral
compounds, are extracted

Plasma/BloodPlasma/Blood

Aqueous discard

discard

Aqueous discard

evaporate

Aqueous

Organic

Organic

Organic
- OH (0.1 N NaOH)

H+ (0.1 N HCl)H+ (0.1 N HCl)

OH (0.1 N NaOH)-

Organic

Organic

Organic

Aqueous

evaporate

discardAqueous

discard

discardAqueousAqueous discard

discard

Aqueous discard

evaporate

Aqueous

Organic

Organic

Organic
- OH (0.1 N NaOH)

H+ (0.1 N HCl)

Plasma/Blood

1.  Acidic
2.  Organic Solvent

Figure 3.17

Extraction of
cannabinoids: only
neutral compounds
remain in the extract

Liquid–liquid extractions from acidified blood or plasma using hexane,
heptane, petroleum ether, diethyl ether, and chloroform have all been per-
formed. If THC and 11-OH-THC are the target analytes, the organic extract is
washed first with base and then with acid prior to derivatization or direct analy-
sis (McCallum, 1973; Detrick and Foltz, 1976) (Figure 3.17).

If both acidic and basic analytes are wanted in the same extract, the basic
wash is eliminated and a more polar extraction solvent (hexane–thyl acetate 



7 :1) can be used (Foltz and Hidy, 1982) (see Figure 3.18). In a widely used
method for analysis of THC and its metabolites, proteins in blood or plasma 
(1mL) are precipitated by the addition of acetonitrile (2mL) (Foltz et al.,
1983). After centrifugation the supernatant is separated and reduced in volume
(<1mL). The solution is made basic by the addition of 0.2N NaOH and
extracted with 2mL of hexane–ethyl acetate (9 :1). The aqueous layer contains
the acid constituents, and the organic layer contains the neutral constituents.
The organic layer is washed with 2mL of 0.1N HCl and evaporated to dryness.
The aqueous phase containing the acid components (THC-COOH) is acidified
with 1mL of 1N HCl and extracted with 2mL of hexane–ethyl acetate (9 :1).
The extract is then evaporated to dryness (see Figure 3.19). Kintz and Cirimele
(1997) used hexane–ethyl acetate (9 :1) extraction of acidified blood and no
acid or base washes in a method for THC and THC-COOH, with a LOD of 
1.0ng/mL for THC and 0.05ng/mL for THC-COOH.

3.4.2.3.2 Solid-Phase Extraction
SPE has also found wide application (Kelly and Jones, 1992; Moeller et al., 1992;
Nelson et al., 1993; Felgate and Dinan, 2000; D’Asaro, 2000; Huang et al., 2001).
Huang et al. (2001) achieved limits of quantitation for THC and THC-COOH
of 0.5ng/mL and 2.5ng/mL, respectively, using SPE and NCI-GC-MS. This
method offered major improvements over the liquid–liquid extraction proce-
dure developed by the same laboratory and outlined earlier (Foltz et al., 1983).
Both analytes were simultaneously derivatized with hexafluroisopropanol and
trifluroacetic anhydride. Internal standard was THC-d3 and THC-COOH-d3.
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3.4.2.4 Thin-Layer Chromatography
A variety of TLC methods are available for screening blood or plasma. Vinson
et al. (1977) used a fluorescent derivative to detect THC in concentrations of
less than 0.4ng/mL using 5mL of blood. The residue from extraction was
derivatized with 5mL of a 1mg/mL acetonitrile solution of 2-p-chlorosul-
fophenyl-3-phenylidone chloride (DIS-Cl). The derivative was chro-
matographed on Bakerflex 1B2 silica gel sheets using methanol–water (95 :5)
as the mobile phase. Visualization was achieved by spraying with a solution pre-
pared by dissolving 8g of sodium metal in 100mL of methanol and 8mL of
dimethylsulfoxide. The plates were visualized while wet under long-wavelength
UV light. A quantitative method for determining THC in plasma using dansy-
lation with 14C-labeled dansylchloride and 3H2-THC as IS was developed by
Scherrmann et al. (1979). The plasma extract was derivatized and purified by
TLC, and the spots were detected by UV and eluted for measurement of the
14C activity. Chromatographic separations on silica gel in either one or two
dimensions were good; however, dansyl breakdown products complicated the
interpretation. Alemany et al. (1993) used high-performance thin-layer chro-
matography (HPTLC) on silica gel to separate the dansyl derivative of THC. A
LOD of less than 0.5ng/mL was achieved using fluorimetric scanning densito-
metry at 340nm to quantitate the spots.
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3.4.2.5 High-Performance Liquid Chromatography
Garrett and Hunt (1976) explored both normal-phase and reversed-phase
HPLC using UV detection. Valentine et al. (1976) used normal-phase HPLC 
on 10-mm silica gel in 250 ¥ 2-mm columns and heptane–dichloromethane 
gradient elution to separate cannabinoids. Detection was by UV at 273.7nm.
THC-d3 was used as an IS that could be detected by the UV. The coeluted
THC/THC-d3 was then placed in a mass spectrometer by direct insertion 
probe to identify and quantify the analyte. A LOD of 1ng/mL was obtained.
Gerostamoulos and Drummer (1993) used a reversed-phase 250 ¥ 50-mm (C8)
column and acetonitrile/methanol/0.01M H2SO4 (45 :20 :35) as mobile phase
to determine THC and 11-OH-THC in blood. Electrochemical detection (ED)
was used to achieve a LOD of 1.0ng/mL for each analyte. Abdul Rahman et al.
(1995) used SPE and reversed-phase HPLC to determine THC and THC-
COOH, with a LOD of 2.5ng/mL for THC and 1ng/mL for THC-COOH 
by ED and with 20ng and 10ng, respectively, by UV detection at 212nm and
220nm.

3.4.2.6 Gas Chromatography and Gas Chromatography/Mass
Spectrometry
In early research on THC pharmakokinetics 14C-labeled THC was administered
and later measured in the plasma (Galanter et al., 1972). Agurell et al. (1973)
published the first method to identify and accurately measure nonlabeled THC
in the plasma of humans who smoked Cannabis. This work is described in detail
in Ohlsson et al. (1976). Packed-column GCEIMS with selected ion monitor-
ing was used to measure the m/z 299 and 314 ions from THC and the m/z 301
and 316 ions from a deuterated IS (THC-d2) synthesized by the authors. A LOD
of 1ng/mL was reported. Fenimore et al. (1973, 1976a) used hexahydro-
cannabinol as IS and heptafluorobutyric anhydride as the derivatizing agent. A
two-oven system with a packed precolumn followed by a cold trap and a capil-
lary column enabled the authors to measure 0.1ng/mL using an electron
capture detector (ECD). McCallum (1973) used a packed column with a flame
photometric detector to measure the diethyl phosphate ester of THC, with a
LOD of 2ng/mL (from 10mL of blood or plasma). Garrett and Hunt (1973,
1976) used the pentafluorobenzoyl derivative and ECD to measure 0.1ng/mL
of THC in 5mL of blood. The methods utilizing ECD have excellent detection
limits but lack the specificity required for forensic analysis. Several methods
using EIMS-SIM quickly followed the work of Agurell et al. (1973) (Harzer and
Kächele, 1983; Bergman et al., 1981; Pirl et al., 1979; Rosenfeld et al., 1974).
Methods using positive ion chemical ionization (PCI) MS were rapidly devel-
oped (Foltz et al., 1980; Rosenthal et al., 1978; Wall et al., 1976; Detrick and
Foltz, 1976). These methods offer excellent sensitivity and selectivity for use in
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research but generally provide only one characteristic ion ([M + H]+) and thus
do not provide the minimum three characteristic ions generally associated with
EI-SIM identification. The details of more recent methods are shown in Table
3.8. They include EI-SIM, PCI, NCI, and PCIMSMS. In each of these methods
an appropriate deuterated IS is added prior to extraction. Most of the methods
use 5% phenyl-methyl silicone or dimethyl silicone capillary columns of from
12 to 40m. Separation is usually achieved by temperature programming
between 150°C and 300°C. The method of Foltz et al. (1983) is widely used in
research (Moody et al., 1992a, 1992b; Mason et al., 1983; Huestis et al., 1992a,
1992b; Johnson et al., 1984). In this method, liquid–liquid extraction is used
to generate separate neutral and acidic fractions.

The neutral fraction is derivatized with trifluoroacetic anhydride (TFAA).
The THC-COOH in the acidic fraction is derivatized by methylation with
methanol and BF3 followed by acylation with TFAA. Detection is by negative ion
chemical ionization mass spectrometry. Limits of quantitation of 0.1ng/mL of
THC-COOH can be achieved in blood. Nelson et al. (1993) have used positive
ion chemical ionization tandem mass spectrometry (PCIMSMS) to achieve 10
to 20pg/mL sensitivity for THC and 11-OH-THC in plasma. By generating
daughter ions this method offers positive identification and extreme sensitivity.
Collins et al. (1997) used an ion trap to perform MSMS of cannabinoids in post-
mortem samples. A LOD for the method was not reported. Kintz and Cirimele
(1997) have achieved excellent sensitivity using EIMS-SIM of the methyl deriv-
ative of THC and THC-COOH.

3.4.3 SALIVA

The analysis of drugs of abuse in saliva has been reviewed (Idowu and Caddy,
1982; Kidwell et al., 1998; Schramm et al., 1992; Samyn et al., 1999; Staub, 1999;
Kintz and Samyn, 2000). The use of saliva for the detection of cannabinoids in
impaired drivers is of particular interest because saliva is more easily obtained
than blood and provides a better indication of recent use than urine. Whether
the source of cannabinoids in saliva is from transport from blood or from direct
absorption from smoke is an open question (Samyn et al., 1999). The detec-
tion of cannabinoids by way of TLC was reported in the early 1970s (Haeckel,
1972; Just et al., 1972, 1974). Candela and Marino (1979) reported detection
of cannabinoids in hashish smokers for up to 4 hours using TLC and GC. Peel
et al. (1984) modified the method of Foltz et al. (1983) to confirm THC in
saliva by GCEIMS; the LOD of the method was 2ng/mL. Hexahydrocannabi-
nol was used as IS. For law enforcement purposes THC is of interest. The
metabolites are present in very low concentrations if at all (Schramm et al.,
1992). Hall et al. (1998) used SPME and GCEIMS (Quadrapole Ion Trap 
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Instrument) to detect neutral cannabinoids at the 1ng/mL level. The use of
SPME completely avoids organic solvents and LLE or SPE extraction steps, and
the 1.0ng/mL LOD is reasonable for forensic purposes. This method should
be considered, especially for large numbers of samples. Fucci et al. (2001) have
reported the use of SPME-GC to detect THC in samples collected by the
“EPITOPE” system (EPITOPE Inc.). No LOD was reported. Kintz et al. (2000)
used GCEIMS and LLE to achieve a LOD of 1.0ng/mL. The authors point out
the need for standardized collection procedures if these analyses are to be used
for traffic law enforcement. Recent methods of analysis are summarized in
Table 3.9.
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Reference Analytes Internal Extraction Derivatizing Analytical LOD
Standard Reagent Method (ng/mL)

Fucci et al. THC None SPME None GC NR
(2001)

Kintz et al. THC THC-d3 Hexane/ethyl TBAH/CH3I GCEIMS 1.0
(2000) acetate (9 : 1)

Hall et al. CND THC-d3 SPME None GCEIMS 1.0
(1998) D8-THC (ion trap)

D9-THC
CBN

Kircher and THC None On column None Tandem 1.0
Parlar (1996) CBN Immunoaffinity imunoaffinity 0.8

CND HPLC-UV 2.0
(220 nm)

Schramm HPLCTSMS
et al. (1992)

Menkes THC D8-THC Pentane PFPA GCEIMS a

et al. (1991) (heptyl
analog)

Thompson THC HPLC-ECD 1.0
and Cone
(1987)

Ohlsson CBN GCEIMS 0.05
et al. (1986)

Maseda THC DDTb n-Hexane PFPA GC-ECD 0.5
et al. (1986)

Peel et al. THC Hexahydro- Hexane-ethyl 1. MeOH-BF3 GCEIMS Not 
(1984) cannabinol acetate (9 : 1) 2. TFAA reported

a Published method metabolites (McBurney et al., 1986).
b 1,1-Bis(4-chlorophenyl)-2,2,2-trichloroethane.

Table 3.9

Chromatographic methods of detection of cannabinoids in saliva



3.4.4 SWEAT

Very little research has been performed on the use of sweat as a sample for con-
firmation of recent use of Cannabis. Reviews (Kidwell et al., 1998; Staub, 1999;
Kintz and Samyn, 2000) cover methods of collecting sweat as well as analysis.
Devices marketed as PharmChek sweat patches have been used to collect sweat
over an extended period of time. One study using these devices for cannabi-
noid analysis has appeared (Kintz, 1996). The patches were extracted with
methanol in the presence of internal standards (THC-d3 for cannabinoids). The
extract was evaporated to dryness and the TMS derivatives were prepared for
GCEIMS. Several drugs were analyzed simultaneously, and results for urine,
sweat, and hair were compared. Kintz et al. (2000) reject the use of patches as
an adjunct to traffic law enforcement/roadside testing since the sample repre-
sents collection over more than 1 day. In this study, commercially available cos-
metic pads were used to wipe sweat from the forehead. Hexane–ethyl acetate
(9 :1) was used to extract the analyte and added IS (THC-d3) from the pad. The
analyte was chromatographed as the methyl derivative using EIMS as the detec-
tor. A LOD of 1ng per pad was achieved.

3.4.5 HAIR

Interest in the detection of drugs in hair has grown since A.M. Baumgartner 
et al. (1979), Arnold and Pueschel (1980, 1981), and Valente et al. (1981) first
reported the use of immunoassays for this purpose. Hair assays are of particu-
lar interest, compared with those of urine or blood, since they provide a 
longer window of detection and they provide information concerning the 
subject’s overall exposure to drugs (Mieczkowski, 1995; Kintz, 1993). W.A.
Baumgartner et al. (1995) thoroughly outline the advantages of hair analysis
for detecting and monitoring drug abuse in workplace and forensic applica-
tions. Methods of drug detection and confirmation in hair have been reviewed
(Moeller, 1992; Moeller et al., 1993; W.A. Baumgartner et al., 1995; Sachs and
Kintz, 1998; Staub, 1999; Skender, 2000; ElSohly and Salem 2000; Kintz and
Samyn, 2000).

Since the prevalent cannabinoid found in urine is THC-COOH, the com-
mercially available immunoassays used in drug screens are quite specific for this
major metabolite (Spiehler, 2000). In hair, however, the acid metabolites are
found in very low concentrations (Nakahara et al., 1995; Wilkins et al., 1995;
Mieczkowski, 1995). The neutral constituents THC and 11-OH-THC are found
in higher concentrations (Wilkins et al., 1995), although they are much lower
than the concentrations found with other drugs of abuse (W.A. Baumgartner
et al., 1995). The choice of what constituents to look for will be determined by
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the goal of the investigation. Regardless of purpose, GC/MS has become the
method of choice (Moeller, 1992).

A second analytical consideration is the potential contamination of hair from
exposure to the drugs of interest by smoke or dust or other exogenous sources.
These issues have been discussed extensively (Baumgartner and Hill, 1992,
1993; Kidwell and Blank, 1992; Blank and Kidwell, 1993, 1995). These concerns
have led to the recognition of the need for stringent preanalysis procedures 
for preparing samples. Wilkins et al. (1995) studied washing regimes using
methanol, methylene chloride, anhydrous isopropanol, and phosphate buffer.
With each solvent the hair samples were sonicated for 15s for each of three
washes. Each solvent was evaluated by comparing analytical results of hair from
the same subject, which was either unwashed or washed in one of the four 
wash solutions. In addition the solutions were evaluated with hair that had 
been fortified with cannabinoids. The phosphate buffer was ineffective in
removing the fortified analytes from the hair. All three of the organic solvents
completely removed the analytes by the third wash. As the authors point out,
the results apply only to the specific conditions and concentrations utilized in
their study.

Strano-Rossi and Chiarotti (1999) evaluated an aqueous surfactant followed
by acetone, multiple dichloromethane washes, and multiple light petroleum
ether washes. They concluded that three washes with light petroleum ether 
were most effective. However, they determined the effectiveness by analyzing
the wash solution rather than the hair. Decontamination procedures based 
on wash kinetics and considerations of hair type and hair damage have 
been proposed by W.A. Baumgartner et al. (1995) and Kippenberger et al.
(1995). Blank and Kidwell (1995) have questioned the sufficiency of this
approach; however, Cannabis was not used in this study. W.A. Baumgartner 
et al. (1995) distinguish between routine clinical or workplace testing and
forensic samples. Enzyme digestion and separation of the digests into fractions
from various parts of the hair are utilized in forensic samples. However, 
Baumgartner (Cairns et al., 1995) used basic digestion for analysis of THC-
COOH. A definitive study on a method that will remove all contamination
(including analytes absorbed into the hair) without reducing the concentration
of analytes acquired through ingestion or inhalation has not been published.
This is not a problem if THC-COOH is the target analyte, since it is not present
in smoke or dust from Cannabis and thus is unlikely to become an exogenous
contaminant. The methods reported next all utilize basic hydrolysis, and they
all utilize THC-COOH-d3 as the IS when THC-COOH is an analyte. See Figure
3.10.

Methods of analysis for cannabinoids as part of a general drug analysis in
hair have been reported (Moeller et al., 1993; Kauert, 1989; Sachs and Moeller,
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1989; Jurado et al., 1995). Application of headspace solid-phase dynamic extrac-
tion, in which the analytes are absorbed on the polydimethyl siloxane-coated
interior of a hollow fiber, by multiple aspiration of the sample headspace 
into the fiber has been coupled with on-fiber derivatization and MSMS to
provide an automated and sensitive analysis of drugs, including cannabinoids
(Lachenmeier et al., 2003). A method for the detection of THC in hair was
reported by Balabanova et al. (1989) and critiqued by Käferstein and Sticht
(1990). The signal-to-noise ratio in Balabanova’s work is insufficient for identi-
fication. An extremely sensitive method for the quantitative analysis of THC,
11-OH-THC, and THC-COOH in hair was developed by Wilkins et al. (1995)
to support research in the pharmacokinetics of drug disposition in hair. The
method is a modification of the author’s earlier reported method for serum,
plasma, and urine (Foltz et al., 1983). Gas chromatography negative ion chem-
ical ionization (GCNCIMS) is utilized to quantitatively detect the trifluroacetyl
derivatives of THC and 11-OH-THC and the methyl trifluroacetyl derivative of
THC-COOH. A limit of quantitation of 50pg/mg of THC and THC-COOH is
reported in 20-mg samples. Kintz et al. (1995a, 1995b) also used GCNCIMS in
a sensitive method of identifying and quantitatively measuring THC-COOH.
The pentafluropropyl, pentafluropropionyl derivative was used and the THC-
COOH derivative was identified based on the m/z 602, 622, and 474 ions. The
m/z 602 ion and the m/z 605 ion from THC-COOH-d3 were used to quantify
the analyte. A LOD of 5pg/mg and a limit of quantitation of 10pg/mg were
reported in 100-mg samples. The rationale proffered for identifying THC-
COOH rather than THC is that since it is a metabolite and not found in smoke
or dust from Cannabis products it is positive proof of Cannabis use. The same
authors (Cirimele et al., 1996; Kintz et al., 1995a) reported a method for simul-
taneous identification of THC, CBN, and CBD using GCEIMS and no derivati-
zation and offered it as a rapid screen that would require the additional
identification of THC-COOH for forensic purposes. The method utilizes THC-
d3 as the IS and CBN and CBD are measured from response factors to the IS.
An exceptionally sensitive NCIMSMS method was reported by Baumgartner and
coworkers (Cairns et al., 1995). This method was used in a study of confirma-
tions versus RIA screens reported by Mieczkowski (1995). The method utilizes
liquid–liquid extraction of the basic digest followed by derivatization by hepta-
fluorobutyric anhydride and hexafluoroisopropanol. Negative ion chemical
ionization MSMS gave a parent ion at m/z 670, which gave collision-induced
dissociation (CID) (argon) to yield daughter ions of m/z 344 and 492. The IS
(THC-COOH-d3) gave corresponding ions at m/z 673, 347, and 495. The ratio
of m/z 492/495 was used for quantitation. The authors report a limit of quan-
titation of 0.5pg/10mg and a LOD of 0.2pg/10mg. Uhl (1997) used
PFPA/HFIP in a similar method. The parent ions selected for CID with argon
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were m/z 620 for the analyte and m/z 623 for IS. These gave daughter ions at
m/z 383 and 386. Baumgartner et al. (1995) suggested that ion trap MSMS
should make these MSMS methods more widespread; however, ion trap tech-
nology for NCIMSMS is only now becoming available.

A method using NCIGCMS and high-volume injection enabled C. Moore 
et al. (2001) to quantitate 0.5pg/mg of THC-COOH in 20-mg samples. Solid-
phase microextraction has been shown to provide a simple quantitative method
for THC, CBD, and CBN in hair (Strano-Rossi and Chiarotti, 1999). In this pro-
cedure, 50mg of hair spiked with THC-d3 is digested in 1M NaOH (200mL).
The digest is neutralized with 6M HCL and 200mL of phosphate buffer (pH
7.5). A 30-mm polydimethylsiloxane fiber is dipped into 200mL of digest for 15
minutes. The fiber is then inserted directly into the GC injection port. Limits
of detection in the range 0.1 to 0.2ng/mg were reported. This method should
prove to be exceptionally efficient as a screening technique. Headspace solid-
phase microextraction was used by Musshoff et al. (2002) in a fully automated
method for the neutral cannabinoids. EI-MS was used to obtain 0.05ng/mg
LOD on 10-mg samples (Table 3.10).

Capillary electrophoresis with electrochemical detection has been reported
(Backofen et al., 2002).

3.4.6 FINGERNAILS

Cairns et al. (1995) reported the use of NCIMSMS to detect and identify THC-
COOH in hair and fingernails (see previous section for details). They found
that fingernails contained significantly higher concentrations of THC-COOH
than did hair. What was referred to as a regulatory cutoff of 50pg/g of sample
was reported. A procedure for extraction and determination of cannabinoids
in fingernails using GCEIMS has been published (Lemos et al., 1999). As with
hair, removal of external contaminants is important. The authors report that a
wash protocol consisting of sonication for 15minutes once with 0.1% sodium-
dodecyl sulfate solution, three times with distilled water, and three times with
methanol resulted in the last wash’s being completely negative by both RIA and
GC/MS. Sample extraction for both RIA and GC/MS utilized hydrolysis in 
1mL of 1M NaOH at 95°C. For RIA the hydrolysate was diluted with 3mL of
methanol and taken to dryness at 60°C. The residue was then reconstituted in
phosphate buffer (pH 7.4) for analysis using the cannabinoids double-antibody
procedure by Diagnostics Products Corp. (Gwynedd, UK).

For GC/MS the hydrolysis was carried out after addition of THC-d3 and THC-
COOH-d3 as internal standards. Extraction with ethyl acetate proved effective
for the recovery of THC. If instead of directly extracting the hydrolysate it 
was diluted with 3M hydrochloric acid followed by extraction by ethyl acetate,
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Table 3.10

Recent procedures for analysis of cannabinoids in hair

Reference Sample Analyte(s) Internal Extractiona,b Derivativizationc GC-MS LOD
Size Standard Reagent Method (ng/mg)
(mg)

Musshoff 10 THC THC-d3 HSSPME MSTFA EI 0.05
et al. CBD 0.08
(2002) CBN 0.14

Baptista THC Ketroprofen LLE PFPA/PFPOH EI 0.10
et al. THC-COOH Ketroprofen NCI 0.01
(2002) CBN Ketamine EI 0.10

CBD Ketamine EI 0.10

Moore et al. 20 THC-COOH THC-COOH-d3 SPE TFAA NCI 0.0005
(2001) HFIP

Strano-Rossi 50 CBN, CBD THC-d3 SPME None EI-SIM 0.1, 0.2
and Chiarotti THC 0.1
(1999)

Uhl 15 THC-COOH THC-COOH-d3 SPE PFPA/HFIP NCI-MSMS 0.0002
(1997)

Cirimele 50 CBN, CBD THC-d3 LLE None EI-SIM 0.01, 0.02
et al. THC 0.1
(1996)

Kauert and 50–200 THC Methaqualone MeOH PA EI-SIM 0.1
Röhrich
(1996)

Kintz et al. 100 THC-COOH THC-COOH-d3 LLE PFPA/ NCI 0.005
(1995a, 1995b) PFP

Wilkins et al. 20 THC, 11-OH-THC THC-d3 LLE TFAA NCI 0.05, 0.5
(1995) THC-COOH 11-OH-THC-d3 MeOH-BF3/ 0.05

THC-COOH-d3 TFAA
Cairns et al. 15–25 THC-COOH THC-COOH-d3 LLE HFBA/ NCIMSMS 2 ¥ 10-5

(1995) HFIP

Cirimele et 100 THC THC-d3 LLE PFPA/ EI-SIM 0.1
al. THC-COOH THC-COOH-d3 PFP 0.1
(1996)

Jurado et al. ? THC THC-d3 LLE HFBA/ EI-SIM 0.01
(1995) THC-COOH THC-COOH-d3 HFIP 0.01

a All liquid–liquid extractions were performed with hexane–ethyl acetate (9 :1).
b All samples for THC-COOH were hydrolyzed with strong base.
c Abbreviations of derivatizing agents: PFPA = pentafluoroproprionic acid anhydride, HFIP = hexafluoro2-propanol, PA = proprionic acid anhy-
dride, PFP = pentafluoropropanol, TFAA = trifluoroacetic anhydride, HFBA = heptafluorobutyric acid anhydride, MeOH = methanol.



THC-COOH was effectively recovered. Both extracts were derivatized using
BSTFA catalyzed with 1% TMCS. Limits of detection for both analytes were less
than 0.1ng/mg of sample, and results were obtained on samples ranging from
2.5 to 25mg. Identification was based on m/z 371 and 386 for THC and m/z
371 and 488 for THC-COOH. Quantitation was based on the ratio of m/z 386
and 389 for THC and m/z 488 and 491 for THC-COOH. Using GC/MS the
authors detected THC in 11 of 14 extracts, with a range from 0.13 to 6.97
ng/mg. They also detected THC-COOH in 2 of 3 acid extracts. Concentration
ranged from 9.82 to 29.67ng/mg.

3.4.7 MECONIUM

Prenatal exposure through maternal consumption of drugs has become a major
concern to health professionals (Nair et al., 1994; Yawn et al., 1994). Although
blood and urine may seem to be suitable specimens for determining these expo-
sures, the meconium (first stool) has been shown to extend the window of
detection to the last 20 weeks of gestation for some drugs (Callahan et al., 1992;
Ryan et al., 1994). This window is only 2 or 3 days with blood (Ostrea et al.,
1988) and urine (Ostrea et al., 1989). The relative merits of interviews, hair
analysis, and meconium analysis have been reported by Ostrea et al. (2001).
Meconium extracts that screened positive for cannabinoids by immunoassay
techniques showed lower than expected confirmation rates for THC-COOH by
GC/MS (Wingert et al., 1994; C. Moore et al., 1996; ElSohly et al., 1994). C.
Moore et al. (1996) developed a method for confirmation of THC-COOH in
meconium that had been screened by FPIA. The meconium was homogenized
with methanol, IS (THC-COOH-d3) was added, and the homogenate was made
basic. After 15 minutes the homogenate was centrifuged and basic and neutral
compounds were extracted with hexane–ethyl acetate and discarded. The solu-
tion was acidified and the THC-COOH was extracted with hexane–ethyl acetate.
The extract was evaporated and derivatized with MTBSTFA. Since only 80% of
FPIA-positive samples were confirmed, it was suggested that other metabolites
of THC that cross-react in the immunoassays may be present in meconium.
ElSohly and Feng (1998) established this to be the case. They reported that 11-
hydroxy-D9-tetrahydrocannabinol (11-OH-THC), 8b,11-dihydroxy-D9-tetrahyhy-
drocannabinol (8b, 11-diOH-THC), 8a,11-dihydroxy-D9-tetrahydrocannabinol,
and D9-THC all show significant cross-reactivity in the EMIT cannabinoid assay
using low cutoff levels. They also reported the presence of THC-COOH, 8b,11-
diOH-THC, 11-OH-THC, and 8-OH-THC in meconium. In addition they estab-
lished that these compounds are present to some degree as their glucuronides.

The authors prepared D9-THC-glucuronide and determined that hydrolysis
by acid (pH 6.8–2.0) or 2N KOH gave 0% recovery of D9-THC. Hydrolysis with
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5000 units of b-glucuronidase per gram of meconium, overnight at 37°C, gave
100% recovery. The analytical procedure adopted first homogenized 1g of
meconium and IS (D9-THC-d9 and THC-COOH-d6) with 4 mL of methanol. The
homogenate was centrifuged and the supernatant was taken to dryness. The
residue was partitioned between 1mL of saturated monobasic potassium phos-
phate and 10mL of chloroform. The aqueous phase was discarded and the chlo-
roform layer was evaporated to dryness. The residue was hydrolyzed at 37°C
overnight with 5000 units of b-glucuronidase in 1mL of 0.1M phosphate buffer
(pH 6.8). The solution was acidified and extracted into hexane–ethyl acetate
(9 :1). The organic layer was shaken with 1N NaOH with acidic analytes (THC-
COOH and 8b,11-diOH-THC) residing in the bottom aqueous layer and the
neutral analytes (THC, 11-OH-THC, and 8-OH-THC) remaining in the organic
layer. The neutral fraction was shaken with 0.2N NaOH in methanol in order
to separate the analytes from lipids. The bottom methanol layer was made acidic
and diluted and the analytes were extracted into hexane–ethyl acetate (9 :1).
After solvent removal, the acetate derivatives were formed using 20mL of pyri-
dine and 60mL of acetic anhydride. The aqueous solution containing the acid
analytes was made acidic and extracted with hexane–ethyl acetate (9 :1). After
evaporating the solvent, the residue was derivatized using BSTFA. Both frac-
tions were chromatographed on 25 m ¥ 0.2-mm DB-5 MS columns. The sepa-
rations and the ions monitored are shown in Table 3.11. The LODs for
THC-COOH and 8b,11-diOH-D9-THC were 2 and 5ng/g, respectively. The
LODs for 11-OH-THC and 8-OH-THC (a and b combined) were 10 and 15
ng/g, respectively. Interference with the m/z 313 ion made its use as a quali-
fying ion for THC difficult below 50ng/g, although the quantitating ion (m/z
297) could be distinguished as low as 5ng/g. Procedures for determination of
cannabinoids in meconium have been reviewed (Staub, 1999; Moore et al.,
1998; Kintz and Samyn, 2000).

C A N N A B I S :  M E T H O D S  O F  F O R E N S I C  A N A L Y S I S 129

Compound Rt Derivative Ions Monitored

D9-THC-d9 (IS) 5.77 Acetate 306, 322
D9-THC 5.83 Acetate 297, 313
8a- and 8b-OH-D9-THC 8.35 Diacetate 312, 354
11-OH-D9-THC 9.63 Diacetate 312, 354
8b11-diOH-D9-THC 9.27 TMS 369, 459, 562
11-nor-D9-THC-9-COOH 9.35 TMS 371, 473, 488
11-nor-D9-THC-9-COOH-d6 (IS) 9.28 TMS 377, 494

Reproduced by permission of Preston Publications, Division of Preston Industries, Inc., from ElSohly and Feng
(1998).

Table 3.11

Retention times and ions
monitored for D9-THC
and its neutral
metabolites analyzed as
the acetate derivatives
and for the acidic
metabolites analyzed as
the TMS derivatives



3.4.8 OTHER MATRICES

Johansson et al. (1989) developed an extraction procedure for fat combining
liquid–liquid extraction, Lipidex filtration, and preparative LC prior to HPLC
and GC/MS of the t-butyldimethylsilyl derivatives of THC. A LOD of less than
0.4ng/g was achieved by GCEIMS-SIM using (1¢-2H, 2¢-2H, 3¢-2H, 4¢-2H, 5¢-2H3)-
THC (THC-d7) as IS.

Kudo et al. (1995) modified the extraction of Foltz et al. (1983) to accom-
modate solid samples. Adipose tissue, 0.1g, or other tissue, 0.5g, was homo-
genized in 3mL of acetonitrile before extraction with 2mL of hexane–ethyl
acetate (9 :1). The methyl derivative was used and THC-d3 was used as the IS.
A LOD of less than 1ng/g was obtained in all tissues (i.e., blood, urine, brain,
lung, kidney, muscle, liver, spleen, and adipose).

Manolis et al. (1983) developed a method for determination of THC in
breath. Seven different trapping systems were evaluated, and absorption on
Tenax-GC (2.6-diphenyl-p-phenylene oxide polymer) was determined to be the
best. The perfluoropropyl derivative was used for GCEIMS using packed
columns. The limit of detection was 250pg per breath sample. Ten of 14 sub-
jects had detectable levels of THC 10 minutes after smoking two marijuana 
cigarettes. All were below the detection limit at 20 minutes.
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PART I : INFRARED ( IR)  SPECTROSCOPY

Since the 1960s, infrared spectroscopy has been used as a powerful confirma-
tory test for the identification of organic compounds, including the hallucino-
gens and other drugs of abuse. As with the application of any technique to illicit
drug analysis, the forensic chemist must understand how the technique works
and how it can be applied, and its strengths and weaknesses.

4.0 THEORETICAL BASIS

An organic molecule is characterized by the composition of its atoms and the
bonds they form. These bonds can absorb wavelengths of infrared light causing
their vibration, stretching, bending and wagging. The infrared (IR) spectrom-
eter is an analytical instrument in which organic compounds are irradiated with
infrared light typically with wavelengths of 4000–400cm-1. When the molecule
absorbs at a certain wavelength, depending upon the type of bond, it creates a
peak at that wavelength in its infrared spectrum. Slight variations in a molecule
such as the positions of bonds (as with isomers), different composition of atoms,
and even salt or crystalline forms will change the manner in which the mole-
cule absorbs the IR radiation. With this, the IR spectrum can be used to 
distinguish small differences between two similar molecules. It also follows 
that the same compound will yield the same infrared spectrum ostensibly
unchanged by time and instrument constraints. This further means that if one
obtains an infrared spectrum of an analyte which matches that of a known 
molecule, then the analyte is that known molecule. As can be expected, there
are pitfalls to be avoided in making such sweeping statements, but with the
application of knowledge and care, the statement will hold when applied to the
identification of hallucinogens.

Isomers yield different IR spectra. One exception to this rule is optical
isomers which cannot be differentiated. Diastereomers (optical isomers with
more than one chiral center) do, however, exhibit different spectra. For
example, the spectra of D-lysergic acid diethylamide (LSD) is identical to L-
LSD, but the differences between the infrared spectra of LSD and iso-LSD are
remarkable. The same applies to lysergic acid sec-butylamide (LSB) which is a
structural isomer of LSD and iso-sec-LSB. The structures and infrared spectra
of LSD/iso-LSD and LSB/iso-sec-LSB are shown in Figure 4.1.

Occasionally the spectrum of the optically pure isomer in the solid phase will
not be the same as that of a racemic mixture. This is caused by intermolecular
interactions between the two racemates changing the way they vibrate, stretch,
bend or wag. This has been examined as a way of determining the optical purity
of phenethylamines (CND Analytical, 1994). It, however, was concluded that it
is not a reliable technique.

Figure 4.1 (opposite)

Infrared spectra of LSD-
related diastereomers: 
(a) LSD amorphous; 
(b) iso-LSD amorphous;
(c) sec-LSB amorphous;
(d) iso-sec-LSB amorphous
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A problem with infrared spectroscopy, which appears occasionally in the
identification of hallucinogens, is polymorphism. That is, some analytes in the
solid phase can crystallize in different ways. Since the different crystal forms
will change the intermolecular interactions, there can be significant changes in
the infrared spectrum. It is important to remember that even if an analyte is
polymorphic, as long as the spectrum of the analyte matches the spectrum of
the known compound, its identity is established. If the spectrum does not
match, it does not necessarily rule out that the analyte is, in fact, the known
compound.

A powerful feature of infrared spectroscopy is that it can be used in eluci-
dating the structure of a molecule since functional groups absorb at character-
istic wavelengths. For example, carbonyls (–C�O) exhibit a strong absorption
in the 1780–1630cm-1 region of the infrared spectrum. This feature means that
analytes with the same functional groups will present an absorption at similar
wavelengths. In addition, information about which functional groups are
present or absent can be gained from the infrared spectrum. This is particularly
helpful when dealing with an analyte whose identity is unknown. For a list of
texts which include tables of absorption frequency versus functional group, see
the further reading heading at the end of the IR spectroscopy section.

One general principle that holds true is that solid phase spectra of the same
analyte will have more features than the analyte’s liquid phase spectrum, 
which in turn will have more features than the analyte’s vapor phase spectrum.
Figure 4.2 illustrates the infrared spectrum of 3,4-methylenedioxymetham-
phetamine hydrochloride (MDMA.HCl)–solid phase, MDMA base–liquid
phase, and MDMA vapor phase at 225°C.

4.1 INFRARED SPECTROMETER INSTRUMENTATION

Infrared spectrometers are divided into two groups—dispersive and Fourier
transform instruments. The former scans each wavelength sequentially and
plots the absorption on a chart. The latter obtains an interferogram of all
infrared wavelengths simultaneously and then performs a mathematical func-
tion called a Fourier transform to obtain the plot of absorption versus wave-
length. Performing the Fourier transform requires some computing power
which, nowadays, is easily obtained. Since Fourier transform instruments are
faster and more sensitive, they now dominate the market. Fourier transform
instruments also have the advantage of having only one moving part. The
optical benches of Fourier transform infrared (FTIR) spectrometers usually last
much longer than any controlling computer system.

Dispersive instruments are often double beam, which means that the infrared
spectrum of the analyte is automatically ratioed against a background infrared
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(a)

(b)

(c)

Figure 4.2

IR spectra of MDMA: 
(a) solid—MDMA.HCl;
(b) liquid—MDMA base;
(c) vapor MDMA at
225°C

spectrum. This automatically eliminates the effects of ambient infrared absorb-
ing water vapor and carbon dioxide. Fourier transform instruments, on the
other hand, are single beam instruments which measure the spectrum of the
analyte and the ambient interferences together. To eliminate the water vapor
and carbon dioxide spectrum, a background spectrum is obtained and ratioed
mathematically against the analyte spectrum. A further measure, which can be



taken to reduce this effect, is to purge the spectrometer with dry, carbon
dioxide-free air. This will also lengthen the life of any moisture-sensitive parts
in the infrared spectrometer, namely the beam splitter. In the case of a purged
sample compartment, whenever adding an analyte to the sample compartment,
one must wait for the purge to be re-established. This is usually a matter of a
minute or so.

Infrared spectrometers, dispersive or Fourier transform, measure the analyte
that is placed in the infrared beam. Contaminants in an analyte will affect the
obtained infrared spectrum. The extent of the effect depends on the infrared
spectra of the analyte and the contaminant. In the worst case, where the cont-
aminant has a strong infrared spectrum and the analyte a weak spectrum, a few
percent of the contaminant will badly affect the analyte spectrum. In the best
case, where the reverse is true, seemingly unaffected spectra are observed even
though the analyte might be only 80% pure. An effective way of getting around
this problem is the use of the gas chromatograph/Fourier transform infrared
(GC-FTIR) spectrometer.

The biggest problem with applying infrared spectroscopy to the analysis of
hallucinogens is ensuring that the analyte being placed in the infrared beam is
sufficiently pure that the analyte spectrum is free of interferences from conta-
minants. It is for this reason that the following discussion on the applications
of infrared spectroscopy to the analysis of hallucinogens includes outlines of
extraction procedures to purify samples.

4.1.1 Obtaining Condensed Phase Infrared Spectra
For the purposes of IR spectroscopy, analytes that are solids or liquids are con-
sidered to be in the condensed phase.

The classical spectrum of a solid phase analyte is obtained by making a 
paste of the analyte and a mulling agent and spreading the paste between two
salt (usually NaCl or KBr) plates. The most common mulling agent is nujol
(mineral oil). Alternatively, the analyte is mixed with a salt (usually KBr),
ground and pressed into a pellet which is placed into the infrared beam. Both
techniques have their pros and cons, but for hallucinogen identification, either
will function well. Terry Gough (1991) includes a discussion on the two 
techniques. Other techniques which do not require the dilution of the sample
in a mulling agent include attenuated total reflectance (ATR) and diffuse
reflectance. ATR uses an IR inert crystal whose internal reflectance does not
allow the IR radiation to exit the crystal but rather to bounce within the crystal
and sample the analyte which is in contact with the surface. This technique is
perfectly suited for films, liquids and polymers. It is also used in IR microscopy
and with “diamond” cells which enable crystalline materials or powders to be
sampled under pressure as a film. Diffuse reflectance, on the other hand, can
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be used to collect the spectra of powders directly through the focusing of the
IR radiation using ellipsoid mirrors onto the sample and processing the result-
ing reflected radiation (Griffiths and de Haseth, 1986).

A spectrum of a (non-aqueous) liquid phase analyte can be obtained by
placing the analyte between two salt (usually NaCl or KBr) plates and placing
the analyte in the infrared beam. The two cells can be, but do not necessarily
have to be, separated by a spacer of known width. Specialized cells with a cell
cavity of known volume can also be used. By knowing the width of the spacer
and the volume of the cell, quantitative experiments can be performed. Using
two cells with no spacer that are pressed together is effective for identification
work.

Both solids and liquids can be dissolved in appropriate solvents and the
spectra obtained. The spectrum of the solvent will be superimposed on that of
the analyte but can sometimes be removed using a reference spectrum and
through the data manipulation of a subtraction algorithm. For routine 
hallucinogen identification work, this is normally unnecessary.

4.1.2 Vapor Phase Infrared Spectroscopy
Vapor phase IR spectroscopy can be applied to the identification of analytes
which have a sufficient vapor pressure at room temperature such that the 
headspace of the analyte in a container can be introduced into an eva-
cuated gas cell and a useful spectrum obtained. Almost all solvents can be 
identified by this method without difficulty. This technique can be easily and
successfully applied to those solvents which have a boiling point of less 
than 100°C. With the use of multi-pass gas cells, the technique can be applied
to less volatile analytes. Since solvents are always used in the production of 
hallucinogens, this technique can be useful in clandestine laboratory 
investigations.

Another method of obtaining vapor phase spectra of hallucinogens is 
the use of gas chromatography–Fourier transform infrared (GC-FTIR) 
spectroscopy. (Dispersive IR spectrometers cannot scan quickly enough to 
obtain infrared spectra of peaks eluting from capillary columns.) The 
technique combines the separating power of the gas chromatograph with the
identifying power of the FTIR spectrometer. The analyte along with contami-
nants is injected into a gas chromatograph which separates the components
based upon physical characteristics. As the components elute from the GC, 
they enter a light pipe through which the infrared beam has been focused. 
The light pipe consists of a gold-lined heated tube with IR inert crystals on
either end permitting the IR radiation to traverse through the vaporized
sample. This technique requires the use of a liquid nitrogen cooled mercury-
cadmium-telluride (MCT) detector for the required sensitivity and speed 
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also to obtain the spectra of the fast eluting components from a capillary
column.

Vapor phase FTIR spectra have the characteristics of condensed phase
spectra such as same functional group absorptions, except that they generally
show fewer features.

Subtle differences in vapor phase spectra become very significant when 
comparing homologous series of IR spectra of hallucinogens. Figure 4.3 
illustrates the structures and vapor phase infrared spectra of 3,4-
methylenedioxymethamphetamine (MDMA) versus that of N-methyl-1-(3,4-
methylenedioxyphenyl)-2-butanamine (MBDB).

Minor, but reproducible, differences can be seen in the spectra in the 
2950, 1350, and 1100cm-1 areas of the spectrum. On the other hand, 
structural isomers exhibit remarkably different spectra. Figure 4.4 illustrates 
the vapor phase IR spectra of 2,3-methylenedioxyamphetamine versus 3,4-
methylenedioxyamphetamine (MDA).

Figure 4.5 demonstrates the differences between the homologous series
related to MDA (Figure 4.4):

• 3,4-methylenedioxyphenethylamine;
• 1-(3,4-methylenedioxyphenyl)-2-butanamine; and
• 1-(3,4-methylenedioxyphenyl)-2-pentanamine.

As the homologue side chain grows in length, the differences become more
subtle.

A skilled and knowledgeable forensic chemist can make use of the vapor
phase FTIR spectra to distinguish among isomers and homologous series of 
hallucinogens.

Another problem which arises when using GC-FTIR is the effect that 
temperature can have on vapor phase spectra. Since the differentiation and
identification of vapor phase infrared spectra is often performed on the basis
of subtle differences in the spectra, and since temperature can subtly affect 
the infrared spectrum, the temperature at which the vapor phase spectrum 
is obtained is a crucial parameter when identifying hallucinogens. Figure 4.6
illustrates the spectra of MDMA at 150°C.

The spectrum of MDMA at 225°C is found in Figure 4.3. The key to working
around this problem is to have a spectrum of the standard and the sample
obtained at the same temperature.

The sensitivity of GC-FTIR is typically in the 10ng range dependent on the
instrument’s characteristics and the intensity of the analyte’s IR spectrum. The
gas chromatograph should be equipped with a capillary column. The use of wide
bore (about 0.3mm ID diameter) or mega-bore (about 0.5mm ID diameter)
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Figure 4.3 (p. 159, top)

Vapor phase infrared
spectra of homologues: (a)
MDMA at 225°C; (b)
MBDB at 225°C

Figure 4.4 (p. 159,
bottom)

Vapor phase IR spectra 
of structural isomers: 
(a) 2,3-
methylenedioxyampheta-
mine at 225°C; (b)
3,4-
methylenedioxyampheta-
mine (MDA) at 225°C
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(a)

(b)

(c)

Figure 4.5 (above)

Vapor phase IR spectra of
the homologous series
related to MDA: (a) 3,4-
methylenedioxyphenethyl-
amine at 225°C, 
(b) 1-(3,4-
methylenedioxyphenyl)-2-
butanamine at 225°C;
(c) 1-(3,4-
methylenedioxyphenyl)-2-
pentanamine at 225°C

columns is recommended for GC-FTIR work. The common capillary
dimethylpolysiloxane and (5% phenyl)methylpolysiloxane columns will work
well.

Unlike gas chromatography–mass spectrometry, there is no need to turn off
the FTIR spectrometer at any time during the GC run. This means that low
boiling contaminants and solvent mixtures can be identified in or near the
solvent front. Another characteristic of vapor phase FTIR spectrometry is that
all wavelengths are being measured concurrently. The implication of this is that
as the concentration of the analyte increases as on the up slope of an eluting



chromatographic peak or decreasing as on the down slope of an eluting chro-
matographic peak, the obtained spectrum is unaffected. This is an important
feature which leads to vapor phase IR spectra which are remarkably 
reproducible.

Since the FTIR spectrometer collects the GC-FTIR data as spectra, an 
algorithm called a Gram–Schmidt orthogonalization is used to generate an 
analyzable chromatogram where the peak height and area are representative
of the analyte’s concentration.

Since GC-FTIR spectroscopy is less sensitive than gas chromatography–mass
spectrometry (GC-MS), GC-MS is much more popular. The mass spectra of
structural isomers are often very similar (see section in this chapter on GC-MS).
On the other hand, the mass spectra of a homologous series of compounds are
usually different. The two techniques, GC-FTIR and GC-MS, are therefore 
complimentary.

4.1.3 Spectral Compilations
In order to identify the infrared spectrum of various hallucinogens, the easiest
way is to search a library of infrared spectra. This has led to compilations 
of infrared spectra which are available in electronic or hard copy (book) 
form. Electronic libraries have the advantage that they can be searched by 
FTIR instrument manufacturer’s software. A good match when working 
with condensed phase spectrum is one which has a significantly better match
value than the next. The absolute value of the obtained numbers is not neces-
sarily a good indication of the identity of the unknown. It is always important
to remember that, regardless of how “good” a match is, visual comparison of
the analyte spectrum against that of the appropriate standard is an absolute
requirement.

As discussed earlier, analytes which include the same functional groups will
give similar infrared spectra. Infrared search results will reflect this similarity.
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Figure 4.6

Vapor phase IR spectrum
of MDMA at 150°C



This means that, if the analyte’s spectrum is not in the IR spectral library, the
best search results will be of compounds containing similar functional groups.

4.2 INFRARED SPECTROSCOPY OF LYSERGIC ACID DIETHYLAMIDE (LSD)

Lysergic acid diethylamine (LSD) is well known as a powerful hallucinogen. The
dose of LSD necessary to have a hallucinogenic effect is about 100mg. Tablets and
pieces of blotter will normally contain between 20 and 100mg of LSD tartrate. The
common sample preparation techniques for condensed phase infrared spec-
troscopy, that is pellet formation and mulling, normally require a few milligrams.
This means that extraordinary means are needed to obtain usable infrared
spectra of LSD. Techniques such as preparing a micropellet—1 to 3mm in 
diameter—for insertion into a beam condenser are often needed. The placing
of a small spot of LSD amorphous solid on a small silver chloride disk and insert-
ing it into the focus of a beam condenser also works well. With these techniques
quantities as low as a single dose of LSD should be identifiable.

In addition, LSD when isolated as the base, does not crystallize well. It forms
what it is termed an amorphous solid. The one saving grace of this formation
is that the spectrum amorphous solid is reproducible. Mesley and Evans (1969)
characterized the infrared spectrum of the amorphous solid LSD.

The isomers of LSD are all quite distinguishable by infrared spectroscopy.
Iso-LSD as well as lysergic acid methyl propyl amide (LAMPA) are all readily
distinguishable by the infrared spectra of their amorphous solids. Figure 4.1
illustrates the differences between LSD and iso-LSD. Bailey et al. (1973) 
published the infrared spectra of iso-LSD and LAMPA. Neville et al. (1992)
included the infrared spectra of LSD and LAMPA.

Infrared spectroscopy is an excellent method for the identification of LSD.
The problem to be overcome is isolating the LSD in a sufficiently pure form
that a suitable infrared spectrum is obtained. LSD acts as a base and is extracted
from aqueous basic solutions by organic solvents. The use of very strong bases
such as sodium or potassium hydroxide is not, however, recommended as LSD
will decompose in their presence. For LSD soaked or spotted onto papers the
following method will often work to isolate the LSD:

• cut the paper up into small pieces;
• soak the paper in dilute sulfuric acid solution;
• extract the sulfuric acid solution with an organic solvent such as chloroform

to remove any acidic or neutral dyes;
• make the aqueous solution basic with ammonia;
• extract with chloroform;
• evaporate the solvent.

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S164



For LSD in tablets, crushing the tablet and following the same procedure will
often work. In some cases, however, an emulsion will result. The alternative is
a basic celite column which is described as follows:

• crush tablets and triturate with dilute sulfuric acid;
• add sodium bicarbonate and mix;
• add acid washed celite and mix;
• pack dry mixture is packed in column stoppered with chloroform washed

cotton or glass wool;
• elute column with water washed chloroform;
• extract chloroform twice with dilute sulfuric acid (chloroform is discarded);
• make dilute sulfuric basic with ammonia;
• extract basic solution twice with chloroform;
• evaporate chloroform to yield LSD.

Because LSD is present in such small doses, either technique is very sensitive
to sources of contamination. All glassware should be carefully inspected and
rinsed and care used in handling solvents in that a small contamination of plas-
ticizer or grease will mask the LSD spectrum.

If the above technique does not yield LSD of sufficient purity that the spec-
trum is contaminated, preparatory thin layer chromatography using a silica gel
plate in a solvent system of chloroform:methanol 90 :10 will often work.

There are other approaches on the use of infrared spectroscopy to identify
LSD. Harris and Kane (1991) outlined the use of a microscope sampling device
attached to an FTIR instrument in conjunction with thin layer chromatography
to distinguish among LSD, iso-LSD and LAMPA. Kovar et al. (1995) and Pfiefer
and Kovar (1995) discussed the application of high performance thin layer
chromatography-ultraviolet (HPTLC-UV)/ FTIR on line coupling to LSD iden-
tification. Kempfert (1988) included the identification of LSD and its isomers
in his discussion of the applications of GC-FTIR.

4.3 INFRARED SPECTROSCOPY OF PHENYLALKYLAMINES

The phenylalkylamines are good examples of several of the general principles
discussed earlier in the chapter. For instance, the rule that the number of 
spectral features decreases from the condensed phase to the vapor phase 
is demonstrated in Figure 4.2 on the phenylalkylamine 3,4-methylene-
dioxymethamphetamine (MDMA). The power of FTIR spectroscopy to distin-
guish among structural isomers is illustrated in Figure 4.4 using the example
of 2,3-methylenedioxyamphetamine versus 3,4-methylenedioxyamphetamine
(MDA). Distinguishing among homologues is demonstrated with the example
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of the vapor phase spectra of MDMA versus N-methyl-1-(3,4-methylene-
dioxyphenyl)-2-butanamine (MBDB) in Figure 4.3 and MDA and its homo-
logues in Figure 4.5. It is important to note that while the vapor phase spectra
of MDMA and MBDB show few differences, the liquid phase spectra, also
termed a film of the base extract, of MDMA and MBDB show more (Figure
4.7).

The hydrochloride spectra of the two isomers are even more distinctly 
different, as Figure 4.8 illustrates.

It follows from the previous discussion that the easiest way of identifying
phenylalkylamines is to obtain an uncontaminated spectrum of their hydrochlo-
ride salts. Liquid and vapor phase spectra can be used quite effectively in iden-
tifying phenylalkylamines as long as the techniques are applied with care and
knowledge. The problem then becomes how to isolate the phenylalkylamine
from the sample matrix. One of the best ways is by extraction.

A dry extraction technique which will isolate the salt of the phenylalkylamine
directly is as follows:

• grind the tablet or other matrix into a fine powder;
• extract the dry powder with diethyl ether to extract any tablet lubricant such

as methyl stearate. The ether can usually be discarded;
• extract the powder with chloroform and filter the chloroform;
• evaporate the chloroform;
• in some cases, methanol is a better choice than chloroform.

The above technique will work using chloroform with most phenylalkylamines
including MDA.HCl and MDMA.HCl. Methanol can be used in place of chlo-
roform, but some of the tablet excipients may contaminate the spectrum.

A second extraction technique which is a liquid–liquid extraction is as follows:

• grind the tablet or other matrix into a fine powder;
• add the powder to a separatory funnel;
• add dilute sulfuric acid;
• extract at least twice with an organic solvent (chloroform works well);
• render solution basic with sodium hydroxide solution or ammonia;
• extract twice with an organic solvent;
• evaporate the solvent;
• add a few drops of concentrated hydrochloric acid before all the solvent has

evaporated.

The second technique can be used to obtain the base in the liquid phase by
not adding hydrochloric acid. The base can also be diluted with an organic
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Figure 4.7 (opposite, top)

Liquid phase infrared
spectra of: (a) MDMA
base; (b) MBDB base

Figure 4.8 (opposite,
bottom)

Solid phase IR spectra of:
(a) MDMA.HCl; (b)
MBDB.HCl
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solvent and injected into a GC-FTIR spectrometer. It is important to evaporate
the solvent carefully; some of the phenylalkylamines are sufficiently volatile that
they can be lost if heated unduly after all solvent has been evaporated.

It is also important to not use methanol or ethanol as the solvent when inject-
ing onto a gas chromatograph. Clark et al. (1992) detailed the formation of
condensation products of phenylalkylamines with methanol or ethanol.

There are several articles on the infrared spectra of the base and hydro-
chloride forms of the phenylalkylamines. Dal Cason (1989) published several
spectra of MDA and MDMA and their analogues. Bailey et al. (1975) published
the spectra of the N-methylated analogues of the methoxyamphetamines and
MDA. Noggle et al. (1986) published the spectra of MDA, MDMA, and 3,4-
methylenedioxy-N-ethylamphetamine (MDEA) and their hydrochloride salts.
Hugel and Weaver (1988) published the infrared spectra of 2-methoxy-3,4-
methylenedioxyamphetamine, N,N-dimethyl-MDA and MDEA. Veress et al.
(1994) published the solid phase and vapor phase spectra of MDEA. CND 
Analytical (1988, 1991) published many of the infrared spectra of the pheny-
lalkylamines related to MDA.

4.4 INFRARED SPECTROSCOPY OF PHENCYCLIDINE AND ANALOGS

The approach and comments outlined in the phenylalkylamines hold true for
phencyclidine and its analogues with a few notable differences. The general-
ization that the number of spectral features decreases from the condensed
phase to the vapor phase is demonstrated by Figure 4.9 where the spectra of
phencyclidine HCl—solid phase, phencyclidine base—liquid phase, and phen-
cyclidine base at 225°C vapor phase are presented.

Some methods for the synthesis of phencyclidine involve the use of 
hydrobromic acid near the end of the reaction. This will sometimes result in
the occurrence of phencyclidine hydrobromide (PCP.HBr) in street samples in
place of the more common phencyclidine hydrochloride (PCP.HCl). Figure
4.10 illustrates the spectra of PCP.HBr in comparison to the spectrum of
PCP.HCl in Figure 4.9.

Note the differences in the spectra in the 2600 to 2900cm-1 region of the
spectrum.

The spectra of the base films of the following homologous series are 
presented in Figure 4.11:

• N-(1-phenylcyclohexyl)methylamine;
• N-(1-phenylcyclohexyl)ethylamine;
• N-(1-phenylcyclohexyl)propylamine;
• N-(1-phenylcyclohexyl)isopropylamine.
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(a)

(b)

(c)

Figure 4.9

Infrared spectra of
phencyclidine (PCP): (a)
solid—phencyclidine HCl;
(b) liquid—phencyclidine
base; (c) vapor—
phencyclidine at 225°C

The series of spectra demonstrate why IR spectroscopy is an excellent technique
in distinguishing phencyclidine and its analogues.

Phencyclidine and analogues can be extracted as outlined in the 
phenylalkylamines section with a few exceptions. Phencyclidine HCl is so
soluble in chloroform that it will extract from the aqueous acid solution in 
the liquid–liquid extraction method. 1-Phenylcyclohexene is a common 
gas chromatographic artifact when phencyclidine is injected into the gas 
chromatograph.



There are several articles on the identification of phencyclidine and its ana-
logues by infrared spectroscopy. Bailey et al. (1976) published the base and base
hydrochloride spectra of six phencyclidine analogues observing that the base
or hydrochloride spectra were all distinguishable. Bailey et al. (1979) argued
that while the base spectra of some of the analogues of N-(1-phenylcyclo-
hexyl)ethylamine (cyclohexylamine) were similar they could be distinguished.
Allen et al. (1980) presented infrared spectra of 1-(1-phenylcyclohexyl)-4-
methylpiperidine. Lodge et al. (1992) presented the hydrochloride spectra of
analogues of phencyclidine where the phenyl group had been replaced by a
benzyl, 2-methylphenyl, 3-methylphenyl, and 4-methylphenyl. The spectra were
readily distinguishable.

4.5 INFRARED SPECTROSCOPY OF TRYPTAMINES

The techniques outlined in the phenylalkylamine section also hold for the 
identification of the tryptamines. Spectra of N,N-dimethyltryptamine, N,N-
diethyltryptamine and N,N-dipropyltryptamine are illustrated in Figure 4.12
and are easily distinguishable.

The newest member of the tryptamine family, 5-methoxy-N,N-
diisopropyltryptamine, is easily identified using the infrared spectrometer
(Figure 4.13).

Most tryptamines will extract as described in the phenylalkylamine section.
A notable exception is psilocybin which has a labile phosphate group. The 
phosphate group is easily removed from the psilocybin molecule to make
psilocin. The phosphate group will hydrolyze under acidic, basic, and high 
temperature treatment. Psilocybin is isolated from its matrix (usually mush-
rooms or mycelia) by preparatory HPLC (Hugel, 1984). The spectrum of the
purified analyte can be obtained as an amorphous solid on a silver chloride disk
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Figure 4.10

IR spectra of
phencyclidine HBr

Figure 4.11 (opposite)

IR spectra of
phencyclidine homologues
in liquid form are: 
(a) N-(1-phenylcyclohexyl)
methylamine; (b) N-(1-
phenylcyclohexyl)
ethylamine; (c) N-(1-
phenylcyclohexyl)
propylamine; (d) N-(1-
phenylcyclohexyl)
isopropylamine
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or as a KBr micropellet. Spectra of psilocin, psilocybin standards as KBr pellets
as well as a spectrum of psilocybin as an amorphous solid are presented in
Figure 4.14.

4.6 FURTHER READING

Detailed discussions on the theoretical basis of infrared spectroscopy can be
found in many university level textbooks. In particular, Fifield and Kealey
(1995) and Ege (1999) discussed the theoretical basis of infrared spectroscopy
and its application to the identification of organic molecules. The assignment
of absorption frequencies to particular functional groups was also outlined. The
text edited by Gough (1991) similarly contained a chapter which includes the
theoretical basis of infrared spectroscopy in the context of illicit drug analysis.
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Figure 4.12

IR spectra of tryptamine
homologues: (a) solid—
N,N-dimethyltryptamine;
(b) solid—N,N-
diethyltryptamine; 
(c) liquid—N,N-
dipropyltryptamine



CND Analytical (1994) provided a similar discussion in the context of the 
analysis of phenylalkylamines.

Texts which outline the absorption frequencies of functional groups 
include:

• The Analysis of Drugs of Abuse (1991) by T. Gough (editor).
• Handbook of Spectrophotometric Analysis of Drugs (1981b) by I. Sunshine (editor).
• Spectroscopic Methods in Organic Chemistry (1966) by D.H. Williams and 

I. Fleming.
• Applications of the Absorption Spectroscopy of Organic Compounds (1965) by 

J.R. Dyer.
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(b)

Figure 4.13

IR spectra of 5-methoxy-
N,N-diisopropyl
tryptamine: (a) solid—as
HCl salt; (b) liquid—
freebase



Less common ways of obtaining condensed phase spectra are specular
reflectance and photoacoustic spectroscopy. All are discussed in the text by
Gough (1991). These techniques can be effective for the analysis of unusual
analytes but are not in general use for hallucinogen analysis.

Electronic compilations of condensed phase infrared spectra which include
hallucinogens and/or their precursors include:
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Figure 4.14

Infrared spectra of
psilocin and psilocybin:
(a) solid—psilocin; (b)
solid—psilocybin; (c)
solid—amorphous
psilocybin



• Georgia State Crime Laboratory Drug Library containing 1900 spectra which
includes abused drugs, isomers, and precursors;

• Toronto Forensic FTIR Library containing 3400 spectra which focuses on
abused drugs, pharmaceuticals, precursors, and reagents;

• Nicolet/Aldrich Spectral Library containing 18,500 spectra which includes
precursors, essential chemicals, and solvents used in the clandestine pro-
duction of hallucinogens;

• Nicolet/Sigma Library containing 10,400 spectra which includes many 
biochemicals as well as spectra of many abused drugs;

• Sadtler/Bio-Rad Condensed Phase IR Standards containing 75,500 spectra
which includes precursors, essential chemicals, and solvents used in the 
clandestine production of hallucinogens.

Electronic compilations of vapor phase infrared spectra which include 
hallucinogens and/or their precursors include:

• Sadtler/Bio-Rad Vapor Phase IR Standards containing 9100 spectra which
includes precursors, essential chemicals, and solvents used in the clandestine
production of hallucinogens;

• Nicolet Vapor Phase Library containing 8600 spectra which includes precur-
sors, essential chemicals, and solvents used in the clandestine production of
hallucinogens;

• Aldrich FTIR Vapor Phase Library containing 5000 spectra which includes
precursors, essential chemicals, and solvents used in the clandestine pro-
duction of hallucinogens;

• EPA Vapor Phase Library containing 3300 spectra which includes 
essential chemicals and solvents used in the clandestine production of 
hallucinogens.

Hard copy (text form) compilations of condensed phase infrared spectra which
include hallucinogens and their precursors include:

• Instrumental Data for Drug Analysis Volumes 1 to 4 (1987) by Mills and 
Roberson;

• Instrumental Data for Drug Analysis Volume 5 (1992) by Mills et al.;
• Instrumental Data for Drug Analysis Volumes 6 and 7 (1996) by Mills et al.;
• Clarke’s Isolation and Identification of Drugs (1986) by Moffat et al. (editors);
• Sigma Library of FT-IR Spectra (1987) by Keller;
• The Aldrich Library of FT-IR Spectra (1985) by Pouchert;
• Analytical Profiles of Amphetamines and Related Phenethylamines (1989) by CND

Analytical;
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• Analytical Profiles of Designer Drugs Related to the 3,4-Methylenedioxyamphetamines
(MDA’s) (1991) by CND Analytical;

• Analytical Profiles of Substituted 3,4-Methylenedioxyamphetamines: Designer Drugs
Related to MDA (1988) by CND Analytical;

• Analytical Profiles of Precursors and Essential Chemicals (1990) by CND Analytical;
• Analytical Profiles of the Hallucinogens (1991) by CND Analytical;
• Forensic and Analytical Chemistry of Clandestine Phenethylamines (1994) by CND

Analytical.

Hard copy (text form) compilations of vapor phase infrared spectra which
include hallucinogens and their precursors include:

• The Aldrich Library of FT-IR Spectra Volume 3 (1989) by Pouchert;
• Instrumental Data for Drug Analysis Volumes 6 and 7 (1996) by Mills et al.

PART I I : MASS SPECTROMETRY

The application of gas chromatography–mass spectrometry (GC-MS) has
become a common tool in most forensic labs charged with the identification
of illicit drugs seized by law enforcement agencies. Being a sensitive technique,
only small quantities of analyte are required in order to obtain a usable spec-
trum. It is also a quick technique and, with advances in computer technology,
easy to operate. As with the application of any technique in illicit drug 
analysis, the forensic chemist must understand how GC-MS works, how it 
can be applied, and the strengths and weaknesses of the technique.

4.7 THEORETICAL BASIS

Classical electron impact mass spectroscopy works by introducing the analyte
to the mass spectrometer at a very low pressure. At this low pressure, inside the
mass spectrometer’s source, the analyte is bombarded by an electron beam. The
high energy electrons when passing in close proximity to the molecule can
cause it to lose an electron. The molecule, carrying a positive charge, then
becomes unstable (termed metastable) and fragments. The positively charged
fragments are repelled from the source into the mass analyzer. The mass ana-
lyzer, based upon the generation of electromagnetic or similar fields, allows
only one fragment at a time to enter the detector, an electron multiplier. The
mass analyzer rapidly scans through the atomic mass range of interest. In this
process, the ions that are being selected reach the electron multiplier and their
mass to charge ratio can be calculated by knowing what electromagnetic field
strength allowed them to reach the detector. The resulting data is plotted as

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S176



ion intensity, or abundance, versus the mass to charge ratio of the fragment.
For simple organic molecules normally only one positive charge can be accom-
modated and therefore the mass to charge ratio can be referenced as mass only.

The formation of fragment ions is dependent upon several factors including
the stability and amount of energy imparted upon the molecular ion (M+). The
molecular ion degrades through various pathways dependent upon the forma-
tion of energetically favored intermediates. Structural differences from one
analyte to another mean that different pathways and fragment ions form. This
in turn means that the mass spectrum will be different. In the application of
GC-MS to hallucinogen analysis, this description holds true for most but 
not all applications. In particular, distinguishing isomers by mass spectra is 
often problematic. Optical isomers are not distinguishable. Diastereomers are
sometimes distinguished by their mass spectra. In some cases, structural isomers
are not distinguished. For instance, the mass spectra of lysergic acid diethy-
lamine (LSD) and iso-LSD, lysergic acid methyl-propylamide (LAMPA), 
and lysergic acid sec-butylamide (LSB) are virtually identical as illustrated in
Figure 4.15.

On the other hand, the addition of a methylene group to an analyte will
invariably change its mass spectrum relative to its nonmethylated homologue.
For example, as shown in Figure 4.16 the easily distinguished mass spectra of
the following homologous series is presented:

• 3,4-methylenedioxyphenethylamine;
• 3,4-methylenedioxyamphetamine (MDA);
• 1-(3,4-methylenedioxyphenyl)-2-butanamine;
• 1-(3,4-methylenedioxyphenyl)-2-pentanamine.

One common way of dealing with the problems of isomers having the same
mass spectra is the use of GC retention times. Examples abound where the mass
spectra are identical, but the GC retention time is different enough that the
two isomers can be distinguished. For example, the mass spectra of LSD, 
iso-LSD and lysergic acid methyl propyl amide (LAMPA) are all identical. 
It is, however, a relatively simple matter to develop a method using either a
dimethylpolysiloxane or (5% phenyl)methylpolysiloxane capillary column to
separate the three isomers.

The sensitivity of mass spectrometers is nothing short of remarkable. Some
instruments are more sensitive than others and some analytes intrinsically
provide more intense and more featured mass spectra than others. To obtain
full scans of hallucinogens where the features of the mass spectrum are clear
enough to allow conclusive identification generally requires sensitivity in the
nanogram range. The downside to this sensitivity is that the analyst must be
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(a)

(b)

Figure 4.15

Mass spectra of LSD-
related compounds: (a)
LSD; (b) iso-LSD; (c)
Lysergic acid N,N-methyl
propylamide (LAMPA);
(d) Lysergic acid sec-
butylamide (sec-LSB)

sure that the small amount of drug that is being detected was not caused by
inadvertent contamination.

The resolution of a mass spectrometer is a measure of the accuracy of the
mass that is measured by the mass analyzer. Unit resolution means that the mass
analyzer can distinguish between a mass of 323 and 322 or 324. It cannot dis-
tinguish between a mass of 323.2 and 323.5. If the mass of a peak is 43.0184
daltons, then the peak is that of C2H3O+ and not C3H7

+ (43.0547 daltons) or
C2H5N+ (43.0421 daltons) (McLafferty, 1980). A unit resolution mass spec-
trometer cannot make this distinction. However, this differentiation is beyond



the capabilities of many common GC-MS instruments. There are mass analyz-
ers which can obtain resolution in the tens of thousands range. Popular mass
analyzers that are used in forensic laboratories are normally unit resolution.

4.7.1 Mass Analyzers
A magnetic sector instrument deflects the ion fragments based on their mass
to charge (m/z) ratio by means of a magnetic field. By varying the magnetic
field, only one m/z will reach the detector at a time. Magnetic field instruments
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when coupled with an electrostatic field analyzer are capable of much better
than unit resolution. These double focusing instruments are not typically used
in the identification of routine drug exhibits.

The mass analyzer in quadrupole instruments consist of four precisely
aligned parallel rods to which radio frequency and direct current voltages 
are applied. By varying the frequency and voltage only one mass unit can 
travel among the quadrupoles and hit the electron multiplier detector. 
These instruments have enjoyed increasing popularity over the past few 
years.
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(a)

(b)

Figure 4.16

Mass spectra of the
homologous series based
on MDA: (a) 3,4-
methylenedioxyphenethyl-
amine; (b) MDA; 
(c) 1-(3,4-
methylenedioxyphenyl)-2-
butanamine; 
(d) 1-(3,4-
methylenedioxyphenyl)-2-
pentanamine



Ion trap mass analyzers have the sample ionization and mass analysis occur
in the same region. A radio frequency is applied to a ring electrode which traps
the ions. The ions are selectively expelled by varying the radio frequency. This,
as with the quadrupole, is a unit resolution instrument and is commonly used
for drug analysis.

In time of flight mass analyzers ion fragments are accelerated into the mass
analyzer. The ions drift through a field free region and arrive at the detector
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at different times based on their velocity and hence their mass can be calcu-
lated. These types of instruments are typically of low resolution and, to date
have not been popular.

4.7.2 Ionization Techniques
In electron impact (EI) ionization, electrons are accelerated to 70eV and
focused on the analyte in the vapor phase in the mass spectrometer’s source.
The electrons hit the analyte and remove an electron from the analyte causing
fragmentation. Most of the published work to date on the mass spectra of illicit
drugs, including hallucinogens, has been electron impact data with ionization
energy of 70eV. Libraries of mass spectra consisting of several hundred thou-
sand spectra have been accumulated from such data. This continues to be the
ionization method of choice for most hallucinogen analyses. In some cases, the
positively charged molecular ion fragments so readily that molecular ions are
not seen. This can be a problem when attempting to identify an unknown com-
pound using its mass spectrum.

In chemical ionization (CI), a positively charged reagent gas such as
methane, isobutane, or ammonia collides with the analyte transferring a proton
(H+) from the reagent gas to the analyte (A). The (A+H)+ ion is quite stable
and is often the base peak in the CI spectrum. This can be an important char-
acteristic for determining the molecular ion for those hallucinogens, such as
the phenethylamines, which do not have strong molecular ions in their EI
spectra.

4.7.3 Analyte Introduction
There are several techniques for introducing the analyte to the mass 
spectrometer.

4.7.3.1 Direct Insertion Probe
The analyte is coated onto a glass holder which is introduced directly into the
mass spectrometer source through a vacuum lock. The end of the probe can
be temperature programmed to selectively desorb any components that have
been deposited on the glass holder. Most often, however, the technique is used
with pure analytes. This technique is quite often employed when the analyte is
not chromatographable and as such will decompose in the GC inlet. It does not
lend itself to routine analysis or automation.

4.7.3.2 Gas Chromatography (GC)
The components, including the analyte of interest, are injected onto a 
capillary column gas chromatograph. The gas chromatograph separates the
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components which are sequentially introduced to the mass spectrometer.
Before the commercial availability of capillary GC columns there was a need
for separators to eliminate the carrier gas before the components reached the
mass analyzer (Gough, 1991). In almost all cases now, the end of the GC cap-
illary column is inserted directly into the mass spectrometer source with the
pumping system able to handle the carrier gas flow rates. Helium or hydrogen
are typical GC carrier gases providing the best chromatographic separation
characteristics.

The technique of gas chromatography–mass spectrometry (GC-MS) is the
most common mass spectral technique used in the identification of hal-
lucinogens. The most common columns are dimethylpolysiloxane and
(5%phenyl)methylpolysiloxane. With few exceptions, either of these columns
will separate the mixtures of hallucinogens and contaminants such that the
analyte of interest can be identified. One consideration in determining 
the internal diameter of the gas chromatograph capillary column to be used 
is the ability of the mass spectrometer vacuum pumps to remove the carrier 
gas from the source. Generally, for an instrument that is capable of handling 
a few mL/min carrier gas and can obtain a full scan in less than a second, 
the internal diameter of the capillary columns should be in the 0.15- to 
0.25-mm range. The length of the column should be determined by the resolv-
ing power required to separate analytes of similar composition. Columns 
of length between 10 and 30m are quite satisfactory for normal hallucinogen
identification.

The problems associated with GC-MS are that the analyte must be gas chro-
matographicable. Compounds which are not volatile and which are thermally
labile fall into the category of analytes which are not suitable for GC-MS.

4.7.3.3 Liquid Chromatography (LC)
The use of liquid chromatography permits the analysis of thermally labile and
involatile analytes.

The major difficulty with LC-MS has been sample introduction where the
liquid mobile phase cannot be directly introduced into the mass spectrometer.
One of the first techniques for LC-MS was the moving belt system. The eluant
from the LC is sprayed onto a moving belt which is heated to remove the mobile
phase and which then passes through a vacuum lock to the mass analyzer
source. This technique suffered from low sensitivity and the possibility of con-
tamination of the belt.

Another early direct liquid introduction technique involved forcing the LC
column elute through a diaphragm orifice which then enters a chamber where
most of the liquid is turned into vapor. The solvent vapor acts as the CI gas and
ionization takes place.
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A technique that has had commercial success is the thermospray technique.
The eluate is introduced into the mass spectrometer through a heated 
capillary tube. The aqueous mobile phase contains electrolytes which are
charged and in turn cause ionization of the sample molecules. This is a mild
form of ionization which means that there is little fragmentation. In addition,
however, if the molecule is thermally labile it could decompose in the heated
inlet.

Another recent technique which does not require heating the sample is
atmospheric pressure ionization (API). The sample and the mobile phase are
vaporized through a nebulizer which then passes through a veil of nitrogen gas
before entering the source where the bulk of the solvent is removed and soft
ionization of the analyte takes place.

A more recent sample introduction technique involves the use of a particle
beam interface. From a conventional reverse phase LC, the low volatility analyte
is enriched in concentration as it passes through the interface. Classical EI
spectra can then be obtained as the analyte is introduced into the mass ana-
lyzer. The advantage of this technique is that the obtained EI spectra can be
compared with the vast amount of published EI spectra.

4.7.4 Tandem Mass Spectrometry
Tandem mass spectrometers involve the use of two mass spectrometers in series.
The first mass spectrometer purifies the introduced mixture by focusing only
the molecular ion of the analyte of interest. That molecular ion then collides
with neutral gas molecules which cause fragmentation of the molecular ion,
which fragments and is measured by the second mass spectrometer. The advan-
tage of this technique is that there is no need to have a chromatograph at the
front end of the mass analyzer. Mixtures can be introduced directly to the first
mass analyzer. Tandem mass spectrometers are perfectly suited for studying the
origin of an ion and their fragmentation pathways through MS-MS or “linked-
scan” studies.

4.7.5 Data Acquisition and Manipulation
In order to obtain usable information from the mass spectrometer, the 
data must be in an easy-to-use format. With the advances in computer 
technology within the last few years, this has been effectively obtained. One of 
the techniques that is important to working with GC-MS or LC-MS data 
is obtaining a chromatogram from the data. The ions that are obtained by 
the mass spectrometer are summed by the computer, referred to as the 
total ion current (TIC), to derive an analyzable chromatogram which is 
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analogous to a gas chromatographic (or liquid chromatographic) run. For 
low level analyses where interferences from numerous extraneous sources 
are possible the mass spectrometer can be programmed to analyze for a small set
of ions characteristic to the analyte(s) in question (selected ion monitoring:
SIM).

In most cases, however, for the identification of hallucinogens, it is best to
obtain full scan spectra. This is accomplished by most modern systems at a rate
of about one complete scan a second. This speed is quite satisfactory to iden-
tify the peaks eluting from a capillary column. Even if only a few scans are
obtained per peak, there is no difficulty in obtaining good spectra providing
there is enough sample.

One of the implications of the use of a capillary column gas chromatograph
as a separation tool for the mass spectrometer is that the concentration of the
analyte as it elutes from a column is constantly changing. As the analyte begins
to appear at the mass spectrometer, its concentration is increasing. After reach-
ing the peak maximum the concentration of the analyte begins to decrease.
Since the mass spectrometer is measuring individual masses sequentially and
those masses are changing with time, it follows that the mass spectrum can be
skewed depending on the changing analyte concentration. For example, on the
upside of a peak when the mass spectrometer scans from high to low masses,
the lower masses will be stronger in relative intensity. Conversely, on the down-
side of the peak, the higher masses will be weaker in relative intensity. The
problem is exacerbated by the narrow peak shapes that are characteristic of
modern capillary columns. The problem of skewed spectra can be overcome
by averaging scans on the upside, at the apex of the peak, and on the down-
side of the peak. Modern software will accomplish this with minimal effort on
the user’s part and can be automated.

4.7.6 Spectral Compilations
In order to identify the mass spectra of the hallucinogens, the easiest way is to
search a library of mass spectra. This has led to compilations of 70eV electron
impact mass spectra which are available in electronic or hard copy (book) form.
Electronic libraries have the advantage that they can be searched by instrument
manufacturer’s software. A good match is one which has a significantly better
hit value than the next. As with the case of the IR library searches, proper care
must be taken to interpret the search results. It is always important to visually
compare the sample spectrum with the appropriate standard spectrum to iden-
tify an analyte. The heading on further reading details electronic and hard copy
compilations of mass spectra.
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4.8 MASS SPECTROSCOPY OF LYSERGIC ACID DIETHYLAMIDE (LSD)

As noted earlier in the chapter in the section on infrared spectroscopy, lyser-
gic acid diethylamine (LSD) dosage units are typically in the 30 to 100mg range.
An alternative to obtaining a condensed phase infrared spectrum is to obtain
a mass spectrum using a GC-MS. In order to properly interpret the obtained
mass spectrum, there are pitfalls to avoid.

LSD is particularly sensitive to contamination in the injection port. If the
injection port is dirty, the mass spectrum of LSD will not be obtained. Chang-
ing the injection port insert is an excellent idea before attempting to obtain a
mass spectrum of LSD using a GC-MS.

Isomers of LSD can be problematic when obtaining mass spectra. In partic-
ular, iso-LSD, lysergic acid methyl propyl amide (LAMPA), and lysergic acid sec-
butylamide (sec-LSB) give essentially identical spectra. See Figure 4.15 at the
beginning of the GC-MS section. The way to conclusively identify which isomer
is present is to determine the retention times of the standards. As long as the
isomers are well separated, the retention time and the mass spectrum form a
conclusive identification. It is also important to either run a standard LSD in
the same sequence as the sample or run the sample with an internal standard
to ensure that the analyte retention time does indeed match that of LSD. As
far as which columns are the best to use, the standard dimethylpolysiloxane and
(5% phenyl)methylpolysiloxane columns both work.

The similarity of the spectra of LSD and its isomers has been discussed in
several articles. Bailey et al. (1973) observed that the distinction between LSD,
iso-LSD, and the methyl propyl amides of lysergic acid by mass spectrum alone
is not satisfactory. Ardrey and Moffat (1979) published spectra of several ergot
alkaloids as well as iso-LSD and LSD. Nichols et al. (1983) noted that while the
mass spectra of LSD and LAMPA are similar, they could be separated by capil-
lary column gas chromatography. Japp et al. (1987), Kessler (1988), and
Boshears (1990) made similar observations. Clark (1989) published many mass
spectra related to LSD and outlined reproducible minor differences in the 
iso-LSD and LAMPA mass spectra but went on to recommend the use of other
techniques in addition to MS for positive identification. Neville et al. (1992)
published the spectra of LSD and LAMPA. Blackwell (1998) demonstrated the
retention time difference between LSD and LAMPA.

Since LSD is present in such small quantities in dosage units, it follows that
the amount of LSD to be detected in biological samples is likewise very small.
This has led to the application of several innovative approaches to LSD analy-
sis. Francom et al. (1988) discussed the derivatization of LSD and then the
application of GC-MS to identify LSD in urine. Paul (1990) discussed a similar
procedure for the quantitation of LSD in urine. Sun (1989) and Bukowski and
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Eaton (1993) outlined a procedure for the quantitation of LSD using
trimethylsilyl derivatives. Papac and Foltz (1990) described a method for 
the measurement of LSD in plasma using capillary column negative ion mass
spectrometry. Nelson and Foltz (1992) discussed the use of gas chromatogra-
phy/tandem mass spectrometry (MS/MS) for the identification of LSD, iso-
LSD and N-demethyl-LSD. Several ionization techniques are discussed along
with various derivatization techniques. Ohno and Kawabata (1988) outlined the
use of direct inlet chemical ionization mass spectrometry for LSD analysis.
Duffin et al. (1992) discussed several applications of liquid chromatogra-
phy/mass spectrometry including to the identification of LSD. Rule and
Henion (1992) and Cai and Henion (1996) use an immunoaffinity chromato-
graph before the LC/MS in their approach. Hopfgartner et al. (1993) used a
high flow ion spray LC/MS to identify LSD. Pseudo-chemical ionization mass
spectra were obtained using this method. Bogusz et al. (1998) discussed the LC-
MS of LSD in biological samples using atmospheric pressure chemical ioniza-
tion mass spectrometry.

4.9 MASS SPECTROSCOPY OF PHENYLALKYLAMINES

The spectrum of phenylalkylamines is dominated by the amine-containing frag-
ment formed by cleavage of the bond beta to the amine group. Figure 4.17
shows this a-cleavage for a number of the phenylalkylamines.

In Figure 4.17 the R substitution can be any functional group on the phenyl
ring. One of the problems that is immediately evident from Figure 4.17 is that
some of the structural isomers can generate the same base peak. This problem is
further exacerbated by the possibility that other amines which are attached to the
carbon alpha to the phenyl group give base peaks in an analogous manner. Figure
4.18 illustrates three other amines that would give base peaks at 58 daltons.

Another characteristic of the mass spectra of phenylalkylamines is that the
molecular ion is weak but usually present. Figure 4.19 illustrates the spectra of
3,4-methylenedioxyamphetamine (MDA), 3,4-methylenedioxymethampheta-
mine (MDMA), and 3,4-methylenedioxy-N-ethylamphetamine (MDEA).

The forensic drug chemist must determine the identification of the analyte
among the possible structural isomers. In some cases, scale expansion of the
mass spectrum will assist. (This would be done by making the base peak well
off scale.) This is demonstrated in Figure 4.19 by comparing the spectra with
the scale expanded spectra of the same three analytes in Figure 4.20.

Using this technique along with a comparison of the spectra of the possible
structural isomers can sometimes be sufficient to obtain a positive identification.
Literature spectra can be used with this technique, but spectra in libraries are
often obtained using several different instruments, including different mass 
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analyzers. It is best, but often impractical, to obtain or synthesize possible
isomers and obtain their spectra on the forensic laboratory’s instruments.

Another technique to differentiate among the mass spectra of structural
isomers is to obtain the gas chromatograph retention time of the analyte and
of the suspected hallucinogen. With modern capillary column gas chromatog-
raphy, the separation among even closely related structural isomers is usually
significant. Again the use of standards run at one time to establish the separa-
tion among isomers is necessary. As well, the retention time of the standard
must be established in the current sequence either by obtaining its retention
time by its injection or by establishing the analyte’s relative retention time by
use of internal standard.

It is best practice to inject the bases of phenylalkylamines into gas chro-
matographs (including GC-MSs) in order to obtain best chromatography.
Phenylalkylamine hydrochlorides lose the hydrochloride when injected, the
chromatography suffers, but the spectra so obtained are quite usable. The
caveat mentioned in the infrared section of the chapter that alcohols are poor
choices of solvent for the injection of phenylalkylamines into a GC-MS should
always be kept in mind. See the article by Clark et al. (1992) for details.

Figure 4.17

a-Cleavage of the
aliphatic amine side
chain of several
phenylalkylamines
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Figure 4.18

Other amines which give
rise to 58m/z base peaks

There were several articles on the mass spectra of phenylalkylamines. Dal
Cason (1989) published classical EI spectra and methane chemical ionization
spectra of MDA and MDMA and its analogues. He observed that most of these
analogues have weak molecular ions. CND Analytical (1994) discussed the
analysis of phenylalkylamines by GC-MS. They pointed out the formation of 
the 44, 58, and 72 dalton ions that dominate the spectra of phenylalkylamines
and the difficulty in distinguishing among regioisomeric phenethylamines. 
An example given in their text was the isomers of methamphetamine. Renton
et al. (1993) presented the mass spectrum of the trifluoroacetic anhydride
(TFA) derivative of MDA and N,N-dimethyl-MDA. Bailey et al. (1975) presented
the N-methylated analogues of methoxyamphetamine and MDA and noted the
similarity of mass spectra of some of the isomers. Hugel and Weaver (1988)
published the infrared spectra of 2-methoxy-3,4-methylenedioxyamphetamine,
N,N-dimethyl-MDA and MDEA. Veress et al. (1994) published the EI and CI
spectrum of MDEA.

4.10 MASS SPECTROSCOPY OF PHENCYCLIDINE AND ANALOGS

Phencyclidine and its analogues are well distinguished by their mass spectra.
Figure 4.21 illustrates the structure of phencyclidine, which is 1-(1-phenylcy-
clohexyl)piperidine, and its analogues where the phenyl group has been 
substituted.

Figure 4.22 illustrate the structure of the analogues of phencyclidine where
the piperidine group has been substituted.

The mass spectra of phencyclidine, along with 1-(1-(2-thienyl)cyclohexyl)
piperidine, are presented in Figure 4.23.

To further demonstrate the ability of mass spectroscopy to identify phency-
clidine and its analogues, Figure 4.24 includes the following mass spectra:

• N-(1-phenylcyclohexyl)methylamine;
• N-(1-phenylcyclohexyl)ethylamine;
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Figure 4.19 (opposite)

Mass spectra of: 
(a) MDA; (b) MDMA;
(c) MDEA

• N-(1-phenylcyclohexyl)propylamine;
• N-(1-phenylcyclohexyl)isopropylamine.

There were several literature references on the mass spectra of phencyclidine
and its analogues. Bailey et al. (1976) detailed that changing the piperidine to
pyrrolidine or to morpholine in the phencyclidine molecule creates easily dis-
tinguishable spectra. The article went on to discuss replacing the phenyl group
with thienyl in the phencyclidine molecule. The mass spectra so obtained were
again easily distinguished. The mass spectra of these analogues exhibit moder-
ate to strong molecular ions. Lodge et al. (1992), on the other hand, found
that replacing the phenyl group with a benzyl moiety yielded a mass spectrum
with no molecular ion. Close examination of that mass spectrum along with the
mass spectra of the structural isomers where the phenyl group has been
replaced by 2-, 3-, and 4-methylphenyl revealed significant differences. Bailey
et al. (1979) investigated the mass spectra of the analogues of N-(1-phenylcy-
clohexyl)ethylamine and again concluded that the mass spectra were easily dis-
tinguishable and that GC-MS was a good technique to distinguish among the
analogues. Allen et al. (1980) discussed the mass spectrum of 1-(1-phenylcy-
clohexyl)-4-methylpiperidine and also came to the same conclusion.

The extraction of phencyclidine and its analogues is discussed in the infrared
spectroscopy section of this chapter. In general terms, the extraction is straight-
forward except that phencyclidine hydrochloride will extract from acid solu-
tions. The formation of the GC artifact 1-phenylcyclohexene from the injection
of phencyclidine should also be kept in mind.

4.11 MASS SPECTROSCOPY OF TRYPTAMINES

The mass spectra of dimethyltryptamine and diethyltryptamine are dominated
by the fragment formed by cleavage beta to the amino group. Figure 4.25 
illustrates this.

The molecular ions are either very weak or missing. The mass spectra of
dimethyltryptamine (DMT), diethyltryptamine (DET) and dipropyltryptamine
(DPT) in expanded scale are presented in Figure 4.26.

In Figure 4.27, 5-methoxy-diisopropyltryptamine is presented in both normal
and expanded scales.

As mentioned in the section on the infrared spectroscopy of tryptamines,
psilocybin easily loses its phosphate group to form psilocin. Derivatization of
psilocybin with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) will yield a
derivatized spectrum which is easily distinguished from psilocin. Figure 4.28
presents the mass spectrum of underivatized psilocin as well as derivatized psilo-
cybin and psilocin.
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Figure 4.20 (opposite)

Mass spectra of Figure
4.19 with expanded 
y-scale: (a) MDA; (b)
MDMA; (c) MDEA

There are a few references on the identification of psilocybin. Repke et al.
(1977) outlined the need to derivatize psilocybin to identify it by mass spec-
trometry. Hugel (1984) described the separation and identification of psilocy-
bin from chocolate cookies containing psilocybin mycelia. Redhead (1984)
described how the mycelia in the chocolate cookies was biologically identified.
Timmons (1984) published a method using the described derivatizing tech-
nique to identify psilocybin and psilocin in mushrooms.

Figure 4.22

Street analogues of
phencyclidine where the
piperidine group is
substituted

Figure 4.21

Phencyclidine and street
analogues where the
phenyl group is
substituted



Most of the common hallucinogens chromatograph readily on a gas chro-
matograph. In Figure 4.29 a text mix of several amphetamine, phenthylamine
and tryptamine based compounds were effectively separated on a 15-m DB-1 (J
& W) using routine conditions.

The tryptamines and LSD analogues are easily chromatographed on thin
layer chromatographic systems (TLC) and will fluoresce under ultraviolet light.
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(a)

(b)

Figure 4.23

Mass spectra of: 
(a) phencyclidine; 
(b) 1-(2-thienylcyclohexyl)
piperidine (TCP)
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These compounds will also react with highly selective color reagents such as
DMBA and Erelich’s reagent.

4.12 FURTHER READING

More detailed discussion on mass spectrometry and the interpretation of mass
spectra can be found in the text by McLafferty (1980). The university textbook
by Ege (1999) includes a description of the technique as it relates to the iden-

(a)

(b)

Figure 4.24
Mass spectra of a
homologous series of
phencyclidine-related
compounds: (a) N-(1-
phenylcyclohexyl)
methylamine; (b) N-(1-
phenylcyclohexyl)ethyl-
amine; (c) N-(1-phenyl-
cyclohexyl)propylamine; 
(d) N-(1-phenylcyclohexyl)
isopropylamine



tification of organic compounds. The chapter in the book by Gough (1991)
detailed the mass analyzers as well as other ionization techniques such as field
ionization/field desorption techniques, fast atom bombardment, and atmos-
pheric pressure ionization techniques as well as LC-MS. Willoughby et al. (1998)
present a modern view of the technique of LC-MS and include a discussion on
the particle beam interface.
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(c)

(d)

Figure 4.24 (continued)
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(a)

(b)

(c)

Figure 4.25

Mass spectra of: (a)
dimethyltryptamine; (b)
diethyltryptamine; (c)
dipropyltryptamine; (d)
origin of base peak in the
mass spectrum of DMT,
DET and DPT
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(d)
Figure 4.25 (continued)

Electronic compilations of mass spectra which include hallucinogens and
their precursors are:

• Pfleger/Maurer/Weber Library consisting of 6300 spectra of drugs and
metabolites;

• Wiley Mass Spectral Data 7th Edition consisting of 390,000 spectra library
which include hallucinogens, precursors, essential chemicals, and reagents;

• NIST/EPA/NIH Mass Spectral Library consisting of 107,800 spectra which
include hallucinogens, precursors, essential chemicals, and reagents.

Hard copy (text form) compilations of infrared spectra which include hallu-
cinogens and their precursors are:

• Instrumental Data for Drug Analysis Volumes 1 to 4 (1987) by Mills and 
Roberson.

• Instrumental Data for Drug Analysis Volume 5 (1992) by Mills et al.
• Instrumental Data for Drug Analysis Volumes 6 and 7 (1996) by Mills et al.
• Clarke’s Isolation and Identification of Drugs (1986) by Moffat et al. (editors).
• Handbook of Mass Spectra of Drugs (1981a) by I. Sunshine.
• Analytical Profiles of Amphetamines and Related Phenethylamines (1989) by CND

Analytical.
• Analytical Profiles of Designer Drugs Related to the 3,4-Methylenedioxyamphetamines

(MDA’s) (1991) by CND Analytical.
• Analytical Profiles of Substituted 3,4-Methylenedioxyamphetamines: Designer Drugs

Related to MDA (1988) by CND Analytical.
• Analytical Profiles of Precursors and Essential Chemicals (1990) by CND Analytical.
• Analytical Profiles of the Hallucinogens (1991) by CND Analytical.
• Forensic and Analytical Chemistry of Clandestine Phenethylamines (1994) by CND

Analytical.

Figure 4.26 (opposite)

Mass spectra of Figure
4.25 with expanded 
y-scale: (a) dimethyl-
tryptamine; 
(b) diethyltryptamine; 
(c) dipropyltryptamine
scale expanded
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(a)

(b)

(c)
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(a)

(b)

Figure 4.27

Mass spectra of: (a) 5-methoxy-N,N- diisopropyl-tryptamine; (b) 5-methoxy-N,N- diisopropyl-tryptamine scale expanded

Figure 4.28 (opposite)

Mass spectra of derivatized psilocin and psilocybin: (a) BSTFA derivatized psilocin; (b) BSTFA derivatized psilocybin; (c)
BSTFA derivatized psilocybin expanded scale



A N A L Y S I S  O F  T H E  H A L L U C I N O G E N S 201

(a)

(b)

(c)
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PART I I I :  NUCLEAR MAGNETIC 
RESONANCE SPECTROSCOPY

4.13 THEORETICAL BASIS

Infrared spectroscopy (IR) and gas chromatography/mass spectrometry
(GC/MS) are considered the preferred instrumentation used in forensic labo-
ratories for the identification of drugs of abuse. Certain laboratories, however,
have greatly enhanced their identification capabilities with the use of nuclear
magnetic resonance (NMR) spectroscopy. IR spectroscopy can only provide 
a single element of structural information—that of functional group frequen-
cies. However, the IR spectra taken together with GC/MS data can provide 
additional components of structural information—that of the mass spectrum
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which provides MW information, structural fragments and the GC retention
time along with the IR functional group frequencies. NMR can provide 
multiple structural elements of information, including carbon/proton 
count, types of protons and carbons in the molecule, carbon framework, 
information deduced from carbon-13 chemical shift measurements and 
correlated with IR data, leading to the formal assembling of molecular 
structure. IR and NMR represent nondestructive analytical techniques, whereas
with GC/MS the samples consumed during the analysis, albeit in a low level,
amount.

Early NMR instrumentation suffered from low sensitivity that precluded
rapid identification. Generally speaking, 1H NMR results obtained in the 1960s
and 1970s were reported at 60, 90, and 100MHz. During the 1980s, with the
development of commercial superconducting magnets, NMR results were being
reported at 1H frequencies of 200, 300, 400, and 500MHz. In the 1990s to the
present day, the majority of NMR results have reported at 1H frequencies of
400–600MHz and more recently at ultrahigh magnetic fields for biological
NMR where proton frequencies are 700, 750, 800, and 900MHz. Carbon data
was introduced as a routine technique in the late 1970s and 13C frequencies of
20MHz (80MHz for proton) to 125MHz (500MHz for proton) were the most
common frequencies to be reported well into the 1990s. The technology has
evolved dramatically over the past 30 years as much higher magnetic fields,
more stable RF components and more sensitive probes have become readily
available. More recently the use of cryogenic probe technology has evolved and
this has permitted NMR results to be obtained on lower levels of more complex
samples. Additionally, the advent of two-dimensional NMR (2-D NMR) in the
late 1970s and early 1980s has become an invaluable tool for the identification
and structure elucidation of complete unknowns. The introduction of pulsed
field gradients (PFG) has introduced new experiments probing different kinds
of information and has significantly reduced the time for 2-D data collection.
As a result, the use of 2-D NMR for structural problems has become almost as
common as 1-D methods.

NMR spectroscopy continues to be the premiere tool for structure elucida-
tion. It has the greatest usable information content of all of the forms of spec-
troscopy (Claridge, 1999). In recent years, NMR experiments have been
developed which permit gross structure elucidation and stereochemical deter-
mination, and exact assignments of NMR resonance signals (1H, 13C, 19F, 31P).
The principal caveat to NMR as a technique is that of sensitivity and its limita-
tions, which are imposed by potential low sample availability. This general
problem, as noted earlier, is being addressed with the use of cryogenic NMR
probes as well as with the use of proton-detected experiments for 2-dimensional
NMR. For the forensic area, lack of sample availability is generally not a
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problem. Therefore, NMR can provide rapid and definitive structural answers
to problems which arise. Most of the NMR analyses in the forensic area will fall
into one of two categories:

1. 1-dimensional proton and carbon-13 NMR spectra which are obtained on a
sample of suspected unknown or actual known structure where comparison
of the resultant spectra is made to a spectral library or to spectra produced
from authentic samples for the purposes of identification, both qualitatively
and quantitatively; and

2. appropriate 1- and 2-dimensional NMR spectra are obtained on a complete
unknown and the structure is deduced from the NMR data (as well as from
the results of other complementary structural techniques, e.g., IR and MS
and possibly chemical synthesis).

The purpose of this section is to:

1. provide a very brief overview of the NMR technique as it is currently prac-
ticed and

2. summarize some of the specific applications of NMR spectroscopy to foren-
sic analysis of hallucinogenic drugs and provide key useful resources for
practitioners of forensic drug analysis.

For pure structure elucidation, we will restrict the NMR discussion to the uses
of proton (1H) and carbon-13 (13C) NMR. These nuclei represent the princi-
ple NMR active nuclei, which are traditionally employed for organic structure
elucidation. Other NMR active nuclei (e.g., 15N, 19F, 31P) can provide additional
and complementary structural information to that obtained from proton and
carbon-13, but they will not be discussed here.

4.14 THE NMR EXPERIMENT

The measurement of NMR spectra is generally performed in solution, although
extensive applications using solid-state NMR (principally 13C) are well known
(Fyfe, 1983; Mehring, 1983). The sample is usually dissolved in a solvent, which
is generally deuterated to provide a deuterium (2H) source for internal field
frequency lock of the spectrometer and is placed in a strong magnetic field.
The sample is then pulsed with a burst of radio frequency (rf). The wavelength
of the frequency (MHz) corresponds to the radio frequency of the nucleus at
a given magnet field. The result is a “free-induction decay” or FID, which is a
time domain response to the rf excitation. A FID records the free precession
of nuclei after the pulse and represents the change in voltages induced in the
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receiver coil in the probe versus time. The FID information is digitized and
stored in a computer. The digitized FID is then converted to a frequency
domain spectrum by applying a Fourier transformation to the time domain FID
information. The result is the typical NMR spectrum we are used to viewing for
interpretative purposes. The result of a typical proton (1H) NMR experiment
is shown in Figure 4.30.

The information contained in a survey spectrum, in this instance a 
1-dimensional proton NMR spectrum, provides three pieces of basic 
information:

1. the position of the various resonance patterns corresponds to the different
chemical environment that the protons find themselves;

2. spin-spin splitting (coupling), the multiplicity of lines in the spectrum,
relates to how the protons are bonded within the molecule; and

3. electronic integration of the spectrum, in particular the resonance patterns,
provides a quantitative relationship of the relative numbers and types of
protons in the molecule.

Thus the proton NMR spectrum and the pattern(s) which are observed are
characteristic of the structure of a pure chemical compound or perhaps a
mixture of chemical compounds found in the sample.
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Figure 4.30

Proton NMR spectrum
(300MHz, CDCl3) of 
N-(n-propyl) MDA
hydrochloride



The patterns observed in proton NMR are sensitive to solvent effects 
and temperature. The same compound dissolved in different deuterated 
solvents or obtained at different temperatures may give slightly different 
proton NMR spectra due to shifting of the resonance positions and/or broad-
ening of the lines. Thus, when making comparative analysis by proton NMR it
is important to be sure that the same solvent is used in all cases and the same
data acquisition parameters (instrument parameters) are used and that the tem-
perature be regulated. Obtaining a survey proton NMR spectrum is usually the
first logical step in using NMR for structural identification. All proton NMR
spectra run in organic deuterated solvents, e.g., deuterochloroform,
deuteromethanol, and deuteroacetone are internally referenced to tetram-
ethylsilane (TMS). This internal reference is assigned 0.00ppm (the ppm 
scale is used for NMR spectra and the resonance positions, or chemical shifts
as they are referred to, is expressed relative to internal TMS). For deuterium
oxide trimethylsilylpropionate sodium salt (TSP) is used as the internal 
reference.

The next logical step would be to obtain a survey carbon-13 (13C) NMR
(Wehrli, 1988) spectrum of the sample in question. Carbon-13 NMR spectra
are more difficult to obtain than proton NMR spectrum. The natural 
abundance of natural NMR active nucleus of carbon (i.e., 13C) in a molecule is
1.1% (as compared to 99.6% for proton). NMR also more easily detects 
the hydrogen nucleus than the carbon-13. These two factors make carbon-13
less sensitive than proton to NMR detection by a factor of 5600. Carbon-13
spectra are obtained under conditions where the spin-coupling effects from 
the protons directly attached to the carbons as well as long-range couplings
effects (2 and 3 bonds away) are removed. This is done by irradiating the
protons at their appropriate precessional frequency with radio frequency (rf).
This effectively removes the proton coupling effects on the carbon-13 signals
and the resulting carbon signals appear as single sharp lines. There is no mutual
coupling from other carbon-13 nuclei since each line which is observed arises
from an ensemble of molecules in solution which is rich in carbon-13 at only
one carbon site; i.e., each resonance line in the spectrum arises from molecules
in solution which have a single carbon-13 in the molecule all located at a spe-
cific carbon site (isolated carbon-13 nuclei). Protonated carbon-13 nuclei gen-
erally give more intense signals due to a phenomenon known as the nuclear
Overhauser effect (Claridge, 1999). This phenomenon aids in the detection of
carbon-13 spectra and serves to improve the detectability of carbon-13 NMR
data.

The next logical step after obtaining the 1-dimensional carbon spectrum
would be to assign the multiplicity of the carbon-13 resonances. This is done
by using one of two experiments: attached proton test (APT) (Patt, 1982) or
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distortionless enhancement by polarization transfer (DEPT) (Doddrell, 1982;
Richarz, 1982). Both experiments provide information about the types of
carbons typically found in a molecule (quaternary, methine, methylene, and
methyl). Both experiments have advantages and disadvantages.

The APT is a variation of a class of experiments known as spin echo J-
modulation experiments. In the APT experiment, the spectrum which is
obtained consists of signals which are either phased up (quaternary and meth-
ylene) or phased down (methine and methyl) and relate to the odd or even
number of protons attached to carbon. Quaternary and methylene carbons
have an even number (0 and 2) of protons attached to them whereas methine
and methyl carbons have an odd number (1 and 3) of protons attached to them.
The multiplicity of the carbon atom is thus implied from the position of the
carbon resonance (chemical shift) and the phasing of the resonance line.
Figure 4.31 shows the results of an APT experiment together with a plot of a
carbon spectrum (bottom) and the corresponding APT spectrum (top).

A caveat to the APT experiment involves its sensitivity (slightly less than a
normal proton decoupled carbon-13 spectrum) and the fact that since this is 
a spin echo experiment, the spin echo scheme discriminates with respect to
broad lines. If you have a sample whose carbon resonances are broadened due
to some exchange process (known as exchange broadening) the carbon reso-
nances can be eliminated completely. By changing solvents, adding a proton
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Figure 4.31

Carbon-13 NMR
spectrum (75MHz,
CDCl3) of N-(n-
propyl)MDA
hydrochloride; (top)
proton decoupled attached
proton test (APT)
spectrum, 
(bottom) proton decoupled
carbon-13 spectrum



source (H+), or changing the temperature of the probe (sample), you can alter
the dynamics of the experiment. The practitioner should be aware of this as it
represents a potentially serious problem.

The other standard experiment for determining carbon multiplicity, the
DEPT experiment (Doddrell, 1982), involves a polarization transfer scheme in
which proton polarization (abundant nucleus) is transferred to the carbon-13
nucleus (rare spin nucleus) and modulated by the one bond coupling constant
(1JCH).

In this experiment, only protonated carbons will appear (quaternary carbons
including residual solvent resonances are suppressed). The “raw” DEPT data
results in three types of subspectra:

1. an all protonated carbon spectrum;
2. a methine carbon only spectrum; and
3. a spectrum in which the methine and methyl carbon resonances are phased

up and the methylene carbon resonances are phased down.

These spectra may be subsequently combined to generate a set of what are
referred to as “edited” DEPT spectra. For the purposes of identification, a
normal proton decoupled carbon-13 spectrum needs to be collected and
plotted along with, in this case, the edited DEPT data. Figure 4.32 illustrates 
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Figure 4.32

Carbon-13 NMR spectra
(75MHz, CDCl3) of N,N-
dimethyl MDA. Bottom
spectrum. proton
decoupled carbon-13
spectrum showing all
carbon resonances. Upper
spectra (a)–(d). Proton
decoupled edited DEPT
data (a) all protonated
carbon resonances (Note:
the absence of the
quaternary carbons C-1,
C-3, and C-4 as well as
the solvent 3-line pattern
centered at 77ppm), (b)
CH—subspectrum, (c)
CH2—subspectrum, (d)
CH3—subspectrum



a typical result including proton decoupled carbon-13 spectrum together with
the corresponding edited DEPT data.

The advantage of the DEPT experiment is that data can be obtained very
quickly with good sensitivity relative to the simple proton decoupled carbon-13
spectra and the solvent peak in this instance is suppressed. The solvent behaves
like a quaternary carbon resonance. There is no proton attached to the solvent
and therefore no polarization transfer takes place. This is an advantage 
since the solvent signal may very well obscure carbon resonances that are 
of interest which are present in the carbon spectrum of the sample. A disad-
vantage of the DEPT experiment generally occurs when the proton resonances
of the sample are dynamically broadened due to some exchange process
(exchange broadening). The spin-spin relaxation (T2), which is related to 
the line width-at-half-height (u1/2), is short and the dynamics of the polariza-
tion transfer in the DEPT experiment competes with T2 relaxation. The result
is that the carbon signals from these protonated carbons can disappear (no
polarization transfer takes place). This is a potentially serious caveat to the
DEPT experiment since, as we saw with the APT experiment, chemical infor-
mation about the sample is being deleted. The practitioner needs to be aware
of this.

Survey proton and carbon-13 data together with the carbon-13 multiplicity
information (APT and/or DEPT) represent the essential minimum data 
necessary for the identification and structural characterization of a 
complete unknown. For a sample containing a substance of potentially known
structure, a comparative analysis of the simple proton and/or carbon-13 
spectrum with spectra obtained from an authentic sample may be all that is 
necessary.

The development of 2-dimensional (2-D) NMR (Claridge, 1999; Richarz,
1982; Ernst, 1992; van der Ven, 1995) in the late 1970s and to the present day
has revolutionized the process of structure elucidation by NMR. The 2-D experi-
ment allows the correlation information to be obtained via a variety of mecha-
nisms and spread into two frequency dimensions which involves manipulation
(Freeman, 1997) of the three basic characteristics of any NMR spectrum: chemi-
cal shift, spin-spin coupling, and spin lattice relaxation (T1). Table 4.1 provides
a brief summary of a few of the useful 2-D experiments which are currently in
use together with the chemical information that is associated with the NMR
experiment.

Experiments with a “g” in front are a pulsed field gradient variant. They
provide the same chemical information as their carbon detected counterpart
but data collection is generally faster and lower level (small) samples can be
done. Experiments that are in italics are proton (as opposed to carbon)
detected experiments.
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All 2-D experiments share common elements. There is a preparation period,
an incremented evolution period (t1), a mixing period, and a detection period
(t2). The preparation period can be as simple as a fixed delay and a pulse
applied repetitively and in a reproducible manner for each increment of t1 or
it can be as complex as the double quantum filter elements found in the 2-D
INADEQUATE (Buddrus, 1987) experiment. The evolution time (t1, usually an
incremented evolution time, but there are constant time evolution periods used
in certain heteronuclear 2-D experiments, e.g., COLOC) is a time period
during which evolution of an NMR measurable parameter occurs based on what
information is being sought. The mixing time can be a simple fixed delay (e.g.,
as in NOESY) or a pulse (e.g., COSY). A pulse usually (but not always) precedes
the detection period (t2) and the final FID is collected. The resulting infor-
mation is Fourier transformed to create a 3-dimensional plot that resembles a
topographical map.

The 2-D experiments permit elucidation of structural details, sometimes
subtle details that show themselves. For simple assignments of 1H and 13C res-
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Table 4.1

Summary of useful 2-D
experiments



onances, one of the appropriate homonuclear proton correlations would be
run in order to deduce proton coupling patterns and tell which protons are
spin coupled to one another. It is this kind of information that would be char-
acteristic of a particular structure. Figures 4.33 and 4.34 illustrate a simple
COSY (Claridge, 1999) spectrum together with an expansion of the high field
region of a PCP analogue (PCM). The proton resonances for the morpholine
ring are clearly evident. There is no “cross coupling” between the cyclohexane
ring protons and the protons on the morpholine ring. The complexity of the
cyclohexane ring protons is also clearly evident from Figure 4.34.

The coupling complexity of the cyclohexane ring protons can be partially
resolved and in the process a self-consistent assignment of both the 1H spec-
trum and the 13C spectrum can be confirmed.
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Figure 4.33

The 2-dimensional 1H,
1H—COSY spectrum
(300MHz, CDCl3) of the
phencyclidine analogue
(PCM)
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Figure 4.34

Expansion of the 2-
dimensional COSY
spectrum from Figure
4.33 showing the detailed
correlation information
from the respective non-
aromatic six-membered
rings

Figure 4.35 shows the results of the carbon-detected proton–carbon hetero-
correlation experiment HETCOR (Bax, 1981, 1983; Rutar, 1984; Martin, 1988)
( J = 140Hz) for the PCP analogue (PCM). The connectivity (one-bond) 
correlation of the protons and the carbons of the morpholine ring are quite
obvious. Expansion of the high-field region of the HETCOR data (Figure 4.36)
actually allows both the carbon-13 resonances to be assigned and in the process
the proton assignments become apparent. The geminal pairs of protons
attached to C-2 and C-6 can be identified from the two correlation cross peaks
corresponding to two protons having different chemical shifts but which 
correlate to the same carbon resonance. Similarly, the shift position of the
geminal pairs of protons attached to C-3 and C-5 are also evident and are
characterized by two correlation cross peaks, both of which correlate with 
the same carbon resonance. The C-4 carbon resonance may be assigned
because of its intensity relative to the intensities of C-3/C-5 and C-2/C-6.
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Figure 4.35

The carbon-detected 1H,
13C correlation spectrum
(HETCOR) (75MHz,
CDCl3, J = 140Hz) for
the phencyclidine
analogue (PCM)

Figure 4.36

Expansion of the
HETCOR spectrum from
Figure 4.35 showing the
detailed correlation
information for the two
non-aromatic six-
membered rings
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Clearly, the ability of 2-dimensional NMR experiments to establish structure
and stereochemistry and to confirm, in this instance, proton and carbon-13
spectral assignments and, in a self-consistent manner, serve as a reliable struc-
tural tool for the structural elucidation of complete unknowns is of consider-
able importance to the forensic community. In the next few sections, you will
see some of the specific applications that have been addressed in the area of
forensic analysis of hallucinogenic drugs and the impact that 2-dimensional
NMR is making in this important area.

Pharmaceutical laboratories and other researchers conducted much of the
early NMR structural work reported on various drug molecules. Some of the
compounds that exhibited pharmacological activity were ultimately investigated
and results reported. A number of studies on these molecules have been sum-
marized in comprehensive review articles that include literature citations to the
work on the NMR of drugs of abuse (Groombridge, 1996).

Hallucinogens represent one of the challenges to forensic identification as
most of the analogues seen have occurred in this area. This is a challenge
because the primary identification tools, IR and GC/MS, used in forensic lab-
oratories today have difficulty in providing definitive confirmation of identity
of a substance when the compounds are structurally closely related. More than
200 psychotropic drugs have been reported (Shulgin, 1997, 2000) and their
synthesis listed. Many of these are very similar in chemical structure. Many of
the compounds do not have published spectral information. Without the use
of NMR, these compounds could not be reliably and rapidly identified. The
rapid growth of the Internet has made this information more readily available
to a large portion of the population.

4.15 PHENCYCLIDINE AND RELATED SUBSTANCES

Parke Davis marketed phencyclidine (1-[1-phenylcyclohexyl]piperidine, PCP),
Figure 4.37, as an anesthetic from 1958 to 1967. Because of its unpredictable

Figure 4.37

Chemical structure of
PCP
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Figure 4.38

Chemical structure of
PCC

adverse effects, PCP was subsequently withdrawn from the commercial market.
Since 1967, PCP, because of the hallucinogenic and stimulant qualities, has
been manufactured primarily in clandestine laboratories. There are, however,
neurotoxic side effects of PCP which can lead to “a psychosis clinically indis-
tinguishable from schizophrenia” (Reynolds, 1989).

Most of the early NMR work on phencyclidines was directed toward estab-
lishing the conformational equilibrium dynamics of structurally modified phen-
cyclidines. These investigations attempted to control receptor binding through
appropriate substitution on the ring components. This provided valuable
information about the biological effects of various substituted phencyclidine
analogues that has been of considerable forensic value. As new analogues of
PCP appeared on the street, they were subsequently identified and the spectra
(IR, MS, NMR) reported. Other analogues were studied because of their ease
of manufacture and for the potential to be seen in forensic samples.

The 1H spectrum of PCP as well as some of its analogues exhibits complex
overlapping resonances because of the presence of the two saturated rings
(Eaton, 1983). Only with the advent of 2-D NMR techniques has the complex-
ity of the patterns been sorted out. The free base of PCP shows line broadening
due to certain molecular motions (ring flipping dynamics) at room tempera-
ture. The spectra of PCP and its analogues can easily be differentiated and can
be compared against spectra of standards for identification. The 13C spectrum
is conceptually easier to comprehend (Eaton, 1983), although the chemical
shifts of phenyl ring carbons were demonstrated to exhibit solvent and tem-
perature dependence, presumably due to their influence on the conformational
populations within the PCP molecule (Manoharan, 1983; Kamenka, 1987).

Often, samples submitted to forensic laboratories are for analysis and are not
highly purified. Thus, the starting ingredients, intermediates and by-products
of the synthesis are frequently present. The immediate precursor, 1-piperidino-
cyclohexylcarbonitrile (PCC), Figure 4.38, has been characterized by proton
(Bailey, 1976; Gagné, 1977) and carbon-13 NMR (Bailey, 1981). NMR has also



been used to characterize the starting ingredients and by-products. Often the
presence of one by-product can help in the identification of the synthetic route
used to prepare the PCP or its analogue.

More recently, the NMR spectra of PCP, PCC and analogues obtained at
higher magnetic fields have been reported in the literature thus allowing better
discrimination among the various compounds. Some of the analogues have
appeared on the illicit drug market and some have been synthesized in an effort
to facilitate the identification of additional new analogues. Figures 4.39, 4.40,
and 4.41 show the 1H spectra of PCP, 1-thienylcyclohexylpiperidine (TCP) and
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Figure 4.39
1H spectra of
phencyclidine
hydrochloride

Figure 4.40
1H spectra of thiophene
analogue of phencyclidine
hydrochloride
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1-phenylcyclohexylpyrrolidine (PCPy), respectively. Figures 4.42, 4.43 and 4.44
show the 13C spectra of PCP, TCP and PCPy, respectively.

4.16 MDA AND ANALOGS

In the early 1970s Bailey et al. conducted a systematic investigation of methoxy-
and methyl-substituted amphetamines. Initially, only the 1H NMR (60MHz)
(Bailey, 1971, 1974, 1975, 1976, 1977) data was reported followed by reports 
of 13C NMR (Bailey, 1981, 1983) data in the 1980s. In many of these papers,
NMR was used to confirm the structures suggested by IR and MS data. 
This is especially true in the identification of aromatic ring substitution 

Figure 4.42
13C spectra of
phencyclidine
hydrochloride

Figure 4.41
1H spectra of morpholine
analogue of phencyclidine
hydrochloride
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Figure 4.43
13C spectra thiophene
analogue of phencyclidine
hydrochloride

Figure 4.44
13C spectra morpholine
analogue of phencyclidine
hydrochloride

patterns (Dawson, 1987, 1989; Delliou, 1983). This body of information is of
particular importance when new analogues such as 4-bromo-2,5-dimethoxyam-
phetamine (DOB) (Figure 4.45), or phenethylamines such as 4-bromo-2,5-
dimethoxyphenethylamine (2C-B) (Figure 4.46), were introduced into the
illicit drug market (Ragan, 1985). The use of NMR, especially employing 2-D
techniques, can reduce the time for identification of new compounds without
the need for the synthesis of all possible combinations. NMR can be used to
direct what compounds need to be synthesized for authentic comparison (Dal
Cason, 1997).



Dimethoxyamphetamines were reported as early as 1967. The earliest use 
of NMR to identify a new drug was to aid in the identification of 4-methyl-2,5-
dimethoxyamphetamine (DOM or STP) (Martin, 1968). The various isomeric
forms 2,3-, 2,4-, 2,5-, 3,4-, 3,5- were investigated to determine whether or not
they could be distinguished (Bailey, 1971). 2-, 3-, 4-methoxy amphetamines
were reported in 1971. All of the 1H work was performed at 60MHz (Bailey,
1974). Later, other substituted dimethoxyamphetamines—namely 4-methyl-2,5-
dimethoxy amphetamine (Ono, 1970), 2,5-dimethoxy-4-bromoamphetamine,
2,5-dimethoxy-4-ethyloxyamphetamine, 2,5-dimethoxy-4-propylamphetamine,
2,5-dimethoxy-4-methylthioamphetamine—were reported (Bailey, 1971, 1974,
1975,1976, 1977, 1981, 1983).

3,4-Methylenedioxyamphetamine (MDA) (Figure 4.47) first appeared on the
illicit drug market in the 1960s with its NMR data being reported as early as

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S222

Figure 4.46

Chemical structure of 
4-bromo-2,5-
dimethoxyphenylethy-
lamine (2C-B)

Figure 4.47

Chemical structure of
MDA

Figure 4.45

Chemical structure 
of 4-bromo-2,5-
dimethoxyamphetamine
(DOB)



A N A L Y S I S  O F  T H E  H A L L U C I N O G E N S 223

Figure 4.48

Chemical structure of
MDMA

Figure 4.49

Chemical structure of
PMA

Figure 4.50

Chemical structure of
MDEA

1970 (Bellman, 1970; Lukaszewski, 1978). 3,4-Methylenedioxy-methamphet-
amine (MDMA) (Bailey, 1975) (Figure 4.48) and 4-methoxyamphetamine
(PMA) (Bailey, 1974) (Figure 4.49), among other MDA analogues, have been
seen more recently with a huge increase in the number of tablets seized in the
late 1990s. Other analogues such as 3,4-methylenedioxyethylamphetamine
(MDEA) (Figure 4.50), N-propyl-MDA, N-isopropyl-MDA, N-butyl-MDA, N-
isobutyl-MDA, and N-neobutyl-MDA, have been reported (Noggle, 1986). It was
shown that the early NMRs (1H 90MHz) did not have the resolution sufficient
to differentiate between MDA and 2,3-methylene dioxyamphetamine. As higher
magnetic field NMR instrumentation became available this problem was
resolved. Table 4.2 and Figure 4.51 provide a summary of the assigned 1H chem-
ical shifts for some MDA analogues and 13C chemical shifts for the free bases
and the hydrochloride salts, respectively. Table 4.3 provides a summary of the
assigned 13C chemical shifts for some MDA analogues.
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Table 4.2
1H table of chemical shifts
for several MDA
analogues as the free bases

Figure 4.51

Provides a summary of
the assigned 13C chemical
shifts for some MDA
analogues
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Table 4.3
13C table of chemical shifts
for several MDA
analogues as the bases

As can be expected, the proton spectra of MDA and N-hydroxy-MDA are
similar (Dal Cason, 1989; Shimamine, 1990, 1993) but can be clearly differen-
tiated by NMR spectroscopy. The hydroxy proton resonance was too broad to
observe which contrasted the resonance measurements observed earlier for N-
hydroxy-amphetamines, dimethoxyamphetamines, and others (Beckett, 1975;
Mourad, 1985).

One of the areas where NMR is more readily suited is the identification of
isomers. This has been demonstrated by the occurrence in Europe of N-methyl-
1-(1,3-benzodioxol-5-yl)-2-butanamine (MBDB) (Figure 4.52). When compared
to the isomeric forms 3,4-methylenedioxy-N-ethylamphetamine (MDEA) or
N,N-dimethyl-MDA (Figure 4.53), the three compounds can be differentiated
by careful comparison of MS but the 1H NMR spectra are very different
(Nichols, 1986; Azafonov, 1990).

Figure 4.52

Chemical structure of
MBDB
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Other related compounds—mescaline (3,4,5-trimethoxyphenethylamine)
(Ono, 1970) (Figure 4.54), 2,4,5-trimethoxyamphetamine (Foster, 1992)
(Figure 4.55), 4-bromo-2,5-dimethoxyphenethylamine (2C-B) (Ragan, 1985)
(Figure 4.46)—as well as other ring substituted compounds have been studied
and data reported. NMR provides a definitive solution to the identification of
these compounds provided the nonproton compound or group is identified by
other means (e.g., halogens). 2,4,5-Trisubstituted permutations (16 possible
combinations) have been resolved using lanthanide shift behavior (Dawson,
1987, 1989) or nuclear Overhauser effect (NOE) difference methods (Dawson,
1989). NMR is the only technique that can provide a variety of different means
to attack and resolve an identification problem. Figure 4.56 and Figure 4.57
show the 1H and 13C spectra of mescaline, respectively.

Figure 4.53

Chemical structure of
N,N-dimethyl MDA

Figure 4.54

Chemical structure of
mescaline

Figure 4.55

Chemical structure of
2,4,5-TMA
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4.17 ERGOT AND OTHER INDOLE ALKALOIDS

Ergot is the dried material of the parasitic fungus Claviceps purpurea, which
grows on rye and other grain. It yields four main alkaloid classes: clavines, lyser-
gic acids, lysergic amides, and ergot peptides. Ergot alkaloids have also been
found in many plant species, with the Convolvulacea (morning glories) also
having mixed lysergic acid substances. Lysergic acid diethylamide (LSD)

Figure 4.56
1H spectra of mescaline

Figure 4.57
13C spectra of mescaline



(Figure 4.58) is derived from ergot. Its discovery by Hofmann in 1943 was the
result of investigation of lysergic acid derivatives for the treatment of migraine
headaches.

The abuse of LSD for its hallucinogenic quality was extensive in the 1960s,
encompassing worldwide use. There was a subsequent decline in the 1970s
when it was controlled in virtually every country around the world. However, it
reemerged in the 1980s more often on impregnated paper (“blotter acid”) or
gelatin squares. The analysis of LSD poses a unique set of problems owing to,
first, the relative small amounts required for a typical dosage (10–100mg) as
well as its sensitivity to light and/or high temperatures and to the presence of
moisture. Detection of amounts of LSD below 10mg is feasible with 1H NMR at
400MHz using 1–2 hour accumulation on a 5mm probe. Application of micro-
probe technology in conjunction with cryoprobe technology can significantly
reduce the analysis time at this level and permit a whole host of proton-detected
2-D homonuclear and heteronuclear experiments to be run on LSD to further
confirm structure. Applications of this technology would also push the limits of
detection of LSD even lower (e.g., Varian and Nalorac Web site).

The 1H spectrum of LSD has been discussed in only a few publications, with
the 1H NMR assignments suggested by Hoffman and Nichols (1985) based on
the earlier detailed work of Bailey and Grey (1972). Rings C and D both adopt
half-chair conformations, with the D ring in a “flap-up” mode. Coupling con-
stants between H-8 and the two protons H-7 provide evidence for the confor-
mational disposition. The spectra are made more complex due to the ergoline
framework which exhibits significant long-range coupling pathways.

Proton spectra of LSD in aqueous solution are more poorly resolved than
for the free base, and it is apparent that there is some variation from sample
to sample. This variation reflects small changes in pH evident in the N6 pro-
tonation at near neutral pH.
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Figure 4.58

Chemical structure of
LSD



A N A L Y S I S  O F  T H E  H A L L U C I N O G E N S 229

Proton NMR data has been used to reveal a problem with supposed pure ref-
erence material of LSD tartrate. Neville et al. (1992) showed that a reference
standard supplied from a commercial firm contained a stoichiometric excess
of tartrate (65%). It is customary for forensic laboratories to use certified com-
mercial samples for qualitative and quantitative analyses. Problems such as this
can lead to the overestimation of LSD quantity. NMR can be used to verify the
validity of the standard and provide an alternate method to check the accuracy
of the quantitative determination.

The 13C spectra of LSD (free base and tartrate) have been reported by Neville
et al. (1992) and there were earlier partial data and assignments given by Kidric
and Kocjan (1982). Shift differences between LSD and iso-LSD were up to 5.5
ppm.

Because forensic evidence can be challenged in court by an isomer defense,
work was done to establish the analysis for the differentiation of LSD and lyser-
gic acid methylpropylamide (LAMPA). The chromatographic analytical tech-
niques had problems distinguishing between the two; MS fragmentation
patterns had only significant small differences (Clark, 1989); the 1H NMR
showed a simple distinction between LSD and LAMPA (Figure 4.59), even at
lower magnetic fields (Bailey, 1972, 1973; Neville, 1992). The same is true for
the epimers LSD and iso-LSD. Although no data has been presented for the
methyl-isopropylamide analogue of LSD, new prediction software has demon-
strated the possibility for ease of identification.

4.18 TRYPTAMINES

Psilocin (Figure 4.60), psilocybin (Figure 4.61) (from Psilocybe mushroom) and
bufotenine (Figure 4.62) are the best-known naturally occurring indoles.

Figure 4.59

Chemical structure of
LAMPA



Psilocin and bufotenine are isomers which give similar MS fragmentation pat-
terns and have small differences in GC retention times. They should give readily
discernable 1H spectra, but the only reported spectrum of bufotenine (Bailey,
1975) is unclear.

Other research into natural product isolation has reported 1H and 13C
spectra of other indoles. Among others, the 13C shift data for N-methyl- and
N,N-dimethyltryptamine (Mills, 1993) and the 1H spectra of N,N-dimethyl-
tryptamine (Poupat, 1976). Morales-Rios (1987) has published an extensive
review of indole 13C NMR data. Ranc and Jurs (1993) developed models for the
prediction of 13C shifts for this class of compounds.
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Figure 4.60

Chemical structure of
psilocin

Figure 4.61

Chemical structure of
psilocybin

Figure 4.62

Chemical structure of
bufotenine
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Tetramethylene tryptamine (Figure 4.63), a highly unusual tryptamine 
substance, was identified by Cowie et al. (1982) using MS and 1H NMR. An
intermediate from incomplete reduction was also identified, N-[1-hydroxy-2(3-
indolyl)ethyl]pyrrolidine.
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5.1 INTRODUCTION

Cocaine is an odorless white crystalline powder usually found in the form of 
a salt, such as cocaine hydrochloride. It is considered the purification product
of coca paste, an extract of the leaves of the coca bush (Erythroxylum coca or 
Erythroxylum novogranatense), where it is found as a natural alkaloid. Cocaine is
purified from coca paste by dissolving the paste in dilute sulfuric acid, oxidiz-
ing impurities with potassium permanganate, filtering, and adding aqueous
ammonia to precipitate the cocaine free base (Casale and Klein, 1993). The
free base is dissolved in either acetone or ether, and the cocaine hydrochloride
is precipitated by addition of concentrated hydrochloric acid. Cocaine can also
be prepared by synthesis from ecgonine or by total synthesis via the Mannich
reaction (Mannich, 1934; Casale, 1987). Cocaine is an optical active molecule
(contains two optical centers, so there are four possible isomers) when isolated
from natural sources but may be racemic when synthesized via the Mannich
reaction (Allen et al., 1981). The optical isomers are much less physiologically
active than is the natural material (Carroll et al., 1991).

Coca paste is an off-white, beige, or cream-colored powder. It is generally
damp and coarse and contains aggregates. It is the initial extraction product of
the coca leaf. Coca paste is prepared from the coca leaf by placing the leaves
in lime water and macerating, usually by foot, with kerosene or other hydro-
carbon solvent. The kerosene is removed and extracted with dilute sulfuric acid.
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The acid extract is made basic with either limestone or lime, thereby precipi-
tating the coca paste.

Crack is cocaine base (also called freebase) obtained from the cocaine salt in
order to be suitable for smoking. The name crack refers to the noise made by
the crystals as they pop when heated. Crack is obtained by dissolving the cocaine
salt in water, adding baking soda or ammonia, and collecting the precipitated
powder. It is important to mention that this method does not require the
involvement of any solvent, so the danger of explosion or fire is minimal. A
hard, flaky material is produced, in contrast to the “freebase process,” where
ether or other flammable solvent is used and the material produced is powdery.
Because of the volatile solvents, the possibilities for explosion or fire is consid-
erable. The most common method to prepare crack in the U.S. is to heat
cocaine hydrochloride in a microwave with baking soda and a limited amount
of water. This method is very rapid and avoids collecting precipitates or evap-
orating solvents but produces less pure material. Crack is usually found in the
form of white chips, chunks, or rocks and is often sold in vials. It is either
smoked in specially designed water pipes or sprinkled on tobacco or marijuana
to be smoked as a cigarette. Crack is sometimes used with heroin to lengthen
the physiological high.

The most common street names for cocaine products are coco, coke, koks,
bazooka, bazucos, speedball, C-dust, flake, crack, rock, stardust, lady, snow, big
C, gin, candy, and blanche (U.S. Department of Justice, 1994).

5.2 ORIGIN OF COCAINE SAMPLES

The origin of cocaine samples can be determined through the analytical deter-
mination of the presence or absence of other coca alkaloids, manufacturing by-
products from its synthesis, adulterants, or diluents (Cooper and Allen, 1984;
Casale and Waggoner, 1991). The presence of other coca alkaloids, such as 
cis- and trans-cinnamoylcocaine, -tropococaine, and -truxillines, indicates the
natural origin of the sample. Truxillic and truxinic acids may also be produced
as a result of the hydrolysis of truxilline. Cuscohygrine and hygrine are two
other alkaloids found only in coca leaf and not in cocaine. Benzoylecgonine,
methylecgonine, and ecgonine can be found as a result of the hydrolysis of
cocaine. Methyl ecgonidine is also a hydrolysis product of cocaine, but it can
also result from the thermal degradation of cocaine or the truxillines in the
injection port of the GC (Schlesinger, 1985). Benzoic acid is also detected when
this decomposition occurs. If potassium permanganate has been used for the
purification of cocaine, N-formyl cocaine may be detected due to oxidation 
of the N-methyl group of cocaine. Additionally, norcocaine resulting from a
Schiff’s base intermediate during the permanganate oxidation or from the 
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N-demethylation of cocaine, may be produced. More recently, through the
analysis of carbon and nitrogen isotopes, the region where the cocaine leaf was
grown may be identified (Ehleringer et al., 2000).

5.3 NONINSTRUMENTAL METHODS FOR DETECTION 
OF COCAINE

5.3.1 CHECK FOR ADULTERATION

Most cocaine samples are totally soluble in ethanol. If the samples are adulter-
ated (“cut”) by a carbohydrate such as lactose, glucose, mannitol, or sorbitol,
insoluble colorless crystals appear in the solution. This insoluble material can
be isolated and further analyzed by IR spectroscopy. All carbohydrates are
soluble in ethanol to various extents, so the amount of the insoluble material
gives only a rough idea about the extent to which the cocaine samples have been
adulterated.

5.3.2 CRYSTALLINE PRECIPITATES (Allen et al., 1981; Clarke, 1969; Julian
and Plein, 1983; U.S. Dept. of Justice, 1986; U.N., 1986)

Although still widely used as a preliminary positive test, better and less subjec-
tive analyses are available for screening. The crystals for observation are pre-
pared on microscope slides. A very small amount of the suspicious sample is
placed on a microscope slide, and one drop of the relative reagent is added.
Crystals appear in seconds to minutes on the slide and then are covered with
a coverslip. A polarizing microscope should be used for the observation of the
crystals; however, a standard, bright-field microscope can also be used for the
evaluation of crystal morphology.

In making an identification, the crystals given by an “unknown” and a known
sample are compared under the same magnification, normally from 80 to 125¥.
A casual glance at each is not sufficient. One must know how to observe micro-
crystals, with attention to details. Taking photos for future evaluation can be
extremely useful.

It must be kept in mind that the results of the crystal tests performed on a
street sample must be compared with those of standard cocaine and must always
be confirmed with a more appropriate analytical method. Crystal tests are sub-
jective and thus open to question in court. If used routinely, the analyst should
be able to articulate his/her reasons for the similarity of the questioned pre-
cipitate to that prepared from a standard.

Platinic chloride test (microcrystal test): Two milligrams of the sample are placed on
a microscope slide and dissolved in one drop of 1N hydrochloric acid. One
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drop of a 5% (aqueous, in 3N HCL, or in 10% glycerol in water) solution of
platinic chloride is added. The instantly resulting pointed, pale yellow crys-
tals are viewed under a microscope and are compared to crystals formed by
standard cocaine (see Figure 5.1). For optimum results, different dilutions
of the test material or the hydrochloric acid should be tried. This is a sensi-
tive test, and crystals are formed in dilutions up to 1 :4000.

Gold chloride test: A highly sensitive and more characteristic crystal test for cocaine
than the platinic chloride test is with gold chloride (5% aqueous gold chloride
or 3–5% acid gold chloride in 25% acetic acid). A few small crystals are
formed, even in a dilution of 1 :20,000. When formed slowly, they are long
rods with many short plates running out at right angles from the main axis
(see Figure 5.2). However, their shapes vary according to the concentration.

Gold bromide test: Similar to the gold chloride crystals, variously skeletonized crys-
tals (often crosses or Xs with ragged blade arms) are formed when gold
bromide solution reacts with cocaine (see Figure 5.3). Gold bromide solu-
tion is prepared by dissolving 5g of gold chloride and 5g of sodium bromide
in 100mL of water.

Lead iodide test: Cocaine with lead iodide solution gives spiked balls (see Figure
5.4). The sensitivity of the test is 1 :3000. For the preparation of lead iodide
solution, a 30%w/v solution of potassium acetate in water is adjusted to pH
6 with 2N acetic acid and is saturated with lead iodide. The lead iodide takes
some time to dissolve and rapid shaking helps.
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Figure 5.1

Crystals obtained from
reaction of cocaine
hydrochloride with
platinum chloride: If
formed rapidly, the
platinum chloride cocaine
crystals form numerous
small, multibladed
swords, as shown in the
upper left of this collage;
if formed slowly, the
crystals produce long,
slender swords, as shown
in the middle.
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Figure 5.2

Crystals obtained from
reaction of cocaine
hydrochloride with gold
chloride: This image is the
sum of several images; if
formed rapidly, the
crystals have a shorter
center axis.

Figure 5.3

Crystals obtained from
reaction of cocaine
hydrochloride with gold
bromide: The crystals are
yellow in color and show
strong polarization. This
figure is a collage of three
separate figures taken
with crossed polarizers
and the image colors
inverted.



The foregoing tests are the more recently suggested crystal tests. Earlier,
Fulton (1969) had proposed the use of HAuBr4, HAuCl4, H2PtCl6, and H2PtBr6

solutions in water or in mixtures of acids such as acetic, sulfuric, hydrochloric,
or phosphoric, with similar results.

5.3.3 COLOR/SPOT TESTS

Positive color tests are presumptive indications of the possible presence of
cocaine. A number of harmless materials or other controlled drugs (e.g.,
methaqualone) or the synthetic anesthetics that are often substituted for
cocaine in the illicit market may give similar colors. Such results should always
be confirmed by the use of alternative analytical techniques.

The most common method for the performance of a color test on a sus-
pected drug material employs a white spot plate (for the enhancement of per-
ception of the test’s color), where the sample is placed in a depression and
treated with the necessary reagents. The spot plate must be washed thoroughly
with water and an organic solvent (preferably methanol or acetone) after each
use to prevent contamination. Filter paper, test strips, or premeasured and
prepackaged reagents in ampoules can also be used with comparable success.
Some color tests can also be performed in open (and clean) test tubes. The
presence of impurities or adulterants in cocaine samples can change slightly
the color of the test.

A few grains or particles should be used for the test. If it is necessary to 
repeat the test, the amount of the sample should be increased up to the size of
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Figure 5.4

Crystals obtained from
reaction of lead iodide
with cocaine hydrochloride
in potassium acetate.



a match head. Only the color(s) indicated for each test should be interpreted
as a positive result, which, in any case, means only the possible presence of
cocaine in the sample. When a test yields negative or doubtful results, a second
test suggested for cocaine should be performed. If the second test is also 
negative it can be concluded that the sample is unlikely to contain cocaine. If
the amount of the suspected material is too small to be subjected to both a
color test and a laboratory examination, the entire sample should be 
submitted to the laboratory. It must be kept in mind that although color tests
are used worldwide for screening purposes in the field, they are not substitutes
for more specific identification techniques, such as chromatography and 
spectroscopy.

Cobalt thiocyanate test (Young, 1931; U.N., 1994): A small amount of the suspected
material is placed in a test tube. One drop of a 16% aqueous hydrochloric
acid solution is added, and the tube is shaken for 10 seconds. Then one drop
of a 2.5% aqueous solution of cobalt(II) thiocyanate is added, and the tube
is shaken again for 10 seconds. A blue color indicates the possible presence
of cocaine, including cocaine base preparations as crack. A similar color may
appear in the presence of other controlled drugs, such as methaqualone,
phencyclidine, and highly pure heroin.

Modifications of this test that have been suggested in the literature (Allis-
ton et al., 1972) include:

• Acidified Co(SCN)2: 2g of cobalt thiocyanate are dissolved in 100mL of
1% HCl.

• 1.6% Co(SCN)2 in 10% methanolic solution of HCl.
• 2% Co(SCN)2 in 2N HCl.
• 0.8% Co(SCN)2 in 1% orthophosphoric acid.
• 0.8% Co(SCN)2 in 2 :3 (v/v) mixture of methanol with 1% orthophos-

phoric acid.

In all cases the development of blue color indicates the presence of cocaine.
Scott test (modified cobalt thiocyanate test) (Scott, 1973): A small amount of the sus-

pected material is placed in a test tube. Five drops of Scott reagent (1g of
cobalt(II) thiocyanate dissolved in 50mL of 10% (v/v) acetic acid, and then
50mL of glycerin added) are added, and the tube is shaken for 10 seconds.
If cocaine is present, a blue color develops immediately. If no blue color
appears, an equal amount of the suspected material to the amount first used
is added. If a blue color still does not develop, the result of the test is con-
sidered negative.

If a blue color appears after addition of the Scott reagent, one drop of con-
centrated hydrochloric acid is added and the mixture shaken for a few
seconds. If cocaine is present, the blue color will turn pink. If the color
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change is incomplete, an additional drop of HCl might be needed. If the
color turns completely to pink, after addition of the HCl, then five drops of
chloroform are added and the mixture shaken again. If cocaine is present,
the blue color should reappear in the chloroform layer. Butacaine, dibucaine,
phencyclidine, and methapyrilene (although they give the same color as
cocaine with the Scott reagent) are all distinguished from it by the HCl and
chloroform extraction, where only cocaine gives a blue color in the chloro-
form layer.

Logan test (Logan et al., 1989)—to identify the salt form of cocaine:

1. Place 5–10mg of the sample in a test tube with 1mL of hexane. Leave the
sample to precipitate. Transfer 6–10 drops of the supernatant to another test
tube, and add 4–6 drops of a 2% solution of Co(SCN)2 in aqueous 
solution (1 :1) of glycerin. A blue precipitate indicates the presence of
cocaine free base.

2. Add 1mL of water to the rest of the hexane solution and stir the mixture.
Transfer 6–10 drops of the aqueous layer to another test tube that contains
0.5mL of chloroform. Add 4–6 drops of the Co(SCN)2 solution. A blue color
indicates the presence of cocaine salt.

3. If steps 1 and 2 are negative, mix 6–10 drops of the rest of the hexane with
4–6 drops of the Co(SCN)2 solution. A blue color indicates that the initial
sample was a mixture of cocaine HCl and Na2CO3.

p-Dimethylaminobenzaldehyde test (Stevens, 1986): Freshly prepare 1% p-dimeth-
ylaminobenzaldehyde in a mixture of ethanol and sulfuric acid (60 :40). 
Add a few drops of the reagent to the sample in a test tube and warm the
mixture to 100°C for 3 minutes. A red color, that does not change to violet
on dilution with water, indicates the presence of cocaine. Phencyclidine gives
also a positive result with this test.

Travnikoff test (semiquantitative screening test) (Travnikoff, 1983a and 1983b): Place
10mg of the sample in a test tube with 1mL of 2% cupric sulfate pentahy-
drate (CuSO4·5H2O) in 0.1N HCl and 1mL of 2% potassium thiocyanate
(KSCN). Add 2mL of chloroform and shake the tube. The chloroform layer
displays a brown color the intensity of which is relative to the amount of
cocaine present. The procedure was checked with heroin, methaqualone,
PCP, quinine, methamphetamine, barbiturates, procaine, benzocaine, tetra-
caine, lignocaine, butacaine, and methapyrilene. None of these substances
gave a positive test.

Odor test (methyl benzoate test) (Grant et al., 1975; Kovar and Laundszun, 1989): A
small amount of the suspected material is placed in a test tube. Ten drops of
a 5% methanolic solution of potassium hydroxide are added and the tube is
shaken for 10 seconds. The smell of the sample is then compared with that
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of a reference methyl benzoate sample. A brief sniff from a safe distance of
15–20cm is recommended. If the smell is the same, this is a strong indica-
tion of the possible presence of cocaine. Only piperocaine (a benzoate ester)
was found to give a positive result with this test. No controlled drugs give a
similar odor with this test.

5.3.3.1 Differentiation of Cocaine Salts (U.N., 1986)
When mixed with a silver nitrate solution, a solution of cocaine hydrochloride
yields a white, curdy precipitate that is insoluble in nitric acid but soluble in a
diluted ammonia solution from which it is reprecipitated when nitric acid is
added (essentially a chloride test). A solution of cocaine sulfate when mixed
with a barium chloride solution yields a white precipitate that is insoluble in
hydrochloric acid (essentially a sulfate test). Both tests will produce incorrect
information if the cocaine is in the presence of other ionic materials, such as
cocaine sulfate mixed with sodium chloride.

5.3.3.2 Differentiation of Cocaine HCl from Cocaine Freebase
Wagner test (U.N., 1994): A small amount of the suspected material is placed in

a test tube. Five drops of water are added and the tube is shaken for a few
seconds. Then two drops of Wagner reagent (1.27g of iodine and 2g of potas-
sium iodide in 100mL of water) are added. A brown precipitate indicates the
possible presence of cocaine hydrochloride. Crack does not give a precipi-
tate with this reagent. This test is not specific for cocaine because many other
controlled and uncontrolled drugs give a positive result, but it is extremely
useful as a differentiating test for cocaine hydrochloride from cocaine base.

Sodium hypochlorite test (Kaufman, 1990): Fill a transparent, colorless glass with
10–15% sodium hypochlorite solution. Put 10–30mg of the sample on the
surface. Cocaine HCl precipitates slowly and forms well-distinguished zones,
while cocaine freebase floats and becomes oily.

The color tests just described are intended to be used as field tests or as
screening tests in the lab. Only the colors indicated for each test should be
interpreted as a positive result. Results from these tests are only a presumptive
identification of the suspected material and not a definitive proof. In all cases
where positive or doubtful results are obtained, the suspected material must be
submitted to a more detailed analysis. Raman and I.R. spectroscopy may be
useful for instrumental differentiation of cocaine free base from the salt.

5.3.3.3 Differentiation of Cocaine Enantiomers 
(Ruybal, 1982; U.N., 1986)
l-Cocaine is the only enantiomer of cocaine that occurs naturally. The proce-
dure for synthesis of cocaine usually results in a racemic mixture. Therefore,
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the detection of the d-isomer of cocaine is a proof of synthetic production of
cocaine. Courts in some countries have ruled that only the l-isomer of cocaine
is an illegal drug; if the analyst fails to prove that the cocaine determined was
l-cocaine, the prosecution may fail.

A microcrystal test has been suggested to differentiate cocaine enantiomers:
Dissolve 10mg of di-p-toluoyl-d-tartaric acid (TDTA) and 10mg of di-p-toluoyl-
l-tartaric acid (TLTA) in 1mL of ethyl alcohol in separate 10-mL volumetric
flasks, and then make to volume by adding 8mL of water and 1mL of glycerin.
The test is performed on a microscope slide and viewed through a polarizing
microscope at 100–125 times magnification, both with and without the analyzer
inserted. A drop of reagent is placed on the slide; then a small quantity of
sample is added to the reagent and stirred. Note that cocaine must be in its
hydrochloric salt form. (If it isn’t, it has to be converted.)

After 1 minute, l-cocaine HCl gives with TDTA almost perfectly symmetrical
rosettes. The crystals have a grayish white to white color under polarized light
when first formed. After a few minutes some rosettes show different colors (blue,
red, green, yellow) on the arms of the rosettes, depending on orientation.

With TLTA, l-cocaine HCl forms grayish white crystals immediately. The for-
mation of these crystals varies from a multitude of single needles to tufts, to fan
shaped, to sheaves. d-Cocaine HCl gives the complete opposite crystal forma-
tion as l-cocaine HCl. About 1 minute after, it gives almost perfectly symmetri-
cal rosettes with TLTA and crystals of various shapes with TDTA.

Again note the great importance of the extraction of cocaine from the
sample matrix and its conversion to its hydrochloric salt. Other synthetic local
anesthetics do not appear to interfere with this test.

Sorgen (1983) extracts cocaine through an alumina column with dichloro-
methane and reacts with TDTA in acetone and analyzes the precipitate by IR
spectroscopy.

Eskes (1978) suggests a TLC method for the differentiation of the optical
isomers of cocaine. The concept again is that l-cocaine is the natural alkaloid,
while dl- and d-forms suggest a synthetic preparation of the cocaine sample.
Cocaine is hydrolyzed to ecgonine and then is esterified with the enantiomeric
2-octanols to give the necessary diastereoisomeric derivatives, which may be dis-
tinguished by TLC (mobile phase: methanol).

Allen et al. (1981) suggests the differentiation of the four diastereoisomers
of 2-carbomethoxy-3-benzoyloxytropane (cocaine, pseudococaine, allococaine,
and pseudoallococaine) either by TLC (mobile phase: acetonitrile) or by micro-
crystalline tests using gold chloride, as described earlier in this chapter. Cocaine
is the only one of the four diastereoisomers that gives a crystalline precipitate
with the gold reagent. (Note: Gold chloride should not be able to distinguish
between all the isomers of cocaine because it is not optically active. Therefore,
this test should be suspect.)
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The differentiation of cocaine enantiomers can be also made by use of con-
ventional TLC, HPLC, GC, GC/MS (EI and CI), IR, and NMR methods.

5.3.4 THIN-LAYER CHROMATOGRAPHY (Davidow et al., 1968; Wallace
et al., 1975; Baker and Gough, 1979; Jukofsky et al., 1980; Tandon,
1978; Clarke, 1986; U.N., 1986; Hussain, 1988; Ensing and de Zeeuw,
1991; Lillsunde and Korte, 1991)

For the thin-layer chromatography of cocaine, activated silica gel G on glass-
backed plates should be used. The coating should contain a fluorescing 
additive (at 254-nm excitation). The plates (stored in a dry place) should be
activated before use at 110°C for a minimum of 30 minutes. The size of the
plates that should be used (20 ¥ 20cm, 20 ¥ 10cm, 10 ¥ 5cm) depends on the
number of the samples that will be developed simultaneously.

The spotting line (the starting point of the run) should be 1cm from the
bottom of the plate, while the depth of developing solvent in TLC tank should
be no more than 0.5cm and not less than 0.3cm. The spots should be placed
at least 1.5cm from the side of the plate in order to avoid the “side effect.” The
distance between them should be about 1cm but never less than 0.8cm.

Ideally the spots will be no more than 2mm in diameter. This can be achieved
by applying the sample solutions in aliquots rather than by a single discharge.
The aliquots should be dried between discharges by air, preferably cold, in order
to avoid the decomposition of thermally labile components of the sample. Glass
pipettes, drawn out over a flame, make convenient, disposable applicators.

The TLC tank and the lid should be made of glass, and the tank should be
lined with adsorbent paper to assist saturation of the solvent. The glass top
should be ground and/or a smear of petroleum jelly should be applied to the
rim for minimization of solvent evaporation.

If the developing solvent is a mixture, it should be made as accurately as pos-
sible by the use of graduated cylinders. Automatic dispensers can also be used,
and the mixing can be done in the TLC tank. For most of the developing
systems, the solvent must be renewed after each development or at least 
after two to three runs. The developing solvent should stay in the tank for about
15 minutes before the development in order for vapor saturation to be
achieved.

Normally a 10-cm run is allowed (for better calculation of Rf values) by
drawing a “development line” 11cm from the bottom of the plate, although a
run up to the top of the plate gives better separation results. In any case, plates
should be removed from the TLC tank as soon as the solvent reaches the devel-
opment line or the top of the TLC plate; otherwise, diffuse spots will result.

The most common developing systems suggested in the literature for TLC
analysis of cocaine are given in Table 5.1.
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For the visualization of cocaine spots in most of the preceding cases, 
Dragendorff’s reagent is used in combination with acidified potassium
iodoplatinate reagent. However, if fluorescent plates are used, the spots should
be observed under UV light (as dark spots against a green background) 
and marked with a pencil before spraying with visualization reagents.

Dragendorff’s reagent. Solution A: Dissolve 2g bismuth subnitrate in 25mL of
glacial acetic acid and add 100mL of water. Solution B: Dissolve 40g of potas-
sium iodide in 100mL of water. To produce Dragendorff’s reagent, mix 10
mL of Solution A, 10mL of Solution B, 20mL of glacial acetic acid, and 100
mL of water.

Acidified potassium iodoplatinate reagent. Dissolve 0.25g platinic chloride and 
5g of potassium iodide in water to 100mL, and add 2mL of concentrated
hydrochloric acid. It is important for proper color development that all traces
of ammonia or other bases used in the developing solvent be removed from
the plate by thorough drying.

When the TLC plate is sprayed with Dragendorff’s reagent, cocaine appears as
an orange spot. When the plate is sprayed afterwards with acidified potassium
iodoplatinate reagent, cocaine appears as an orange-brown to dark brown spot,
with the color depending on the amount of cocaine present.

Jukofsky et al. (1980) suggest to develop the TLC plates by spraying with 5%
H2SO4 followed by iodoplatinate. The immediate color of the cocaine spot is a
purple blue; on standing, the spot becomes brown, with the presence of a very
light purple ring that fades over time. Spraying only with iodoplatinate gives a
blue spot for cocaine (Tandon, 1978).
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Solvent
System Solvents Proportions Rf (¥100)

A Methanol :ammonia 100 :1.5 65
B Cyclohexane : toluene :diethylamine 75 :15 :10 56
C Chloroform:methanol 90 :10 47
D Chloroform:methanol :ammonia 100 :20 :1 87
E Chloroform:dioxane :ethyl acetate :ammonia 25 :60 :10 :5 81
F Acetone 54
G Ethyl acetate :methanol :water :ammonia 86 :10 :3 :1 86
H Ethyl acetate :methanol :ammonia 85 :10 :5 96
I Hexane :benzene :diethylamine 75 :25 :10 44
J Methylene chloride :methanol 50 :50 35
K Methylene chloride :methanol :acetone 40 :40 :20 41
L Methylene chloride :methanol :acetone 50 :25 :25 12
M Methanol :ammonia 2 N :ammonium nitrate 88 :8 :4 83

Table 5.1

Reported system for TLC
analysis



The visualization of cocaine can also be made by examination of the TLC
plate under UV light (366nm and 254nm) after spraying with H2SO4–FeCl3

reagent (2mL 5% FeCl3 + 40mL H2O + 60mL H2SO4). Cocaine shows a blue
fluorescence.

It must be kept in mind that the unknown samples should always be run
against cocaine standards; and the Rf and the colors developed should be com-
pared. For positive identification, two or more solvent systems should be used.
Also for legal purposes, the Rf precision should be articulated. It is often helpful
to run the unknowns separately between two standards as well as mixed with
standards. In this way, slight variations in solvent migration can be compen-
sated. The form of standard used, salt or base, is not important. On the TLC
plate the compounds always move as the freebase if the solvent contains a base.

The melting point of cocaine hydrochloride is 187–197°C and that of cocaine
base is 98°C.

5.4 TRACE AND INSTRUMENTAL ANALYSIS

The instrumental techniques are discussed in order of increasing cost.

5.4.1 IMMUNOASSAYS

The alternative method for cocaine screening is an immunoassay. All
immunoassays employ antibodies. Antibodies are proteins made in mammals that
recognize, bind to, and elicit defenses against foreign substances. The com-
pound that an antibody binds is termed the antigen. Two general types of anti-
bodies are employed in immunoassays, polyclonal and monoclonal. Polyclonal
antibodies are isolated from animal serum (usually rabbit or goat) and are often
mixtures of antibodies with different specificities. In contrast, monoclonal anti-
bodies (usually mouse) are frequently single protein molecules grown in cell
culture and have a single specificity. In a mixture of polyclonal antibodies there
are generally antibodies that will recognize and bind different parts of an
antigen. In contrast, monoclonal antibodies, being a single compound, will rec-
ognize and bind only one type or part of an antigen. Therefore, monoclonal
antibodies may not recognize related compounds, such as metabolites. The
cross-reactivity of the antibody is often stated on the commercial package insert.

As employed in immunoassays, antibodies may be considered to function as
a lock and key. The antibodies are the lock and the drug is the key. The speci-
ficity of the lock will determine the number of keys that will fit. The more spe-
cific the antibody, the less interference from other materials of similar structure
will occur. However, with a very specific assay there is little chance of observing
related compounds, such as metabolites or designer drugs. Therefore, the
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researcher should select the immunoassay to match their goals. If detection 
of only a single compound, such as cocaine, is desired, a monoclonal-based
immunoassay should be used. If detection of cocaine and its metabolites, such
as ecgonine, benzoylecgonine, and methylecgonine, is desired, then a polyclo-
nal immunoassay should be used.

The binding of an antibody, be it monoclonal or polyclonal, is the funda-
mental part of any immunoassay. The distinction between all immunoassays is
the manner in which this binding is measured. The four different immunoas-
says described in the following sections employ different techniques to measure
binding of the antibody to its antigen.

A number of different immunoassays are commercially available to detect
cocaine and benzoylecgonine. Because most immunoassays are used to screen
for drugs in urine, they are highly selective to benzoylecgonine, the principal
metabolite of cocaine. Therefore, their cross-reactivity and sensitivity for
cocaine must be evaluated. Frequently this information is available from the
manufacturer.

5.4.1.1 Radioimmunoassay (RIA)
Radioimmunoassay was first described in 1959 by Rosalyn Yalow as a method to
detect insulin (Yalow and Berson, 1960). For her work in this area, she received
the 1977 Nobel Prize in medicine. To perform the test, a known amount of
radioactively labeled drug (antigen) is mixed with a small quantity (10–100 mL)
of biological matrix (urine, sweat, saliva, tears, or buffer with solid sample
added). Then an antibody to the drug is added. The antibody is not able to dis-
tinguish between that radioactively labeled drug and that drug that may be
present in the urine. The antibody and drug–antibody complex are separated
from the urine and the radioactivity is measured. The more radioactivity bound
to the antibody, the less drug present in the test sample. The steps employed
in RIA can be seen schematically in Figure 5.5.

The separation of bound drug from unbound drug, the labor-intensive part
of RIA, may be performed in many ways (Skelley et al., 1973). One method
relies upon the addition of a second antibody, which is directed against the first
antibody. Because the second antibody cross-links the first antibody, an insolu-
ble molecule is formed. This precipitate is pelleted by centrifugation, and the
supernatant containing the unbound antigen is discarded. Then the radioac-
tivity in the pellet is counted directly in the tube.

Another method for separating the bound from the unbound antigen relies
upon binding the antibody to the walls of the reaction vessel. After the initial
drug–antibody reaction, the unbound materials are poured out. The radioac-
tivity bound to the antibodies that are coated on the walls of the tube is then
determined.
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The last method relies upon adsorption of the unbound antigen onto acti-
vated charcoal. The charcoal is coated with a dextran polymer, which allows
only the smaller antigens to pass through and to be absorbed onto the char-
coal. The charcoal is then removed, and the radioactivity in the urine or the
charcoal is determined.

A typical plot of radioactivity observed versus concentration of antigen is
shown in Figure 5.6a. This curve is very similar in shape and principle to an
acid–base titration curve. The linear working range is on the S-shaped portion
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of the plot. This curve also may be made linear, as shown in Figure 5.6b
(Henson et al., 1985). Note that the linear curve generated mathematically 
in Figure 5.6b from the normal binding curve is somewhat misleading. The 
precision near either end of this curve can be poor. Therefore, severe errors
may occur in measuring either small drug concentrations or very high ones.
High concentrations must be measured by diluting them into the working
range of the RIA. In contrast, low concentrations are problematic, since the
binding of the antibody may be affected, depending on the matrix being ana-
lyzed. An extraction-and-concentration step can be used to reduce the matrix
effect and to increase the concentration of the analyte to a more precise part
of the working curve. However, this is considerably extra work for a screening
test. For most samples encountered in the forensic laboratory, concentration is
not a problem—using too much is. Immunoassays are so sensitive that great
dilution should be used. Typically, 1mg of a sample can be diluted to 1000mL
with a buffer (1mg/mL). Dilution also helps reduce interferences.

The advantage of RIA lies in its sensitivity; 10-12–10-15 moles of antigen can
be routinely determined. This sensitivity is the result of the low radioactive back-
ground of most materials and the high sensitivity of radioactive measurements.
Also, RIA is very rugged; as long as the antibody–antigen reaction is specific,
few false negatives will occur. The major disadvantage of RIA is the risk of expo-
sure to radiation and the restrictive laws regulating the distribution, use, and
disposal of the low-level radioactive waste generated.

Adulteration of samples to generate a false negative is a potential concern
in any drug-screening program. Considering the principle of RIA, as shown in
Figure 5.5, there are few, if any, adulterants that would allow the antibody to
preferentially bind to the radiolabeled drug and not to a drug in the sample.
Adulterating the sample by adding antidrug antibodies or radioactively labeled
drugs would cause false negatives, but these materials would not be readily avail-
able to the average drug user. The addition of common adulterants such as salt,
organic solvents, acids or bases to prevent antibody binding would prevent the
antibody from binding to both radiolabeled drug and the drug present in the
sample matrix and cause a false positive. For example, making the sample quite
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acidic (pH < 2) would cause a false positive. Dilution of the sample in a buffer
helps prevent these rare occurrences.

5.4.1.2 Enzyme Multiplied Immunoassay Technique (EMIT)
In 1972, Rubenstein developed the homogeneous assay upon which EMIT is
based (Rubenstein et al., 1972). EMIT employs enzymes rather than radio-
activity as the determinant of antibody binding. A common enzyme system used
for EMIT is glucose-6-phosphate dehydrogenase (G6PD). G6PD uses nicotine
adenine dinucleotide phosphate (NADP) as a cofactor to oxidize glucose and
to reduce the NADP. The reduced NADP absorbs UV light at a longer wave-
length (340nm) than the oxidized form. The activity of the enzyme can be mea-
sured as a rate of increase in absorbance due to the production of reduced
NADP. The binding of the antibody to an enzyme-labeled drug decreases the
activity of that enzyme. Only a few enzymes with the active site close to the
surface show this effect (Rubenstein, 1978).

The principle behind EMIT is depicted in Figure 5.7. To perform the assay,
the rate of turnover of the enzyme must be measured spectrophotometrically.
The decrease in activity is measured as a decrease in absorbance after a set
period of time compared to a standard. If no drugs are present in the test
sample, then all the enzyme-labeled drug is bound to the antibodies and the
activity of the enzyme is reduced. The bound enzyme-labeled drug produces
little reduced NADP, and the absorbance at 340nm is correspondingly low. If
a detectable quantity of drug is present in the test sample, then the enzyme-
labeled drug competes with the drug–enzyme conjugate for the antibody-
binding sites (recall the earlier discussion of RIA). This prevents binding of
some of the enzyme-labeled drug, restores its activity, and produces more
reduced NADP. Therefore the absorbance at 340nm increases. The drug con-
centration is computed by comparing the sample’s rate of absorbance change
to absorbance change values of a set of standards. The rate of enzyme activity
is directly proportional to the concentration of drug in the sample. High con-
centrations of drug in the sample cause many antibody-binding sites to be occu-
pied, leaving more enzyme-labeled drug unbound and active. Conversely, less
drug in the sample allows more enzyme-labeled drug to bind with the antibody,
resulting in less enzyme activity. 

EMIT may be run in two ways. The method most analogous to RIA is depicted
in Figure 5.7. In step 1, the enzyme-labeled drug is added to the sample. In 
step 2, antibodies specific to the drug of interest are added to the sample. Alter-
natively, for more sensitivity, steps 1 and 2 may be reversed. The antibody sites
not occupied by drug from the sample may become occupied by enzyme-
labeled drug. Because the off-rate of the antibody–drug complex is slow
(104–105 seconds), equilibrium is not reached. In this rendition, by adding the
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antibody first, the EMIT assay is no longer a true competitive assay. This has
the effect of shifting the sigmoidal curve, shown in step 4 of Figure 5.7, to the
left (to more sensitivity).

The advantage of EMIT over RIA is that no radioactivity is involved. This
makes disposal of waste products relatively easy. Also, the shelf life of the
reagents is increased, since no radioactive decay is present for loss of the label.
Therefore the signal generation (enzymatic activity) can be started when
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desired, often by reconstituting the freeze-dried reagents. In addition, labor can
be saved, since there is no need for separation of bound from unbound drugs
as with RIA. A disadvantage of EMIT is that it cannot be used if the test sample
is cloudy or has interfering substances that absorb at 340nm. However, again
dilution of the original sample avoids most problems. Since binding of anti-
bodies is necessary, all the discussion about the cautions in measuring very high
or low concentrations of analyte that apply to RIA also apply to EMIT.

EMIT is the one test that has had the most publicity about its susceptibility
to adulteration. Like RIA, an adulterant that prevents binding of the antibody
to the drug-labeled enzyme would generate a false positive. Unlike RIA, EMIT
is vulnerable to generating a false negative by reducing the activity of the enzyme
or changing the NADP cofactor. Some of the common adulterants that may be
used to generate a false negative are listed in Table 5.2 (Kim and Cerceo, 1976).

Adulterants should not be a problem with trace analysis because the sample
must be dissolved in a buffer before applying the EMIT test. Unless the trace
analysis was in the presence of a large amount of interferent, the buffer should
dilute any interferent. The applicability of EMIT depends on the interferent.
Oxidants and strong acids/bases are particularly troublesome. For example,
cocaine mixed with salt >1% should be testable. In contrast, 1% cocaine mixed
with an oxidant, such as laundry detergent, will likely generate a false negative.
This must be kept in mind if one is using an EMIT test to sample wipes of an
area where cleaning agents may have been applied. One method that could be
used to evaluate false negatives in tests that employ EMIT technology is to
monitor the initial rate of the enzyme reaction before the antibody is added.
If this rate was too low, then that sample would be flagged as untestable. Few
laboratories use this method because it increases slightly the complexity of the
analysis. Alternatively, a known amount of material may be added (similar to
the standard addition method) and the sample assayed again. If the result is
correct, then the sample is not adulterated and is testable.

5.4.1.3 Fluorescent Polarization Immunoassay (FPI)
The principles of fluorescent polarization were first developed by Perrin in the
1920s (Perrin, 1926), and its application to the detection of antigens bound to
antibodies was first described in 1961 (Dandliker and Feigen). The principles
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Acids (such as vinegar)
Bases (such as lye)
Oxidants (such as bleach)
Enzyme inhibitors (such as heavy metals)

Table 5.2

Common adulterants
used to generate false
negatives in EMIT



and practice of fluorescent polarization and its application to biological systems
have been the subject of several review articles (Soini and Hemmila, 1979; 
Dandliker and de Saussure, 1970; O’Donnell and Suffin, 1979).

The basis of FPI can be seen in Figure 5.8. Fluorescent polarization is related
to light scattering. If a polarized light beam excites a stationary, fluorescent mol-
ecule, the molecule will emit light that is polarized. If the molecule rotates
before the light is emitted, then the polarization of the emitted light is lost.
Small molecules, such as drugs, rotate faster than larger molecules, such as anti-
bodies. An antibody binding to the smaller, fluorescent molecule would make
a large complex with a slower rotational period. This large complex would not
rotate significantly before fluorescence of the molecule had occurred; there-
fore, the polarization of the initial exciting light would be retained. If the anti-
body is prevented from binding the fluorescently labeled drug (because other
molecules fill the site), then the polarization is lost. The steps used in FPI
(Figure 5.8) are very similar to those used in EMIT, with the only difference
being how the signal is interpreted.

The shelf life of the reagents in FPI is increased over that in both EMIT and
RIA because no radioactivity or enzymes are involved with this analysis. Like
EMIT, labor can be saved, since the assay is performed without a separation step.
However, the sensitivity of FPI is somewhat less than can be achieved by RIA and
EMIT, although it is sufficient for most drug assays. The sensitivity is limited by
the theoretical maximum of polarization (0.4, due to the random distribution
of molecules) and by the inherent fluorescence of the sample. This is especially
severe if proteins (as in blood plasma) or certain vitamins are present.

Fluorescent polarization also is sensitive to a number of adulterants. Con-
sidering the principle behind fluorescent polarization, any high-molecular-
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weight material that nonspecifically binds the fluorescent label would generate
a false negative. This nonspecific binding would reduce the rotation of the 
molecule and increase the polarization, just as if the antibody had bound to
the drug-labeled fluorophore. Proteins are known to interfere with fluorescent
polarization in this manner.

If the fluorescent lifetime were significantly reduced, even unbound mole-
cules would appear stationary. Heavy metals are efficient fluorescent quenchers
that can reduce lifetimes in high-enough local concentrations. These should
generate false negatives with this assay.

The TDx system used by Abbott Laboratories reduces or eliminates all these
known interferences by a large, 250-fold dilution of the sample in buffer before
an assay is performed and a careful background subtraction routine. We have
tested samples with large amounts of protein, salt, and various quenchers
without generating a false negative. However, fluorescent materials, such as
endogenous riboflavin metabolites or surreptitiously added fluorescence dyes,
still present a problem. Abnormally high levels of such species are indicated by
the TDx instrument, and that specimen cannot be tested. A policy decision must
be made in these cases as to whether such a sample should be tested by alter-
native technology to avoid discarding a potential positive sample.

5.4.1.4 Immunochromatography (Mura et al., 1999; 
Samyn and van Haeren, 2000)
Lateral flow immunoassays, examplified by the Roche TeststikTM and the
Securetech Drugwipe®, are the newest, fieldable techniques. All lateral flow
techniques rely upon technology patented in 1982 (Leuvering, 1982) and more
recently by a large number of inventors, as exemplified by Campbell et al.
(1987), Rosenstein (1987), and May (2000).

They are in principle the same technology as used in most home pregnancy
tests. The sample, dissolved in water or buffer, is applied to an absorbent pad
(see Figure 5.9), where the solution mobilizes colored particles that are coated
with antibodies. The particles move in the chromatography paper (often nitro-
cellulose) and are captured on an immobilized antigen line. Thus for detect-
ing cocaine, the coated particles are coated with anticocaine antibodies and the
immobilized antigen is cocaine-derivatized protein. If there are no cocaine mol-
ecules in the sample solution, then some of the particles bind to the immobi-
lized cocaine and a visual line appears. Any cocaine molecules in the sample
solution inhibit this binding and either reduce the line intensity or inhibit 
it entirely. Because a lateral flow immunoassay is an antibody–antigen assay, 
anything that inhibits antibody binding, such as strongly acidic or basic mate-
rials, would cause a false positive (lack of sample line). For a control, antibod-
ies against a second protein on the colored particle are employed. The control
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line, often present, serves as an indicator that the sample solution mobilized
the particles and that additives were not present that inhibited antibody
binding.

Generally, cocaine, methamphetamine, and opiates are difficult to detect by
quick observations; therefore individuals may be driving under the influence
of drugs and not be easily observed. On the other hand, alcohol and marijuana
are readily detectable by smell. Consider a traffic stop made for erratic driving.
The individual may have alcohol present but below legal limits. Would an
officer detain that individual (spending several hours) and take a biological
sample, such as blood or urine, without good evidence that the behavior was
due to drug use?

Lateral flow assays are being proposed for sampling individuals at traffic stops
to generate probable cause that they had used drugs (Mura et al., 1999).
However, most of the lateral flow assays are sensitive to nanogram quantities of
materials. This sensitivity is such that contamination by previous exposure to
drugs (being around drug use or in an environment where prior drug use had
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occurred) is sufficient to generate a positive. Thus, lateral flow systems should
be considered as presumptive positives rather than true indicators of drug 
use.

Lateral flow assays can also be used as a test of suspicious powders, being
more selective than colorimetric tests. However, their cost of several to tens of
dollars per test may make them too expensive for routine use when cheaper
tests are available. The cost is related mainly to the ease of use. For larger-scale,
laboratory testing, an instrumental technique would be preferable if the analyst
wanted to employ immunoassays as a preliminary screen. Also, each test is spe-
cific for a given drug or maybe drug class. Therefore, the test user would need
to have some idea of the substance being sought or else run a number of tests
at increased cost.

A useful example of the sensitivity of lateral flow immunoassays is to test drug
residues on currency. Most used $1 bills in the U.S. are contaminated with 1–10
mg of cocaine. A simple test is to extract a single bill with 10mL of water and
preform the assay on a small aliquot. The visual result of a positive with most
of the lateral flow devices can be useful in legal settings.

5.4.2 ION SELECTIVE ELECTRODES (ISEs)

ISEs have been developed that provide some selectivity to cocaine over other
drugs of abuse (Elnemma et al., 1992; Campanella et al., 1995, 1998; Watanabe
et al., 1997). ISEs offer the advantage of very rapid identification (<30s), very
good quantitation, and low cost. Unfortunately, commercial versions of ISEs 
for drug analysis are not available, and any systems must be fabricated in 
the laboratory. Nevertheless, the materials to prepare an ISE for cocaine 
can be purchased for under $300, and a laboratory pH meter can be employed
for the measurement system. Thus an instrument can be constructed for 
the rapid identification and quantitation of a large number of seized 
samples. The principle behind an ion selective electrode is shown in Figure
5.10. Analysis is as simple as using a pH meter. An aliquot of an unknown 
is weighed and dissolved to about 1–10mg/mL in a known volume of 
buffer. First dissolving the cocaine in water can tell if it is crack cocaine, which
is almost insoluble without acid present. Then the ion selective electrode is
inserted and the voltage produced measured. The quantitation may be calcu-
lated from a calibration curve (see Figure 5.11). Other drugs are unlikely to
interfere, but common surfactants (especially long-chain quaternary ammo-
nium salts), such as found in some shampoos, do interfere. A low-cost approach
to cocaine identification and purity measurement may be the use of TLC in a
two-solvent system followed by ISE analysis to confirm the identity and measure
the purity. Analysis can be very rapid (see Figure 5.12).
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Principle of an ion selective electrode: An ion selective electrode is equivalent to a pH meter. A
semipermeable membrane separates parts of a battery. Ions are carried across the semipermeable
membrane with a selective transporter molecule—the driving force being a concentration gradient
on either side of the membrane. Because the transport molecule carries only one part of the ion
part (i.e., the cocaine cation), a charge build-up occurs inside the ion selective electrode solution.
This charge buildup generates a voltage that can be measured and resists the further diffusion of
cocaine cations. The larger the concentration of cocaine, the higher the voltage.

5.4.3 GAS CHROMATOGRAPHY–NITROGEN/PHOSPHOROUS DETECTION
(GC-NPD) (Alm et al., 1983; Armstrong et al., 1987)

Of all analytical instruments, GC is the least expensive and lowest maintenance,
and yet it provides a wealth of information. Gas chromatography with selective
(flame ionization) or specific (nitrogen–phosphorous) detectors has been used
to identify and quantitate cocaine. Early work centered on packed columns,
which were soon supplemented and then replaced by capillary columns. 
Capillary columns, with their high resolution (3000 plates/meter) offer much
more informational content (Kidwell, 2004) than does TLC for the identifica-
tion of suspected materials. Cocaine does not need to be derivatized for analy-
sis by GC, although it must be in the freebase form. GC also offers the advantage 
of fingerprinting the impurities in illicit cocaine samples, which are at 
trace levels and can be used to compare sources of cocaine (Comparini et al.,
1983, 1984; Casale, 1992). Some authors have advocated the use of two columns
with different polarities to confirm the identification of cocaine (Alm et al.,
1983).
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Figure 5.12

Rapid response of an ion selective electrode to cocaine: Aliquots of cocaine were added to a
stirred, buffer solution. Typical response is under 30 s after addition of the cocaine, with some
delay due to mixing of the solution.

Figure 5.11

Typical data from a wire-coated ion selective cocaine electrode: The limit of detection is normally
considered to be when the response is dominated purely by diffusion of cocaine across the
membrane, and it is calculated from where the two lines cross. However, the ion selective electrode
still responds to lower concentrations, where the response is dominated by the complexation
constant of the transporter molecule. This region, although drawn as a straight line, is in reality
a curve. A curve may be used for quantitation if higher-order curve-fitting routines are employed.
With current electrode designs, drift in the absolute mV readings occurs, so the electrode should be
calibrated immediately before use. A single point calibration is sufficient.



5.4.4 HIGH-PRESSURE LIQUID CHROMATOGRAPHY (HPLC) (Chan et al.,
1974; Wheals and Jane, 1977; Chiarotti and Fucci, 1990; de Zeeuw et al.,
1994; Hill et al., 1987)

HPLC provides more information than does TLC due to the higher resolution
attainable and the information content of the detection system (especially if
multiple wavelengths or diode array detection is available). However, mainte-
nance of HPLC can be much more expensive than a GC, and unless nonvolatile
cutting agents (such as sugar) must be identified, GC would be the preferred
analysis technique in the low-cost arena. The UV spectra of cocaine is 
shown in Figure 5.13 to aid in selection of wavelengths for detection if a fixed-
array system is used. The ratio of absorbances at two or more wavelengths 
also helps in the identification of cocaine by comparison to a standard (for
example: A234 nm/A276 nm = 9.75). Of course, for the detection of cutting agents,
such as sugar, that have little or no useful UV aborbances, a refractive 
index detector must be used. Detectors can also be placed in series for added
information.
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Figure 5.13

UV spectrum of 1.65 e-4M cocaine in 0.1M HCl was Spectra: taken on a Hewett Packard
8451A Diode array spectrometer. From the calculated extinction coefficients and using Beers’ law
(A = ebc) one can calculate the minimium detectable quantity of cocaine. Assume that the
HPLC detector can see an absorbance of 0.01 and has a 1 cm pathlength. Further assume that
the flow is 1mL/min and that the peak has a peak width of 30 seconds, then injection of 70ng
of cocaine should be observable at l = 234nm [0.01 (min. detectable absorbance)/13,000
(extinction coefficient) * 303 (molecular weight) * 0.0005 (elution volume) * 0.6 (peak factor)].
Of course, much more should be analyzed to ensure detection.



5.4.5 CAPILLARY ZONE ELECTROPHORESIS (CZE)

Capillary zone electrophoresis, or just capillary electrophoresis, has been
employed in the analysis of a wide range of drugs (Tagliaro et al., 1996; Lurie,
1998). The complexity and maintenance requirements are similar to those for
HPLC, but CZE offers much higher chromatographic resolution, which can
translate into more certain identification. Also, because the peak elutes in a
smaller volume, the sensitivity can be higher than for HPLC. For example,
assuming detection sensitivity of (0.01 absorbance units) for the CZE detector
with a volume of 20mL (diameter 1cm ¥ 50mm) and that the peak is entirely
contained in this volume, injection of 4.7ng would then be detectable [0.01
(min. detectable absorbance)/13,000 (extinction coefficient)*303 (molecular
weight)*20 e-6 (elution volume)]. This is 15 times more sensitive than HPLC
with similar assumptions. CZE also has the advantages over HPLC of having
many different modes of separation, which allows some flexibility for difficult
analyses and drastically less solvent usage.

5.4.6 ION MOBILITY MASS SPECTROMETRY (IMS)

Ion mobility mass spectrometry is related to higher vacuum mass spectrometry
but provides less information. It consists of introducing the sample (usually by
thermal desorption) into the ion source of an atmospheric mass spectrometer.
In the ion source, the molecules are normally ionized by charge exchange,
similar to chemical ionization, with the reagent ions being formed by either a
glow discharge or beta particles from a radioactive source (usually 63Ni). The
reagent ions can be adjusted in their proton affinity to provide some selectiv-
ity of nitrogen-containing compounds, such as cocaine, over hydrocarbons.
Once ionized, the ions are pulsed into a drift region of the mass spectrometer,
where the time necessary to reach a Faraday-type detector is measured. The
drift time is related to the mass of the ions and their mobility (relating to size
and shape) in the drift region. As such, an IMS does not give true mass-to-
charge ratios. Nevertheless, an IMS can be selective because of the selectivity
of the ionization and the drift time. The big advantage of IMS is that no vacuum
is required. This allows handheld instruments to be constructed. Also, the sen-
sitivity of most commercial instruments is less than 1ng introduced, rivaling
conventional mass spectrometry in a small, inexpensive package. At least three
commercial variations are available.

5.4.7 GAS CHROMATOGRAPHY/MASS SPECTROMETRY (GC/MS)

GC/MS is the gold standard for cocaine analysis. By coupling a capillary gas
chromatograph with a mass spectrometer an instrument is produced by which
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substantial information can be obtained (Kidwell, 2004). To consider a sub-
stance to be cocaine, both the retention time and mass spectrum must match
those of a reference compound. Either chemical ionization or electron impact
ionization may be used to ionize the cocaine molecule. Because electron impact
provides fragmentation information, it is preferred. Normally at least three ions
and the ratios between them must match a standard for a substance to be called
positive. With newer mass spectrometers, based on ion traps, full-scan spectra
can be obtained without substantial loss of sensitivity. Comparison of a full-scan
spectrum of an unknown to that of a standard offers further proof of identity
(Figure 5.14 for reference spectra). Although additional ions present in the
unknown, due to coeluting impurities, that are not in the known may be accept-
able, the reverse is not. Thus, the analyst must have written criteria for such com-
parisons because differences in intensity or additional peaks often occur.
Because of the analysis capabilities of the mass spectrometer, deuterated inter-
nal standards are preferred. Deuterated cocaine, for the most part, is chemically
identical to the undeuterated material, and thus losses in extraction and analy-
sis are compensated. Likewise, the retention time of the deuterated standard on
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a) b)

c)

Figure 5.14

Electron impact spectrum
of (a) d0-cocaine, (b) N-
methyl-d3-cocaine, and (c)
an approximately equal
mixture of d0-cocaine and
N-methyl-d3-cocaine.
Spectra were obtained on
a Varian 4 ion trap. The
absolute intensities of the
peaks may vary,
depending on the
instrument and its
tuning. Diagnostic peaks
for cocaine are at m/z
303, 182, and 82.



the GC column serves as a standard to compare the unknown (Figure 5.15).
Normally on a high-resolution GC column, deuterated materials elute slightly
ahead of their corresponding undeuterated materials, and this further confirms
the identity. Because GC is used to introduce the sample, all the requirements
of GC must be followed. The sensitivity of most modern instruments can easily
reach 1ng injected, so most samples must be diluted. Generally, if you can see
it, it is too much for analysis by mass spectrometry.

5.4.8 TANDEM MASS SPECTROMETRY, OR MS/MS (Kidwell, 1993)

MS/MS increases the information content in a spectrum, thereby increasing the
certainty of identification (Fetterolf and Yost, 1984). MS/MS works by selecting
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Figure 5.15

Methylamine CI/GC/MS of a hair extract from a 6-year-old African-American male:
Methylamine was used as the CI reagent gas. Although methylamine produces cleaner spectra
because its proton affinity is similar to cocaine, it is very corrosive. Isobutane or acetonitrile is
the preferred reagent gas. Note that the deuterated standards elute slightly before the undeuterated
analytes. Also, Gaussian peaks without shoulders can be obtained. The benzoylecgonine was
derivatized as a trimethylsilyl derivative. TMS derivatives are easy to make and produce good
sensitivity by CI because of their low proton affinity. However, TMS derivatives are moisture
sensitive (thus they do not always remain intact on the autosampler for reruns), and some
derivatization reagents degrade column performance (normally those containing TMS-CI).
Fluorinated esters (such as pentafluoropropionyl) are now preferred for derivatization of
benzoylecgonine. Cocaine is not derivatized. The information content of a CI-GC/MS analysis is
lower than that of EI-GC/MS or CI-GC/MS/MS and is similar to that of packed-column
GC/MS. Chemical ionization with only a single ion detection should not be used as proof of a
substance identity for legal proceedings (Kidwell and Smith, 2000), especially in trace analysis.
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a) - Spectra taken at a CID amplitude of 30 V b) - Spectra taken at a CID amplitude of 35 V

c) - Spectra taken at a CID amplitude of 40 V 

Figure 5.16

MS/MS spectra of cocaine: The spectra were obtained on a Varian 4 ion trap operating in
positive CI mode using isobutane as the reagent gas. The excitation energy was nonresonant and
was varied. Note the increase in fragmentation with increasing energy. Generally the window for
fragmentation is small; too little energy produces little fragmentation, and too much scatters the
ions, greatly reducing the sensitivity. Because the ion intensities vary with slight changes in
instrumental conditions, MS/MS spectra are not as reproducible as electron impact spectra.
However, running standards before/after the material in question usually produces a good
spectral match. Alternatively, a comparison with the d3 standards, run simultaneously, also is
useful. In this case, ratios of the peaks to the corresponding peaks in the deuterated standard
and then ratioing the ratios should produce reliable precision on day-to-day data. Spectra (b) is
the most diagnostically useful.

an ion (usually the protonated molecular ion generated by chemical ioniza-
tion—called the parent ion), fragmenting that ion, and examining the daughter
ions produced (Figures 5.16 and 5.17). MS/MS is not a more sensitive technique
than a single MS analysis. In fact, the signal levels obtained are actually lower
than a single mass spectrum (due to ion scattering). However, by reducing the
contribution from other ions in the spectra due to coeluting materials, MS/MS



increases the signal-to-noise (S/N) ratio of an analysis. This increase in S/N
allows the analyst to increase the instrumental sensitivity by increasing the gain
on the electron multiplier. In a normal, single mass spectrum, increasing the
gain of the electron multiplier increases the background in tandem with the
signals of interest, so little increase in information is obtained. What is often
relied upon in performing MS/MS is that coeluting materials will not have the
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c) - Spectra taken at a CID amplitude of 40 V

b) - Spectra taken at a CID amplitude of 35 Va) - Spectra taken at a CID amplitude of 30 V

Figure 5.17

MS/MS spectra of N-methyl-d3-cocaine: The spectra were obtained using the same conditions as
for Figure 5.16. An example of the power of MS/MS is that any peaks may be used for
quanitation even if they are isobaric (same m/z) to those of d0 cocaine. This is because in the
MS/MS process the molecular ion is isolated and fragmented in a sequential fashion. For
example: m/z 304 is isolated and fragmented and the daughter ions measured. Then, m/z 307
is isolated and fragmented and the daughter ions measured. Even though m/z 91 is common to
both d3 and d0 cocaine (spectra c in Figures 5.16 and 5.17), its origin can be determined by
which parent ion is isolated to be fragmented. Although this example illustrates the power of
MS/MS, for cocaine the major fragments all retain the deuterated label, so isobaric ions are not
a consideration.



same ions as the molecule of interest (or their ionization efficiency will be
reduced by judicious selection of the CI reagent gas), and therefore the 
coeluting ions can be discriminated against by the MS/MS technique. If the
coeluting peaks had the same ions (for example, m/z 304 for protonated
cocaine) as the molecule of interest, MS/MS could still produce a valid 
spectrum because the coeluting molecules are unlikely to have similar 
fragments. However, if neither condition is met (different parent or fragment
ions), then MS/MS will not work. For ion trap instruments, MS/MS is quite 
easy to accomplish, being done in software with minimal hardware modifica-
tions. However, the analyst must recognize that MS/MS spectra vary more 
with instrumental conditions than do the equivalent electron impact spectra
(Figure 5.14).

5.4.9 INFRARED AND FOURIER TRANSFORM INFRARED (IR/FTIR)

IR is one of the more informative light-absorption techniques and provides a
wealth of information on pure materials, especially in the fingerprint region of
1400–400 wave numbers. The spectra produced by an FTIR are identical to
those of standard grading instruments, but frequently at higher resolution, with
more accurate absorbances and more rapid spectral acquisition. Because no
separation technique is usually used (although GC-FTIRs are commercially
available), impurities may cloud the interpretation of the spectra. As in GC/MS,
the analyst should have clear criteria for identification. The presence of extra
absorbances may be acceptable, but missing absorbances should never be
acceptable. Purification by acid/base extraction may be necessary before the
IR spectrum is taken, to remove diluents. The salt form (freebase or hydrochlo-
ride) will affect the IR spectrum, thus this may be diagnostic of the form of the
cocaine (Figure 5.18).

5.4.10 RAMAN IR

Raman provides much the same type of information as IR, except it relies on
scattering of infrared radiation rather than absorption. One advantage is that
it is capable of examining nontransparent surfaces and materials through pack-
aging. This allows cocaine to be confirmed while in the bulk state without
opening the package.

A disadvantage of Raman spectroscopy is that Raman signals are very weak
as compared to IR absorptions. Because of this weakness, Raman spectroscopy
is normally just used for bulk drugs. Particles may be examined with a micro-
Raman instrument (Figure 5.19), although the intense laser light may change
or burn the particles, especially if they are colored. Fluorescence is the biggest
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interference in Raman spectroscopy. Besides fluorescent dyes, many natural
substances in the environment fluoresce, chlorophyll being a good example.
Also, many papers and cloths contain a fluorescent bluing agent to counteract
their inherent yellow absorption. Examining cloth under UV light gives a 
dramatic visual impression of fluorescent brightening agents in most 
detergents. Thus, some samples may be masked by fluorescence. Using longer-
wavelength lasers as excitation sources reduces fluorescence because most
materials in the environment must be excited in the visible or UV. However,
the intensity of Raman scattering decreases as l4, so a penalty in sensitivity is
paid when using near-IR lasers. For example, using a 670-nm laser 
diode rather than a 540-nm argon laser would reduce the Raman scattering by
a factor of 2.4. Laser wavelength should be considered in the choice of an
instrument.
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Figure 5.18

FTIR spectrum of cocaine hydrochloride (a) and cocaine base (b) in a KBr pellet: The baseline
was corrected and the water and carbon dioxide bands were subtracted. Absorbances at 732,
1713, and 1732 wave numbers are characteristic of cocaine hydrochloride. Absorbances at 713,
723, 1710, and 1737 wave numbers are characteristic of cocaine freebase. These absorbances are
slightly different than those in the literature (Morales, 2000). The broad absorbance between
2300–2900 wave numbers is also indicative of cocaine hydrochloride. However, the other peaks
indicated are less obscured by adulterants. Some analysts use the small peaks at 3400 and the
broad absorbance between 2400 and 2800 as indicative of cocaine hydrochloride. However, it is
more difficult to articulate in court how something looks different than just to state that two
numbers are different. The spectra were taken on a Nicolet 760 Manga-IR spectrometer.



Like the IR spectra, the Raman emissions shift slightly depending on the salt
form of cocaine (Figure 5.19). Also, like IR, impurities may cloud the inter-
pretation of the Raman spectra. Certain colloidal metals enhance the Raman
spectra (surface enhanced Raman spectroscopy—SERS), often by several
orders of magnitude. SERS has been proposed to examine trace drug levels. It
has the advantage over lateral flow assays of providing a fingerprint to match
against a standard and thereby identifying an unknown from a single spectrum.
Unfortunately, not all materials show the SERS effect, and research is still
ongoing to extend SERS to trace-drug analysis. In addition, benzoylecgonine,
a frequent impurity in cocaine base, shows a similar Raman spectrum to cocaine
HCl (compare Figure 5.20 with Figure 5.19a). Mixtures of the two substances
may broaden the Raman absorbances and cloud the interpretation of the
results.

5.4.11 NUCLEAR MAGNETIC RESONANCE (NMR)

NMR is one of the more expensive techniques. However, it can be used for any
sample that is reasonably pure and, like GC/MS, is definitive. Like GC/MS,
extra peaks in the NMR (C13 or proton) are not necessarily indicative of an
incorrect identification. However, missing peaks or peaks at the wrong absorp-
tion region would be evidence that a substance was not cocaine. Be careful of
the presence of paramagnetic impurities (unlikely), which may selectively shift
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Figure 5.19

Raman spectrum of
cocaine hydrochloride (a)
and cocaine freebase (b):
The spectrum was taken
and baseline zeroed, and
the fluorescence was
removed. The spectra were
taken on a Renishaw
Ramascope. Carter et al.
(2000) have used the
differences in the
800–900cm-1 region
rather than the indicated
absorbances to different
cocaine HCl and cocaine
base.
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certain NMR peaks or completely ruin the peak resolution. NMR can also be
used to determine optical activity, especially when optically active, paramagnetic
shift reagents are used. The proton spectra of cocaine hydrochloride and
cocaine base are shown in Figure 5.21 and C13 spectra in Figure 5.22. The
spectra were run in different solvents, so slight shifts in the absorbances were
observed. The peaks with an asterisk appear to be the most diagnostically useful
to distinguish the two forms of cocaine. Due to its sharp absorbance, the 
N-methyl absorbance in the proton spectra at 2.23ppm for the freebase and
2.89ppm for the hydrochloride would be the most useful.
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Raman spectrum of
benzoylecgonine: The
spectrum was taken,
baseline zeroed, and the
fluorescence removed. The
spectra were taken on a
Renishaw Ramascope.
Note the similarity of the
absorbances to cocaine
HCl in Figure 5.19a.
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Figure 5.21

Proton NMR spectra of
cocaine HCl and cocaine
base: The spectra were
obtained on a Bruker
AC300. The cocaine HCl
spectrum was taken in
deuteromethanol (for
solubility), and the
cocaine base spectrum 
was taken in
deuterochloroform. The
slight shifts in absorptions
may be due to differences
in solvent effect. The
peaks with an asterisk
appear to be the most
diagnostically useful to
distinguish the two forms
of cocaine.



5.5 CONCLUSIONS

There is a large array of techniques available for the analysis and identification
of cocaine. The most accepted approach is to employ two techniques that are
complementary (just performing the same assay twice should never be accept-
able). For low-cost, rapid analysis, color or crystal tests followed by TLC are
often used. Alternatively, the preliminary tests may be followed by ion selective
electrode analysis or immunoassy conformation. If available, the better (and
more costly) analysis is to follow the preliminary screen (color or crystal tests,
immunoassay, TLC, GC, or ion selective electrodes) with an instrumental 
confirmation. The more information that tests provide, the more assured the
identification. Whatever the analyst chooses, he/she must be able to defend 
the choice in legal proceedings, because often careers and substantial costs are
associated with the identification of an illicit substance.
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Figure 5.22

C13 NMR spectra of
cocaine HCl and cocaine
base: The spectra were
obtained on a Bruker
AC300. The cocaine HCl
spectra was taken in
deuteromethanol (for
solubility) and the cocaine
base spectrum was taken
in deuterochloroform. The
slight shifts in absorptions
may be due to differences
in solvent effect. The
peaks with an asterisk
appear to be the most
diagnostically useful to
distinguish the two forms
of cocaine.
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6.1 INTRODUCTION

This chapter reviews the use of separation methods for isolation, identification,
and quantitative analysis of natural and synthetic opiates. Strictly speaking, the
term opiate refers specifically to the products derived from the opium poppy.
The review focuses on morphine derivatives and synthetic or semisynthetic
opiates, showing agonistic action at opioid receptors OP1 (d), OP2 (k), or OP3

(m). The action of opiates on opioid receptors and the classification of recep-
tors have been reviewed elsewhere (Dhawan et al., 1996). The present overview
is limited to drugs of particular forensic significance and focuses on forensic
analytical applications reported over the last decade and devoted mainly to 
biological samples. These applications are divided into sections:

• Preliminary methods for opioid detection in nonbiological and biological
samples

• Isolation of opioids from various biological matrices
• Analysis of opium poppy constituents in plant material and in body 

fluids
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• Separation and detection of heroin, its congeners, and its specific metabo-
lites in illicit drug preparations and in body fluids

• Analysis of morphine and other natural and synthetic opiates in body fluids
and organs

In each section the relevant separation techniques (TLC, GC, HPLC, and CE),
combined with various detection methods, are reviewed in turn.

6.2 PRELIMINARY METHODS FOR OPIATE DETECTION

Preliminary tests play a dual role in forensic toxicology. First, their use fulfills
the main condition of forensic analysis, i.e., the application of two independent
methods for positive results whenever possible. Second, the important eco-
nomic and logistic factors should be considered. The purpose of these tests is
to screen and exclude suspected samples, which certainly do not contain any
opiates. This may filter a majority of negative samples and save the time and
cost of analysis. Since the negative result of a preliminary test usually has deci-
sive value, it should be absolutely reliable. In other words, there should be no
room for false-negative results. Therefore, preliminary tests should show broad
group specificity and possibly high sensitivity, whereas an absolute specificity is
not required. An unequivocal identification and quantitation is usually done in
the confirmatory step of analysis.

6.2.1 METHODS USED FOR STREET DRUGS

Preliminary testing for the presence of opiates, as well as other drugs of abuse,
is performed mainly by law enforcement officers (police or custom officers,
prison wardens) in field conditions. Therefore, the testing devices used for this
purpose should be simple, robust, and sensitive, while the selectivity is not a
particularly critical issue. The main task of these tests is to select suspicious
samples or materials for possible further examination with confirmatory
methods. Usually, well-known color reactions with various reagents are applied
here.

Narcopouch® (ODV Inc., Paris, ME) is a battery of color tests for the tenta-
tive detection of opiates, amphetamines, cocaine, barbiturates, cannabinoids,
and LSD in street samples. The detection principle is based on color reactions
with known reagents, such as Marquis, Meyer’s, Mecke, Ehrlich’s, fast blue B,
and Koppanyi. The whole procedure is performed in a plastic pouch under
visual inspection. The Herosol® field kit (Mistral Detection Ltd., Jerusalem,
Israel) consists of a spray reagent and special test paper. The suspected surface
(e.g., skin) is wiped with the paper, which is then sprayed with Herosol. A violet
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color indicates the presence of heroin. A similar heroin test, Detect NowTM, is
supplied by Test Medical Symptoms@Home, Inc., and is marketed via the Inter-
net as a simple test for parents who like to check their children for drug use.
The NIK® narcotic field test (Public Safety Inc., Armor Holding, Jacksonville,
FL) consists of individual ampoule tests for the main groups of drugs of abuse,
among them opiates/amphetamines, and for heroin/opium. Drug Wipe and
Drug Wipe II (Securetec AG, Germany) are immunochemical tests designed
for the detection of drugs of abuse on various surfaces, e.g., luggage, passports,
and currency, but also on skin or tongue. Therefore, these tests may be used
for the detection of drugs in sweat or saliva. The detection limit for opiates is
25ng of morphine equivalent. With the portable reader, a colorimetric quan-
titation may be performed.

6.2.2 METHODS USED FOR BIOLOGICAL FLUIDS

Preliminary methods used for biological fluids may be divided according to dif-
ferent criteria. From the technical point of view, one clearly would divide these
methods into onsite (point-of-care) and laboratory tests. These two groups of
tests are discussed next. However, preliminary tests may be used not only for
forensic or preventive purposes, e.g., in employee screening, but also as a diag-
nostic procedure in suspected acute poisoning. This different purpose is also
associated with a different strategy. In onsite tests applied in a hospital emer-
gency ward, the confirmation analysis sometimes is not of primary importance.
For instance, in clinical toxicology, in the case of suspected heroin overdose,
after a positive result of a preliminary opiate test it is clear that the physician
must immediately apply an opiate antagonist, such as naloxone, instead of
waiting for the results of a confirmatory analysis. This practice is not limited to
health professionals; the distribution of naloxone for administration in addicts’
homes by their companions or family members is a novel approach being tested
in the United States, Germany, and the United Kingdom (Sporer, 2003). The
same strategy is valid in the case of positive results for a benzodiazepine 
test, indicating acute poisoning, and suggesting the use of the antagonist
flumazenil.

6.2.2.1 Onsite Tests
The use and development of onsite tests capable of analyzing available body
fluids for drugs of abuse has been stimulated by the general exposure to abused
substances and by the requirements of modern society. There is a multitude of
socially critical situations that demand full sobriety and unaffected psychomo-
tor skills of a given individual. Therefore, onsite tests are demanded and widely
used among very different social groups, such as automobile drivers, incarcer-
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ated criminals, the military, athletes, employees of the oil industry, among
others. A particular value of the onsite test is in the testing of mobile groups,
located in some remote areas. Additionally, it is very important to get a non-
invasive sampling. For this reason, the testing of saliva or sweat instead of urine
or blood became particularly attractive. It should be added that onsite tests
might also be valuable in monitoring some therapeutic drugs, e.g., anticoagu-
lants. For these reasons, such tests carry an alternative name: point-of-care tests.
An excellent review of onsite drug testing, comprising all aspects of this analy-
sis, was done in a recent book edited by Jenkins and Goldberger (2002). Table
6.1 shows the features of the most popular onsite testing devices used for opiate
detection. All of them are based on the immunoassay principle; also, all of them
are capable of detecting the whole panel of drugs of abuse: amphetamines, 
benzodiazepines, cannabinoids, cocaine, and opiates.

Crouch et al. (2002) performed a field evaluation of five onsite drug-testing
devices: AccuSign, Rapid Drug Screen, TesT-Cup-5, TesTstik, and Triage. Urine
samples were collected at two police agencies: in Houston, TX, and Nassau
County, NY. Four hundred samples were tested at each site from November
1998 to November 1999. The cutoff for opiates was 300ng/mL urine. All
samples positive in onsite tests were confirmed with GC-MS (for morphine and
codeine) and with LC-MS (for hydrocodone and hydromorphone). Only one
false-negative result was observed. The false-positive rate was below 0.25% for
all devices (one to two samples for each device). In conclusion, it was stated
that onsite drug-testing devices are useful in DUI investigations, due to a very
low rate of false-negative and false-positive results. Gronholm and Lillsunde
(2001) evaluated eight various onsite devices for urine and oral fluid assay of
opiates, cocaine, and amphetamines. In the case of opiates, the accuracy ranged
from 94% to 98% for both matrices. Multicenter evaluation of the
immunochromatographic onsite test Frontline® for drugs in urine was pub-
lished by Wennig et al. (1998). In the case of opiates, the sensitivity and speci-
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Cutoff
Name Manufacturer Calibrator (ng/mL) Matrix

Cozart RapiScan www.cozart.co.uk Morphine 10 Saliva
ONTRAK TesTcup www.rochediagnostics.com Morphine 300 Urine
ONTRAK TesTStik www.rochediagnostics.com Morphine 300 Urine
Syva RapidTest www.dadebehring.com Morphine 300 Urine
Triage DOA www.biosite.com Morphine 300 Urine
Rapid Drug Screen www.bioscaninc.com Morphine 300 Urine
AccuSign www.pbmc.com Morphine 300 Urine

Table 6.1

Onsite tests used for
opiate detection



ficity were above 99% for all centers involved. Buchan et al. (1998) evaluated
accuracy and specificity of four onsite kits for urine testing. Opiates were
detected in 100% by all kits.

A new ORALscreen System, an onsite kit for the analysis of drugs in oral
fluid, consists of an oral fluid–collection device and immunoassay detection
device. This system, evaluated by Barrett et al. (2001), showed very good agree-
ment with laboratory-based urine-screening test results for 2–3 days following
drug use.

6.2.2.2 Laboratory Tests
Preliminary laboratory tests for opiate detection are also based on the
immunoassay principle, as is it in the case of onsite tests. Beside opiates, they
usually comprise the whole battery of tests, such as amphetamines, cocaine, 
benzodiazepines, barbiturates, cannabinoids, and methadone, among others.
Laboratory tests are used in situations when the number of examined samples
is quite high, e.g., in drug screening of employees or the military. Each labo-
ratory system used for drug screening consists of three main components that
influence its reliability and efficiency:

• Antibodies used in the immunoassay—their sensitivity and selectivity
• The detection system applied—its robustness, susceptibility to matrix effects,

and sensitivity
• The analyzer used for the test—its capability, speed, ease of operation, fool-

proof construction, and applicability for forensic analysis

Regarding opiate immunoassay, the selectivity of all available tests is similar.
All react with a broad range of opiates: morphine and its glucuronides, codeine,
and semisynthetic opiates, such as dihydrocodeine and hydrocodone. One
manufacturer (Microgenics, Fremont, CA) recently developed a CEDIA® 6-AM
assay that was claimed to react selectively for 6-monoacetylmorphine (the
primary metabolite of heroin). However, in the study of George and Parmar
(2002), who analyzed 1100 urine specimens with the CEDIA 6-MAM, in 21 out
of 282 positive specimens (7%), the presence of 6-MAM was not confirmed,
using GC-MS. In all these samples, morphine was found in concentrations
ranging from 410 to 2010mg/L. The authors stressed that each positive result
in this assay must be confirmed with a method that is more specific.

The detection systems most frequently used in drugs-of-abuse screening 
are based on enzyme-mediated immunoassay reactions, such as the enzyme-
mediated immunoassay technique (EMIT), cloned enzyme donor immuno-assay
(CEDIA), and enzyme-linked immunosorbent assay (ELISA). Other systems 
are based on a physical detection principle, e.g., fluorescence polarization
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immunoassay (FPIA) and kinetic interaction of microparticles in solution
(KIMS). Radioimmunoassay (RIA), used broadly in the previous decade, is 
now being replaced by nonradioactive procedures and gradually disappear-
ing in forensic laboratories. Each available system has its advantages and 
drawbacks.

Enzyme-mediated immunoassays, the most common screening methods used
for detection of drugs of abuse, were developed in various versions, utilizing
glucose-6-phospho-dehydrogenase and peroxidase as indicator enzymes. The
methods can easily be automated and may also be adapted for the direct analy-
sis of other biological fluids, e.g., serum and CSF. Since enzyme immunoassays
are based on biochemical reaction, the calibration curve is usually less stable
(for some weeks) than in methods based on physicochemical reactions, such
as FPIA and KIMS (for some months). FPIA is a robust method of detection
that is broadly used for urine screening and may be applied for serum or blood
after protein precipitation (Bogusz et al., 1990; Maier et al., 1992; Keller et al.,
2000). KIMS depends on the measurement of the optical absorbance of the
sample, caused by the drug–microparticle–antibody aggregates. It was reported
as a viable alternative to EMIT or FPIA assays.

In the choice of the analyzer for immunoassays, the following factors should
be taken into consideration:

• The type of drug-testing system available for the specific instrument, since
the test manufacturers usually collaborate with specific manufacturers of 
analytical systems

• The general applicability of the analyzer for forensic purposes (low suscep-
tibility to matrix effects, possibility that the sample and reagent will cool, bar
code identification)

• The throughput of the instrument, which should be adequate to the daily
load of samples

Several authors have made systematic comparison of various laboratory
screening systems in real-life conditions. Cone et al. (1992) compared the ana-
lytical sensitivity, specificity, and accuracy of FPIA, EMIT, and RIA for opiate
detection in urine. In all cases, the apparent sensitivities of assays were higher
than the cutoff required by government organizations. However, the pattern of
sensitivity and selectivity of each assay was different. Armbruster et al. (1993)
compared the performance of analyzers based on different detection princi-
ples, e.g., EMIT, KIMS, FPIA, and radioimmunoassay, for drugs-of-abuse screen-
ing. In the case of opiates, EMIT gave 3% nonconfirmed positive results,
whereas other tests gave no such results. In the study of Smith et al. (2000), the
influence of new U.S. legislation, changing the urine screening and confirma-
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tion cutoff concentrations from 300 to 2000mg/L, was tested. Four commercial
enzyme immunoassays using an old 300-mg/L cutoff and two immunoassays
using a new 2000-mg/L cutoff were compared. The study was done on 920 urine
samples taken from 11 volunteers receiving various IV or inhalatory doses of
heroin. The specificity and sensitivity of assays were different, but morphine was
detectable in urine for at least 12h after heroin administration. A broad-scale
study was conducted by Cone et al. (2002) in order to establish cutoff concen-
trations of drugs of abuse in oral fluid for workplace testing. The Intercept
immunoassay, followed by GC-MS-MS, was applied. InterceptTM is a laboratory-
based system where oral fluid samples are collected onsite with an adsorbent
device and then analyzed in the laboratory. Out of 77,218 oral fluid specimens,
3908 (5.06%) were positive for various drugs. In the case of opiates, a very high
prevalence of 6-MAM confirmations (66.7%) was observed, suggesting a high
usefulness of oral-fluid testing. Cheever et al. (1999) compared the selectivity
of two enzyme immunoassays, FPIA and KIMS, and two ELISAs for the cross-
reactivity of l-alpha-acetylmethadol (LAAM) and methadol (a common metabo-
lite of LAAM and methadone) in methadone immunoassay. Both LAAM and
methadol showed high cross-reactivity with most immunoassays, indicating the
need of chromatographic confirmation of results.

ELISA assay was applied not only for urine but also for postmortem blood
and tissues. In the study of K. Moore et al. (1999), postmortem blood and 
tissue homogenates were screened for morphine, opiate class, and other 
eight classes of drugs using ELISA. The results were compared with RIA and
verified with GC-MS. Morphine assay was very specific for free morphine 
but less sensitive than class opiate screening. The latter assay was recommended
for screening postmortem specimens as an adequate alternative to RIA. 
Kemp et al. (2002) evaluated a commercial ELISA for opiate/benzodiazepine
screening of postmortem blood. Blood samples were diluted 1 :5 to facilitate
pipetting, and no matrix effects were found. Ninety positive and 40 negative
specimens were subjected to verification with GC-MS. The optimal cutoff 
for opiates was found to be between 20 and 50mg/L morphine equivalents. At
the cutoff of 20mg/L, the sensitivity was 95% and the specificity 92% versus 
GC-MS.

Several studies were performed to check and compare the selectivity of
various immunoassays used for opiate detection. Kerrigan and Phillips 
(2001) compared the analytical performance of two ELISA tests for detection
of opiates and five other drugs of abuse in blood and urine. Of the 855 
casework samples examined with both tests, there were 15 discordant results
for opiates. The number of false positives was one and three for both assays,
respectively. Detection limits for morphine in whole blood ranged from 1 to 3
mg/L. Schütz et al. (2002) studied whether therapeutic use of this apomorphine
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might interfere with the results of CEDIA and FPIA immunoassays for 
opiates. No false-positive results were observed using recommended cutoff
values or urine. Apomorphine (Ixense) is widely used in the treatment of erec-
tile disorders.

The broad use of drug testing and the grave consequences of positive results
for the person involved created a tendency to “beat the test.” This may be done
by dilution of urine through excessive drinking, by replacement of an authen-
tic urine sample with a “clean” one, or by adulteration of urine with household
chemicals or commercially available preparations. Nowadays, there is a multi-
tude of manufacturers offering various kits and reagents that may be added to
urine to avoid the detection of drugs, both in preliminary and confirmatory
phase. As a countermeasure to adulteration, the following can be applied: mea-
suring of temperature, specific gravity, pH, and creatinine content of urine, 
as well as special chemical tests for detection of chemical adulterants. Cody 
et al. (2001a, 2001b) examined the influence of a “stealth” adulterant on the
detectability of morphine and codeine in urine samples. “Stealth” consists of
peroxidase and peroxide and is advertised as being undetectable by adulter-
ation tests. It was demonstrated that samples with a low concentration of 
morphine and codeine (2.5mg/L urine) rendered negative, both in immuno-
chemical and GC-MS examination, while typical urine parameters remained
unchanged. At higher opiate concentrations, however, immunoassays and GC-
MS gave positive results despite adulteration. Microgenics developed a special
assay named “sample check” that detects any possible interference with CEDIA
assays caused by sample adulteration. This assay replaced a complex panel of
adulteration assays offered by some other manufacturers or by Microgenics
itself.

6.3 ISOLATION OF OPIATES FROM BIOSAMPLES

6.3.1 SOLVENT EXTRACTION

Solvent extraction has been widely used for the isolation of opioids from non-
biological, plant, and human samples for decades. Therefore, only new devel-
opments for this technique will be discussed. A Norwegian research team
(Rasmussen et al., 2000; Ugland et al., 2000) established liquid-phase micro-
extraction (LPME) and applied this procedure to the isolation of opioid
methadone (Ho et al., 2002a, 2002b). The principle of LMPE is to extract 1–
4mL of liquid sample with a very small volume of solvent (15–25mL). The
solvent was immobilized on the hollow fiber and then immersed in the con-
tainer with the sample and vibrated for 50min. The collected solvent was then
injected into GC without concentration. LPME was compared with conven-
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tional solvent extraction and appeared to be very successful for the isolation of
hydrophobic analytes. In the case of more polar compounds, solvent extraction
was superior. In addition, protein binding of some drugs, e.g., methadone and
pethidine, affected the extraction efficiency of LPME. However, the efficiency
of LMPE has been greatly enhanced by the addition of methanol to plasma
samples.

6.3.2 SOLID-PHASE EXTRACTION

Solid-phase column extraction (SPE) methods have been used very often for
opiate isolation from biological material. In this section, only those studies 
will be reviewed that dealt directly with the assessment of SPE as an isolation
method in toxicology or with the comparison of various SPE materials. Usually,
the studies involved were not limited only to opiates, but included other drugs
of forensic or clinical toxicological interest. Solid-phase extraction may be
regarded as a particular kind of column chromatography. Therefore, the opti-
mization of extraction conditions, taking into account all three interacting
factors, i.e., analyte, sorbent, and eluent, has been the subject of various studies
(Marko et al., 1992; Soltes, 1992; Gelencser et al., 1994). At first, SPE cartridges
filled with various reverse-phase packing (C1, C8, and C18) or cation exchange
material were applied, and the forensic applications, especially for tissues, have
been reviewed (Scheurer and Moore, 1992). Among various packing materials
available, C18 appeared most popular in toxicological applications, which was
obviously caused by the wide acceptance of this phase in analytical HPLC. 
In the late 1980s, mixed-phase cartridges, containing reverse-phase and cation
exchange sorbents, were commercially introduced. Standard procedures for
the isolation of various drugs of forensic relevance from urine have been 
developed and supplied by the manufacturers. A comprehensive review of 
SPE methods was published by Thurman and Mills (1998). Solid-phase extrac-
tion in disk format was introduced by D.L. King et al. (1989). This technique
consumed about 10–20 times less solvent than the classical column cartridge
extraction. Trends in the development of disk-format SPE have been reviewed
by Blevins and Hall (1998). Disk-format SPE has been applied for the isolation
of opiates by Degel (1996). De Zeeuw et al. (2000) tested the efficiency of 
SPE in disk format for broad-spectrum isolation of drugs from urine. Urine 
was spiked with a selection of acidic, neutral, and basic drugs and subjected 
to SPE on disk cartridges. Acidic and neutral drugs were then eluted with 
ethyl acetate/acetone, followed by basic drugs eluted with ammoniated ethyl
acetate. All drugs were detected with GC-FID. The disk procedure allowed 60%
reduction of elution volumes and processing time in comparison with standard
SPE.
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6.3.3 REVERSE-PHASE SOLID-PHASE EXTRACTION

The first SPE (Sep-Pak C18) methods for the isolation of morphine and its
metabolites (normorphine, morphine glucuronides) from serum and urine
were published by Svensson (1986) and Svensson et al. (1982). Bouquillon 
et al. (1992) applied C18 cartridges to the isolation of morphine and hydro-
morphone from plasma. The drugs and internal standard (naltrexone) were
separated by HPLC on a Spherisorb C8 column with coulometric detection. The
limits of quantification (LOQ) of 1.2ng/mL for morphine and 2.5ng/mL for
hydromorphone were achieved. The authors stressed the high recovery and
good quality of extracts. The applicability of C8, PTFE-based extraction disks
(EmporeTM) to the isolation of various acidic and basic drugs (including
codeine) from urine was tested by Ensing et al. (1992). The sample capacity for
untreated urine, measured with radioactive drugs, was at least 25mL, and up
to 250mg of drugs were retained on the disk. The recovery of codeine averaged
76% using methanol elution. Soares et al. (1992) performed a comparative
study of SPE with C18 cartridges, Extrelut columns, and liquid–liquid extraction
for morphine isolation from urine. The drug was determined by HPLC with
UV detection at 212nm. The best results were obtained with liquid–liquid
extraction combined with Extrelut purification. Urine extracts obtained with
C18 cartridges showed very high matrix interference under the applied condi-
tions and were not suitable for analysis. Another comparative study of different
commercially available SPE cartridges, among them six C18, two C8, and one C1

column, was done by Papadoyannis et al. (1993). Serum and urine samples were
spiked with morphine to concentrations from 443 to 7090ng/mL and with
codeine to concentrations from 500 to 8000ng/mL. One-tenth-milliliter
aliquots were then vortexed with 0.2mL ACN and centrifuged. The super-
natants were applied to buffered (pH 9.2) SPE cartridges, rinsed with water,
and eluted with 2mL methanol. The reconstituted residues were examined by
HPLC on an Adsorbosphere ODS column in MeOH-ACN-0.1 M ammonium
acetate (40 :25 :35). A UV detector set at 241nm was used, and a limit of detec-
tion (LOD) (on column) of 2ng for morphine and 1ng for codeine was found.
The extraction recoveries showed a very large variability of tested cartridges.
For instance, morphine recoveries from plasma varied from 23.2% to 108.5%
and those of codeine from 17.2% to 87.0%. In the next paper (Theodoridis,
1995) the same research group compared the applicability of various commer-
cially available SPE cartridges (five C18 and two C8) for systematic toxicological
analysis. As model substances, morphine, codeine, 6-MAM, diamorphine, nalor-
phine, cocaine, and BE were selected. The same extraction procedure as
reported in the previous study was applied. Reconstituted extracts were sub-
jected to HPLC-DAD analysis, in which the mobile phase consisted of MeOH-
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ACN-1.2% ammonium acetate (40 :15 :45). Again, very large differences in
extraction recoveries were observed, which, according to the authors, were
caused by different chromatographic characteristics of the particular SPE
columns. The authors stated that there should be no judgment of a “bad” or
“good” cartridge, because some materials are particularly suitable for specific
applications or compounds. On the other hand, the whole extraction process
should be very carefully optimized. The study of the reusability of SPE car-
tridges (fivefold extraction of spiked plasma and urine samples) demonstrated
slow but steady loss of recovery after each consecutive extraction. Therefore,
the authors did not recommend reusing the SPE columns. The carryover phe-
nomenon, which may occur with a reused column, was not tested. Degel (1996)
compared several new methods of solid-phase extraction in respect to their
applicability to clinical toxicological analysis. Several SPE methods were tested:
classical column extraction, disk extraction with C18 and mixed phase, and solid-
phase microextraction (SPME) with polydimethylsiloxane fibers. Codeine,
dihydrocodeine, and methadone were included among various acidic and basic
drugs tested. Disk extraction and SPME performed very well for dedicated
applications; the main advantages were low solvent consumption and simple
procedure. On the basis of the reexamination of different SPE procedures
using different sorbents, Geier et al. (1996) developed a method for the isola-
tion of morphine, 6-MAM, DHC, and codeine from plasma and whole blood.
Plasma extracts examined by GC-MS showed no interfering peaks. The LODs
were below 5mg/L for all compounds involved.

6.3.3.1 Mixed-Phase SPE
Mixed-phase (reverse-phase cation exchange) SPE Bond Elut CertifyTM car-
tridges were used for the isolation of morphine, codeine, hydrocodone, hydro-
morphone, and oxycodone from urine after b-glucuronidase hydrolysis (Huang
et al., 1992). The drugs were determined by EI-GC-MS (full scan) using nalor-
phine as internal standard. The recovery of all drugs but hydromorphone was
independent of the pH of the urine and exceeded 80%. The extracts yielded
low GC-MS background, which permitted full-scan identification at levels
ranging from 10 to 50mg/L. X.H. Chen et al. (1993) applied Bond Elut 
CertifyTM columns to the extraction of morphine from whole blood. Sev-
eral methods of sample pretreatment were tested: precipitation with zinc
sulfate–methanol, with acetonitrile, and with methanol and sonication for 15
min with subsequent dilution and centrifugation. The last method ensured the
best recovery (over 70%). For this study, 3H-morphine was used as test sub-
stance, and the recovery was measured by comparing the radioactivity of
samples. The authors observed that a low pH value (3.3) during sample appli-
cation and column washing followed by alkaline elution (methanol–ammonia)
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were crucial for high recoveries and pure extracts. The extracts were analyzed
by HPLC with electrochemical detection. The SPE method described earlier
was extended to the isolation of various acidic, neutral, and basic drugs from
whole blood (Zweipfenning et al., 1994). After application of the diluted blood
sample on the CertifyTM column and rinsing, a two-step elution was performed.
The acidic-neutral fraction was eluted with acetone–chloroform, and the basic
fraction was eluted with ethyl acetate–ammonia. Codeine, morphine, 6-acetyl-
morphine, and nalorphine were tested together with nine other drugs. Capil-
lary GC-NPD was used and the drugs were separated on an Ultra-1 column in
a temperature program from 100 to 280°C at 5°C/min. Among the opiates
tested, codeine showed satisfactory and stable recoveries (over 80%) in the basic
fraction. On the other hand, for morphine at a concentration of 500ng/mL
the recovery of 171.3% (RSD 66.0%) was observed, and at the concentration
of 250mg/L the recovery was 56.3% (RSD 26.8%). At lower levels (100 and 50
mg/L), morphine was not detectable. The recoveries of 6-MAM varied from
57.6% at the concentration of 500mg/L through 26.4% at 250ng/mL to 90.7%
at the level of 50mg/L. At each concentration level, a high variability of recov-
eries has been observed. Since GC-NPD was not suitable for low morphine con-
centrations, the recoveries of this drug were additionally calculated over the
concentration range from 5 to 500mg/L blood using GC-MS (SIM), after deriva-
tization with BSTFA. Drug recoveries ranging from 74.8% to 95.4% were found,
at acceptable variability (RSD about 11%). The GC-MS measurements were
limited only to these extracts, which showed satisfactory ion chromatograms of
qualifier ions; the authors did not state how many samples fulfilled this require-
ment. This study demonstrated that SPE with mixed-phase columns might be
applied to the selective extraction of acidic/neutral and basic drugs. About
more polar opiates, however, such as morphine and 6-MAM, low or very vari-
able recoveries were observed. Bogusz et al. (1996) examined four commer-
cially available types of mixed-phase SPE cartridges in order to compare the
chromatographic efficiencies and chromatographic purity of extracts. Mor-
phine, codeine, and 6-MAM, used as test compounds, were isolated from blood
or serum and determined by HPLC with amperometric detection and by GC-
MS (ion trap). All extracts were chromatographically pure in both detection
methods applied. A distinct variability in extraction recoveries was observed not
only among various products, but also among various batches of the same
brand. The morphometric analysis of particles showed a symmetrical distribu-
tion of particles for only one brand of cartridges. A large fraction of very fine
particles was observed. Only in one case were the morphometric findings gen-
erally concordant with the data available from the manufacturer; in two cases
the observed data varied considerably from expected values; and in one case
no information was available at all. This study showed there is need and room
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for improvement in the quality of SPE cartridges. Weinmann et al. (1998) devel-
oped a method for the simultaneous isolation of morphine, codeine, ben-
zoylecgonine, and amphetamine from 0.1mL serum, using Chromabond Drug
mixed-phase columns (Macherey & Nagel, Düren, Germany). Extracted drugs
were determined by GC-MS (SIM) after derivatization with PFPA. The LOQ was
1mg/L for morphine, codeine, and BE and 5mg/L for amphetamine.

6.3.4 SOLID-PHASE MICROEXTRACTION

Solid-phase fiber microextraction (SPME) was introduced by the Pawliszyn
research team in the 1990s (Lord and Pawliszyn, 2000) as a universal, solvent-
free isolation technique. However, SPME is particularly suitable for volatile and
thermally stable compounds. In the case of opiates, this technique was used for
isolation of methadone and its metabolites (Sporkert and Pragst, 2000; Bermejo
et al., 2000; dos Santos Lucas et al., 2000) and methadone with pethidine
(Myung et al., 1999). Staerk and Kulpmann (2000) applied headspace SPME
at high temperature (200°C) combined with simultaneous derivatization to the
isolation of drugs of abuse from urine. In full-scan GC-MS, the LODs for opiates
and methadone were 100 and 200mg/L, respectively. In serum, the drugs were
detectable in therapeutic range when SIM-GC-MS was applied.

6.3.5 SUPERCRITICAL FLUID EXTRACTION

Supercritical fluid extraction (SFE), together with supercritical fluid chro-
matography (SFC), was introduced on a broad scale in the 1980s in the 
separation sciences. It was hoped that the physicochemical properties of super-
critical fluids might bring a new quality to the isolation of forensically relevant
compounds. However, these hopes most probably will never be fulfilled.
According to the bitter statement of Georges Guiochon: “Unlike Cinderella,
SFC was invited three times to the ball, never made it, and probably won’t
dance” (Guiochon, 1999). Nevertheless, there some niche applications of SFE
for opiate analysis, particularly in hair, have been published. Cirimele et al.
(1995) extracted morphine, 6-MAM, and codeine from hair using SFE with
supercritical CO2 modified with methanol–TEA–water. Recoveries of 53–96%
were reported. Brewer et al. (2001) applied SFE in CO2 modified with 10%
methanol to the isolation of morphine, codeine, and benzoylecgonine from
human hair. The procedure was faster and gave higher recoveries than the con-
ventional acid hydrolysis. GC-MS was applied for detection.

A Scottish research group (D.L. Allen et al., 1999; Scott and Oliver, 1999)
applied SFE to the isolation of morphine and 6-MAM from blood and vitreous
humor, reporting clean extracts. Staub (1997) and Radcliffe et al. (2000)
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reviewed applications of SFE and SFC in forensic samples, comprising also some
opioids.

6.4 PAPAVER SOMNIFERUM AS A SOURCE OF OPIATES

6.4.1 INVESTIGATION OF THE PLANT MATERIAL

The studies concerning the composition and alkaloid content in the Papaver
plant and in poppy seeds are important not only to the pharmaceutical indus-
try, but are also for its forensic relevance, since plant material has often been
used for illegal, home-baked morphine preparations. Among the magnitude of
publications concerning the Papaver plant, only some were selected on the basis
of their forensic relevance.

6.4.1.1 Thin-Layer Chromatography
Circular multilayer–overpressured layer chromatography (ML-OPLC), followed
by HPLC-UV, was used for the determination of morphine and thebaine
content in poppy capsules (Fater et al., 1997). On the basis of the analytical
results, new plant populations were formed, one with a high morphine content
(ca. 20mg/g) and the other with a high thebaine content (ca. 16mg/g). Popa
et al. (1998) described a two-method approach for determination of morphine
and codeine in poppy seeds. The drugs were isolated from poppy capsules with
solvent or solid-phase extraction and subjected to TLC-UV densitometric exam-
ination at 275nm in ethyl acetate : toluene :methanol : ammonia (68 :18 :10 :5
v/v), followed by GC-MS analysis after acetylation.

6.4.1.2 Gas Chromatography
Paul et al. (1996) inspected which alkaloids might be used as differentiating
factors between heroin and poppy seed consumption. Two sorts of seeds, orig-
inating from India and the Netherlands, respectively, were subjected to alka-
line liquid/liquid extraction and back-extraction. A portion of the extracts was
acetylated with acetic anhydride/pyridine. Both acetylated and underivatized
extracts were analyzed by GC-MS on a DB-5 column in a three-step tempera-
ture program from 180°C through 270°C to 320°C. A time-scheduled SIM was
applied. Morphine, codeine, thebaine, papaverine, and noscapine were identi-
fied in the extracts (Figure 6.1).

Besides poppy seed extracts, Mexican and southwest Asian heroin samples
were analyzed, which contained heroin, 6-MAM, 6-acetylcodeine, and papaver-
ine but not thebaine and noscapine. The authors postulated the detection of
urinary noscapine, papaverine, or thebaine in order to differentiate poppy 
seed consumption from illicit heroin use. It must be mentioned, however, that
noscapine may occur in illicit heroin when a particular production process is
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Figure 6.1

Selected ion chromatogram
of opium alkaloids
derived from various seeds
of Papaver somniferum.
The following retention
times (in minutes) of
compounds are given:
codeine, 4.10; morphine,
4.26; thebaine, 4.56;
papaverine, 6.02; and
narcotine, 7.83. (From
Paul et al. (1996) with
permission of G. Thieme
Verlag.)



applied. For example, Huizer (1988) analyzed 220 illicit heroin samples that
contained 13–21% noscapine per sample.

6.4.1.3 Liquid Chromatography
Supercritical fluid chromatography with carbon dioxide on packed amino-
propyl-bonded or straight silica columns has been applied to the separation of
opium alkaloids extracted from poppy straw ( Janicot et al., 1988). Methanol,
water, and triethylamine were used as modifiers. The alkaloids were separated
within 2–10min and detected by DAD. The same group successfully applied
near-critical extraction of morphine, codeine, and thebaine from poppy straw
in a carbon dioxide–methanol–water mixture (Janicot et al., 1990). Carbon
dioxide acted as an agent transporting the extraction solvent (methanol–water
mixture) into the plant tissue. Five principal opium alkaloids (morphine,
codeine, thebaine, noscapine, and papaverine), three minor alkaloids (lau-
danosine, cryptopine, and narceine), meconium acid, as well as some uniden-
tified constituents were separated in gum opium extracts using HPLC with UV
detection at 280nm (Ayyangar and Bhide, 1988). Satisfactory separation was
achieved in methanol–triethylammonium phosphate buffer (pH 3.2) gradient.
Krenn et al. (1998) examined poppy straw and opium. The samples were pul-
verized and sonicated in 2.5% acetic acid. The filtered extract was adjusted to
pH 9.0 and reextracted with dichlormethane–isopropanol using Extrelut
columns. The reconstituted residue was subjected to HPLC examination using
a C18 column and UV detection (280nm). The method was used to investigate
the alkaloid content of 24 samples of gum opium and 80 samples of poppy straw
of different origin (Figure 6.2).

6.4.1.4 Capillary Electrophoresis
Crude morphine preparations, poppy straw extracts, and opium containing
morphine, codeine, thebaine, papaverine, noscapine, narceine, oripavine, cryp-
topine, and salutaridine were examined by micellar electrokinetic capillary
chromatography (MEKC) with UV detection at 254nm (Trenerry et al., 1995).
The drugs were separated on an uncoated fused silica capillary in less than 10
min. The results of quantitation were in good agreement with those obtained
with HPLC.

6.4.2 MORPHINE AND OTHER OPIATES IN BODY FLUIDS AFTER
INGESTION OF POPPY SEEDS

Poppy seeds are commonly used in traditional cakes and pastries, mainly in
central Europe. These seeds may contain considerable amounts of morphine
or codeine. It was therefore of forensic importance to assess, whether and to
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what extent the intake of poppy seed–containing products is associated with
any measurable elimination of psychoactive opiates. Since the alleged ingestion
of poppy seed cake is often being used as an explanation in the case of posi-
tive opiates in urine, it is important to differentiate between opiates originat-
ing from poppy seeds and from illicit heroin.

Bjerver et al. (1982) published probably the first report on urine opiate
excretion after poppy seed pastry ingestion. Morphine concentrations of 
0.4mg/L urine have been measured. Fritschi and Prescott (1985) determined
the morphine content in 12 sorts of poppy seeds originating from eight coun-
tries and found 4–200mg/kg. Five subjects were given poppy seed cake, result-
ing in the intake of 2.5–3.7mg morphine per person. Peak morphine
concentration in urine was observed 3–5h after intake and ranged from 0.7 to
1.9mg/L. About 30% of ingested morphine dose were found in urine. Total
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Figure 6.2

HPLC chromatogram of
an extract of gum opium
with brucine as internal
standard. (From Krenn 
et al. (1998) with
permission of Vieweg
Verlag.)



morphine in urine was determined by GC with FID, NPD, and MS detectors
after acid hydrolysis. An attempt to isolate narcotoline as an alkaloid specific
for poppy seeds was not successful. According to the authors, the differentia-
tion between heroin and poppy seed intake was possible only when 6-MAM or
heroin in urine was identified. Morphine and codeine were determined in the
urine of a volunteer who ingested three poppy seed bagels (containing 5g of
seeds) from a commercial bakery (Struempler, 1987). Urine excretion of mor-
phine and codeine, measured in hydrolyzed urine samples by GC-MS after
acetylation, lasted 25h for morphine and 22h for codeine. Peak concentrations
of morphine (2.797mg/L) and codeine (0.214mg/L) have been noted 3h
after ingestion. Zebelman et al. (1987) prepared poppy seed cookies from com-
mercially available poppy seed filling, following the recipe on the label. Urine
samples were obtained before and 2h after the consumption of the cookies 
by five volunteers. Four persons ate two cookies and one ate three. Morphine
levels, measured by GC-MS after derivatization with TFA, ranged from 722mg/L
to 979mg/L in subjects who ate two cookies and 1481mg/L in urine of 
person who ate three pieces. The authors concluded that food contain-
ing poppy seeds should be avoided by those persons subjected to drug 
testing. ElSohly et al. (1990) performed a systematic study on urine opiate 
elimination after poppy seed ingestion. Two males and two females ingested
one, two, or three poppy seed rolls, each containing 2g of Australian seeds 
(108mg morphine/g seed) in three protocols. In the next experiment, one
subject ingested a poppy seed cake containing 15g seed obtained from a bakery
and containing 169mg morphine/g. GC-MS analysis of urine samples was 
done after enzymatic hydrolysis, liquid–liquid extraction, and derivatization
with BSTFA. Relevant amounts of opiates were found after the ingestion 
of three poppy seed rolls; the highest morphine concentrations (298–954mg/L
urine) were found 3–8h after ingestion. After the ingestion of poppy seed 
cake containing 15g seeds, the peak morphine concentration amounted to
2010mg/L urine and the peak codeine was 78mg/L urine. On the basis of this
study and literature data, the authors formulated the following conditions for
ruling out poppy seed ingestion as the sole source of morphine and codeine
in urine:

• Codeine levels exceeding 300mg/L urine
• Morphine/codeine ratio of less than 2
• High levels of morphine (>1000mg/L urine) with no codeine detected
• Morphine levels more than 5000mg/L urine

These criteria were reevaluated by Selavka (1991), who investigated urinary
morphine and codeine excretion up to 72h after controlled ingestion of seven
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different poppy seed products (available in the Pacific Rim area). The drugs
were isolated from acid-hydrolyzed urine and determined by GC-MS after si-
lylation. Two of the differentiating criteria formulated by ElSohly et al. (1990),
i.e., morphine level above 5000mg/L and codeine above 300mg/L, were not
confirmed. Thirteen percent of the urine samples collected in the first 24h
after ingestion of poppy seed streusel showed morphine concentrations higher
than 5000mg/L. In addition, a significant number of these specimens contained
codeine in concentrations higher than 300mg/L. On the other hand, no spec-
imen had a morphine/codeine ratio lower than 2. Therefore, this differentiat-
ing criterion of ElSohly was confirmed. In the study of Meneely (1992), poppy
seed cakes were baked from three different brands of seeds and given to seven
volunteers, who ingested an amount corresponding to 25g of a given brand of
seeds each. Morphine in urine was quantified by GC-MS up to 12h after intake.
The highest morphine levels, observed between 2 and 6h after consumption,
ranged from 2248mg/L to 8940mg/L. Despite positive analytical results, no
symptoms of opiate impairment were observed. In a Dutch study (Pelders and
Ros, 1996), seven sorts of poppy seeds available in the Netherlands were ana-
lyzed for the amount of morphine and codeine present. A large variability in
alkaloid contents was observed; morphine contents ranged from 2 to 251mg/kg,
codeine contents from 0.5 to 57.1mg/kg. Four grams of each sort, corre-
sponding to one to two bagels, were given individually to seven volunteers 
with 1-week intervals. Urine samples were then collected over 24h, and 
morphine and codeine were determined by GC-MS. Opiate excretions 
with urine were proportional to their concentration in the seeds. The alkaloid
levels, corrected for urine creatinine, showed large interindividual variability.
To inspect the intraindividual variability, 4g of Spanish seeds, with the highest
morphine content, were ingested by one volunteer with a 1-week interval. A 
distinct scatter of results was observed. Casella et al. (1997) investigated 
the applicability of thebaine as a marker of poppy seed ingestion. Since the-
baine is heat- and acid-labile, a new SPE method was developed for the 
isolation of opiates from urine without hydrolysis and derivatization. Urine
samples taken from nine subjects after ingestion of muffins containing poppy
seeds were extracted and analyzed by GC-MS (ion trap) on thebaine, codeine,
and morphine. Thebaine was found in all morphine-positive urine samples up
to 12h after ingestion of the muffins. Meadway et al. (1998) determined mor-
phine and codeine content in several specimens of poppy seeds using GC-MS.
In cooked seeds the concentration of morphine ranged from 0.1 to 11.9mg/g,
that of codeine from 0.2 to 0.7mg/g. Urine samples taken from four subjects
after the intake of poppy seed rolls and cakes were analyzed for opiates (mor-
phine, codeine, normorphine, thebaine, and 6-MAM). Surprisingly large 
concentrations of morphine (15–832mg/L) and codeine (1.5–47.9mg/L) 
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were observed. Thebaine was found only in 10 out of 27 urine samples. This
suggested that the absence of thebaine couldn’t rule out the intake of poppy
seeds.

The “poppy seed dilemma” also became relevant in high-performance sports,
since morphine is included on the IOC list of banned substances at a 
level exceeding 1mg/L urine. Thevis et al. (2003) analyzed eight commercially
available samples of baking mixtures with poppy seeds for the presence of 
morphine using GC-MS. One selected batch was used for baking a typical 
cake, which was given to nine volunteers. The morphine concentration in 
urine was, in many samples, higher than 1mg/L and reached 10mg/L. The
authors confirmed the warning concerning the use of poppy seed–containing
products by athletes. Not only poppy seeds, but also several herbal teas, 
present on the market, may be a source of morphine, since they contain 
part from the plant Papaver somniferum. Therefore, it was important to verify
whether the consumption of such beverages might lead to the elimination 
of morphine at relevant concentrations. Van Thuyne et al. (2003) applied 
two sorts of herbal tea containing Papaveris fructus to five male volunteers. 
Morphine was detected in the urine of all volunteers after consumption 
of two 120-mL cups of tea. Maximum morphine concentrations were 4.3 
and 7.4mg/L, respectively. Therefore, the athletes should be warned 
against the use of herbal teas containing parts of poppy plants as well against
the use of food products containing poppy seeds. The problem of morphine
excretion after ingestion of poppy seeds is relevant also in animal sport. Kollias-
Baker and Sams (2002) applied 1-, 5-, and 10-g doses of poppy seeds to 
four horses and analyzed their plasma and urine for morphine. Morphine 
was detectable in plasma for at least 4h and in urine for up to 24h after 
administration of poppy seeds. No behavioral changes were noted among the
animals.

6.5 HEROIN AND ASSOCIATED ILLICIT  
OPIATE FORMULATIONS

6.5.1 INVESTIGATION OF ILLICIT PREPARATIONS 
(STREET DRUGS): PROFILING

6.5.1.1 Thin-Layer Chromatography
Nair et al. (1986) assessed the separating power of 35 TLC systems reported in
the literature for opiate analysis. The developing system consisting of chloro-
form–n-hexane–triethylamine (9 :9 :4) was capable of separating eight opiates
and five potential adulterants, with an LOD of 0.1mg. Several TLC systems 
were studied and applied practically by Huizer (1988). The best results were
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obtained with systems: chloroform–cyclohexane–diethylamine (8 :10 :3) and
toluene–diethylamine (85 :15) (Table 6.2).

6.5.1.2 Gas Chromatography
Sperling (1991) developed a GC-FID method for the determination of illicit
heroin constituents using a DB-1 capillary column and a temperature program
from 200°C to 280°C. The separation achieved was much better than with
packed-column GC. In another GC-FID method (Barnfield et al., 1988), illicit
heroin samples were dissolved in N,N-dimethylformamide-ethanol and sub-
jected to capillary GC-FID using a programmed temperature run (230–290°C).
Apart from the opiates, a number of adulterants were identified that are useful
for the profiling of a particular sample.

The sample pretreatment used in the aforementioned paper was criticized
by Neumann (1990). He advocated derivatization of the heroin sample with
MSTFA before GC-FID analysis. This procedure prevented various possible ana-
lytical problems, such as transacetylation, adsorption, and different responses
for salt and base. Heroin chromatograms published by Neumann showed very
good separation of all compounds, particularly in the first segment, where—in
contrast to chromatograms published by Barnfield—the interference of the
solvent peak was practically excluded.

Neumann (1994) also presented data concerning adulterants (e.g., caffeine,
paracetamol, procaine, phenobarbital) most frequently encountered in illicit
heroin from 1986 to 1992. Some changing trends in the use of adulterants have
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Compound Rf Compound Rf

Dipyrone 00 Caffeine 38
Piracetam 01 6-MAM 39
Acetylsalicylic acid 01 Strychnine 44
Phenolphtaleine 02 Papaverine 55
Nicotinamine 04 Heroin 58
Paracetamol 05 Acetylcodeine 61
Phenobarbital 05 Aminophenazone 64
Morphine 07 Quinine ethylcarbonate 66
Barbital 11 Noscapine 70
Acetylprocaine 18 Lidocaine 71
Quinine 20 Methaqualone 73
Phenacetin 22 Acetylthebaol 75
Phenazone 31 Cocaine 80
Codeine 33 N-Phenyl-2-naphtylamine 84
Procaine 35

Source: Huizer (1988).

Table 6.2

TLC Rf-values of heroin
and some impurities 
and adulterants in
toluene–diethylamine
(85:15) developing system



been observed. The analysis of these compounds, done with capillary GC with
column switching, gave additional identification parameters. For profiling,
several multidimensional statistical methods were used, such as principal com-
ponent analysis and hierarchical cluster analysis. Kaa (1994) described changes
in illicit heroin content in Denmark during the period from 1981 to 1992. The
predominance of heroin base was observed in the last reported years. The 
profiles of adulterants changed from caffeine and procaine in the early 1980s
through phenobarbital and methaqualone in the late ’80s to paracetamol with
caffeine in the ’90s. The trends observed were in agreement with those
described by Neumann (1994). 6-MAM in illicit drugs may originate not 
only from heroin as its deacetylation product, but also from partially acetylated 
morphine. Therefore, illicit drug samples that contain only 6-MAM with-
out traces of heroin cannot be classified as illicit heroin (Sibley, 1996). L.A.
King (1997) stressed that the measurement of heroin content as a mere 
indicator of sample potency gives unreliable information due to the possible
presence of other opium alkaloids or pharmacologically active adulterants. 
Australian authors (Myors et al., 2001) assessed various GC parameters 
useful for the profiling of southeast Asian heroin. From the library of 649 
impurities detected with GC-MS, 18 parameters were selected, which were
applied to the identification of the origin of the samples. The European
approach to heroin impurity profiling was presented by Stromberg et al. (2000),
who established a gas chromatographic profiling system, harmonized for 
laboratories in Sweden, Germany, and the Netherlands. Sixteen chromato-
graphic parameters were used for the identification of southwest Asian heroin,
which is prevalent on the European drug market. The study demonstrated 
high interlaboratory variability in parameters, limiting the usefulness of a
common database. The best option is still the use of one’s own database for
identification.

Brenneisen and Hasler (2002) determined the pyrolysis products of heroin,
which are generated after heating of street heroin for inhalation (“chasing the
dragon”). Heroin samples were heated on aluminum foil at 250–400°C and 
analyzed by GC-MS. Seventy-two pyrolysis products were detected, and half of
these could be identified.

Besides opium alkaloids and adulterants, volatiles occluded in heroin prepa-
rations may be helpful in sample recognition. Cartier et al. (1997) identified
traces of 16 different solvents in 41 illicit heroin samples, using solid-phase
adsorption and headspace GC-FID on a DB-1 column (with subsequent GC-MS
confirmation). Illicit cocaine samples were also investigated. The analysis of sol-
vents provided a simple and independent means for the identification of sample
origin.
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6.5.1.3 Liquid Chromatography
In a series of papers, Lurie et al. (Lurie and Carr, 1986; Lurie and McGuiness,
1987; Hays and Lurie, 1991) developed HPLC methods for the analysis of
unadulterated and adulterated heroin samples. ODS columns and DAD–multi-
wavelength detection (at 210, 228, and 240nm) were used. The addition of
sodium dodecylsulfate as an ion-pairing agent to the mobile phase allowed the
separation of all relevant components of street heroin. Johnston and King
(1998) applied multivariate statistical analysis of the composition of seized
heroin to predicting the country of origin. The following components, deter-
mined by HPLC, were taken into consideration: heroin, 6-MAM, acetylcodeine,
noscapine, papaverine, caffeine, methaqualone, paracetamol, and phenobar-
bital. The method was checked on 505 samples from Turkey, Pakistan, India,
and southeast Asia and allowed the correct classification of about 83% of cases.
Dams et al. (2002a, 2002b) applied sonic spray LC-MS (ion trap) to the profil-
ing of street heroin samples. Chromatographic separation was performed on
monolithic silica column (Chromolith Performance 100 ¥ 4.6mm) in gradient
elution in acetonitrile–water at a flow of 5mL/min. A postcolumn split of 1/20
was applied; the analysis time was 5min. The protonated molecular ions of
seven constituents of street heroin (morphine, codeine, 6-MAM, heroin, acetyl-
codeine, papaverine, noscapine, and levallorphan, used as internal standard)
were monitored (Figure 6.3). The limits of SSI-MS detection ranged from 0.25
to 1ng on-column.

6.5.1.4 Capillary Electrophoresis
The applications of various CE-based assays in forensic analysis, including illicit
heroin, were reviewed by Tagliaro and Smith (1996) and by Heeren and 
Thormann (1997). Lurie et al. (1995) used MEKC for the separation of acidic
and neutral impurities of illicit heroin. The substances were detected with DAD 
and laser-induced fluorescence. The latter method was used for phenantrene-
like compounds and appeared 500 times more sensitive for acetylthebaol. 
The applications of MEKC to the analysis of illicit drug seizures were reviewed
by Lurie (1996, 1997) and by Tagliaro et al. (1996). Concerning illicit 
heroin and opium, MEKC appeared particularly amenable, combining high
separation power similar to that of capillary GC with undemanding sample
preparation similar to what is needed for HPLC. Both DAD and fluorescence
detectors may be used. Lurie et al. (2001) applied capillary electrochromatog-
raphy with laser-induced fluorescence to the analysis of heroin impurities. 
The method resolved a much higher number of peaks than gradient HPLC 
or MEKC. The samples of different geographical origin gave distinguishable
chromatograms.
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Figure 6.3

Selected ion
chromatograms (LC-ESI-
MS of an authentic
heroin street sample.
(From Dams et al.
(2002a) with permission
of the American Chemical
Society.)



6.5.1.5 Multimethod Approach
Huizer (1988) identified illicit heroin samples using TLC, HPLC, and GC. In
his study, the author went systematically through all steps from opium through
crude and purified morphine to heroin and discussed the applicability of the
chromatographic methods used. The procedures used for the illicit isolation 
of morphine from opium (the lime method and the ammonia method) may
be recognized on the basis of percentage compositions of crude morphine. 
Also, during the acetylation step, various characteristic impurities may be
formed. Straight-phase HPLC of illicit heroin ensured general information con-
cerning the composition of the sample. On the other hand, capillary GC-FID
of silylated heroin samples according to Neumann and Gloger (1982) allowed
them to demonstrate distinct differences between each production batch of
illicit heroin—even ones originating from the same production unit (Figure
6.4).

Chiarotti et al. (1991) presented a multimethod approach for the com-
parative analysis of illicit heroin samples. At first the volatile compounds 
were determined by headspace GC on Porapak Q column. Then the opi-
ates and adulterants were analyzed using TLC on silica gel using n-
hexane–dichloromethane–methanol (0.75% diethylamine) (72 :20 :5) as devel-
oping system and GC-MS (ion trap) on OV 101 capillary column using a
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Figure 6.4

Capillary GC profile of a
southwest Asian heroin
sample treated according
to the method of
Neumann and Gloger
(1982). (From Huizer
(1988) with permission of
the author.)



temperature program from 60 to 280°C. The sugar diluents (glucose, fructose,
saccharose, maltose, and lactose) were analyzed by HPLC on a Supelcosil-LC-
R-urea column in ACN-H2O (75 :25). Finally, the methanolic solutions of illicit
drugs were analyzed on trace metals (Fe and Zn) content by atomic absorption
spectroscopy. A combination of HPLC-DAD and GC-NPD has been used for the
analysis of illicit heroin and cocaine samples (Hernandez et al., 1992). The alka-
loids and adulterants were identified through retention parameters and UV
spectra. On the base of comparative analysis of 40 illicit samples, the authors
came to the conclusion that the proposed method is a good alternative to GC-
MS analysis. Another multimethod approach was proposed by French authors
(Besacier et al., 1997), who performed illicit heroin analysis in three steps. In
the first step, all major and minor heroin constituents were identified and quan-
tified using programmed-temperature GC-FID on a DB-1 column. In this step,
heroin, 3-MAM, 6-MAM, acetylcodeine, papaverine, noscapine, as well as adul-
terants (e.g., paracetamol, caffeine) were determined. The ratios of mor-
phine/acetylcodeine, morphine/papaverine, and noscapine/papaverine were
calculated and subjected to principal component analysis. In the second step,
the GC-FID analysis of impurities was done, based on the method of A.C. Allen
et al. (1984). In the third and last step the isotope ratios 13C/12C were measured
using a GC-isotope ratio mass spectrometer. This procedure, according to the
authors, ensured batch identification of a given sample with a high degree of
certainty. Turkish authors (Bora et al., 2002) measured levels of 10 elements in
44 illicit heroin samples originating from southeast Anatolia. Inductively
coupled plasma–atomic emission spectrometry has been applied to the mea-
surement of Al, Ba, Ca, Cu, Fe, Mg, Mn, and Zn and atomic absorption spec-
trometry for Cd and Pb. Observed profiles were useful for determining the
source and trafficking routes of heroin.

Kala and Lechowicz (1997) analyzed Polish substitutes for heroin, so-called
“kompot” and “makiwara,” which are produced from macerated poppy straw
or capsules subjected to extraction and acetylation. The composition of 20
samples of “kompot,” investigated by HPLC-DAD and GC-MS (ion trap),
showed very large variations between batches. As main constituents, morphine
(1.2–49.7g/L), codeine (0–4.4mg/L), and acetylcodeine (0–12.5g/L) were
found. 3-MAM, 6-MAM, and heroin usually occurred in lower concentrations.
The ratios between particular alkaloids were stable within the same batch. For
computerized identification of “kompot” batches, the concentrations of mor-
phine, 3-MAM, 6-MAM, heroin, codeine, acetylcodeine, and narceine were
compared. Dams et al. (2001) reviewed the methods used in the last decade for
batch-to-batch comparison or identification of origin of illicit heroin. Impurity
profiling, including identification and quantitation of minor components,
appeared particularly important.
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6.5.2 HEROIN METABOLITES IN BIOLOGICAL MATRICES

Heroin is usually self-administered intravenously. In the last decade, however,
a growing preference of other routes of administration has been observed, such
as smoking and intranasal administration (“snorting”). This has been caused
by several factors, including the fear of HIV, the possibility of administration of
heroin without leaving external marks on the body, and the decrease in the
price of street heroin. Irrespective of the administration route, heroin is rapidly
deacetylated to 6-monoacetylmorphine (6-MAM). The half-life of heroin in
blood after intravenous injection was estimated at 2–8min (Umans et al., 1982;
Inturrisi et al., 1984), after smoking at 3–5min (Jenkins et al., 1994), after
intranasal or intramuscular administration at 5–6min (Cone et al., 1993; Skopp
et al., 1997). 6-MAM is deacetylated at a somewhat slower rate than morphine;
the half-life after intravenous administration was 6–38min and 5, 11, and 
12min after smoking, intranasal administration, and intramuscular adminis-
tration, respectively. The half-life of morphine was estimated at ca. 30min. after
heroin smoking and at 60–180min after administration by other routes. Figure
6.5 shows the main steps of heroin biotransformation.

The pharmacokinetics of heroin indicate that the parent drug may be
detectable in the body only under experimental conditions, when the blood
sample is taken almost immediately after administration, or in the case of a very
massive heroin overdose (e.g., in the “body packer syndrome”). 6-MAM, a spe-
cific heroin metabolite, may be detected in the blood of living subjects pretty
soon after heroin intake. On the other hand, some unchanged 6-MAM (about
0.5% of the heroin dose) and some heroin is eliminated with the urine and
may be detected for several hours (Cone et al., 1991). 6-MAM is the only known
specific metabolite of heroin.

6.5.2.1 Urine
6.5.2.1.1 Gas Chromatography
The GC-MS determination of 6-MAM in urine as specific heroin metabolite was
introduced in forensic toxicological practice by Fehn and Megges (1985).
These authors isolated 6-MAM with SPE C18 cartridges and determined with GC-
MS after PFPA derivatization. An LOD of 2mg/L was found. In 33 of 47 exam-
ined morphine-positive urine samples 6-MAM was detected, the concentrations
ranging from 4 to 10,000mg/L. Paul et al. (1989) isolated 6-MAM from urine
with alkaline liquid/liquid extraction, followed by SPE or a second organic
solvent purification. The extracts were derivatized with propionic anhydride
and examined by GC-MS (SIM). In 16 examined urine samples, the 6-MAM
concentrations varied from 2 to 332mg/L. The authors reported difficulties
with solid-phase extraction on CN cartridges. An improvement in 6-MAM 
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Figure 6.5

Metabolic pathways of
heroin and codeine. (From
Bogusz (2000b) with
permission of Elsevier
Science.)

isolation from urine was reported by Romberg and Brown (1990), who used
alkaline solvent extraction instead of SPE on CN columns. Much better purity
of extracts was observed. Fuller and Anderson (1992) applied a mixed-phase
Bond-Elut Certify SPE column to the isolation of 6-MAM, morphine, and
codeine from urine. The extracts were derivatized with TFA and analyzed by
GC-MS. The chromatograms showed no interfering peaks. The stability of 6-



MAM in urine samples was studied. A rapid GC-MS method was developed for
the determination of morphine, 6-MAM, normorphine, codeine, norcodeine,
and DHC in urine (Meadway et al., 2002). The method was applied to the analy-
sis of 321 urine specimens from heroin abusers. The concentrations ranged 
for 6-MAM between 0.103 and 246.312mg/L, for morphine between 0.129 
and 193.600mg/L, and for codeine between 0.103 and 519.000mg/L. Higher
concentrations of 6-MAM were observed in older subjects, indicating opiate 
tolerance.

In recent years, the differentiation between the intake of pure DAM and
illicit heroin became relevant since introducing heroin prescription programs
in some countries, such as Switzerland, Great Britain, Germany, and the Nether-
lands. One of the basic requirements of these programs is that the participants
not use any illicit drugs, particularly illicit heroin. In illicit heroin not only DAM
is present, but also several other opiates, such as 6-MAM, acetylcodeine,
codeine, papaverine, noscapine, as well as various adulterants. It must be
stressed that only acetylcodeine (AC) may be regarded as a specific marker of
illicit heroin. AC is produced from codeine during acetylation of opium. Its
content in illicit heroin ranges from 2 to 7% (Soine, 1986). A method for simul-
taneous determination of acetylcodeine, 6-MAM, morphine, codeine, and 
norcodeine by GC-MS was described by O’Neal and Poklis (1997). An LOQ 
of 1mg/L for AC was achieved. AC was stable in urine at acidic and alkaline 
pH in refrigerator. The examination of 69 morphine/codeine-positive urine
samples revealed AC in six cases, whereas 6-MAM was detected in 13 cases. The
concentrations of AC were much lower than those of 6-MAM. In a second 
paper (1998), O’Neal and Poklis analyzed 100 morphine-positive urines 
and found AC in 37 samples at concentrations ranging from 2 to 290mg/L
(median, 11mg/L). 6-MAM was also present in these samples at concentrations
ranging from 49 to 12,600mg/L (median, 740mg/L). Moreover, 6-MAM 
was detectable in 36 other urine specimens. Codeine—a possible metabolite of
AC—was found in all urine samples. The authors concluded that 6-MAM 
was a much more sensitive marker of illicit heroin use than AC. On the 
other hand, AC may play a very important role as a special indicator of illicit
street heroin use. Staub et al. (2001) also used GC-MS and detected AC in over
85% and 6-MAM in over 94% of 71 urine samples obtained from illegal heroin
consumers.

Urine samples taken from 532 participants of a heroin maintenance program
in the United Kingdom were subjected to GC-MS analysis for putative markers
of street heroin abuse (Mc-Lachlan-Troup et al., 2001). Among morphine-
positive samples, 61% were positive for at least one of codeine, meconine, and
putative papaverine and noscapine metabolites. The detection of urinary
noscapine and papaverine metabolites was recommended as an indication of
street heroin abuse, instead of pharmaceutical diamorphine.
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Brenneisen et al. (2002) studied the pharmacokinetics of acetylcodeine-
administered IV in healthy volunteers in order to use this compound as a
marker of street heroin use. Peak urine concentration appeared at 2h; 
the detection window in urine was 8h. SPE, followed by GC-MS, was applied 
to the determination of acetylcodeine and its metabolite codeine in urine. 
In selected cases, papaverine and noscapine were also measured. In a study 
of 105 participants of a heroin maintenance program, 15 urine samples 
were positive for acetylcodeine and 8 for acetylcodeine, papaverine, and
noscapine.

6.5.2.1.2 Liquid Chromatography
Derks et al. (1986) developed an HPLC method for the determination of 
6-MAM in urine samples of drug addicts receiving daily injectable morphine
under controlled conditions. Urine specimens were extracted on Extrelut
columns in alkaline conditions. An automatic precolumn derivatization with
potassium hexacyanoferrate (III) and fluorescence detection was applied.
HPLC with electrochemical detection has been used for 6-MAM determination
in urine samples. In a study of Hanisch and von Meyer (1993), the drug was
extracted with C18 cartridges. The extraction procedure ensured very clean
extracts; the LOD was 2mg/L.

Gerostamoulos et al. (1993) applied combined electrochemical and UV
detection for the simultaneous determination of 6-MAM, morphine, and
codeine in urine samples, extracted with an alkaline chloroform/isopropanol
mixture. Electrochemical detection performed better for 6-MAM and mor-
phine, whereas UV detection was more sensitive for codeine. An LOD of 
40mg/L for 6-MAM was stated.

Usually, heroin metabolites are being separated on reverse-phase columns.
Low and Taylor (1995) used a normal-phase HPLC (Hypersil column 2-mm ID)
for the analysis of 6-MAM, heroin, morphine, codeine, DHC, and pholcodine
in urine extracts. UV detection at 280nm was applied, and the LODs varied
from 4 to 20mg/L.

Bogusz et al. (2001) determined putative street heroin markers in 25 
morphine-positive urine samples in order to differentiate between the admin-
istration of illicit heroin and prescription diamorphine. LC-APCI-MS (positive
ions) after solid-phase extraction was applied (Figures 6.6 and 6.7). Codeine-6-
glucuronide was found in all samples, codeine in 24, noscapine in 22, 6-MAM
in 16, papaverine in 14, DAM in 12, and AC in 4.

Katagi et al. (2001) developed an automatic method for determination of
heroin and its metabolites monoacetylmorphine (6-MAM) and morphine as
well as acetylcodeine, codeine, and dihydrocodeine in urine. Urine samples
were applied on trapping cation exchange column and washed with ammonium
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Figure 6.6

LC-APCI-MS ion
chromatogram of urine
extract from a heroin
consumer showing the
presence of codeine,
codeine-6-glucuronide,
and 6-MAM. (From
Bogusz et al. (2001) by
permission of Preston
Publications.)

Figure 6.7

LC-APCI-MS ion
chromatogram of urine
extract from a heroin
consumer showing the
presence of acetylcodeine,
diacetylmorphine,
papaverine, and
noscapine. (From Bogusz
et al. (2001) by
permission of Preston
Publications.)
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Figure 6.8

HPLC-DAD (upper) and
HPLC-Fl (lower)
chromatograms of the
opiate mixture. (From
Dams et al. (2002b) with
permission of Elsevier
Science.)

acetate; after column switching, the drugs were eluted and separated on 
analytical cation exchange column in ACN–ammonium acetate (70 :30). The
detection was done with ESI-MS in full scan or SIM mode. Protonated quasi-
molecular ions or acetonitrile adducts were monitored. The LODs ranged from
2 to 30mg/L in full-scan mode and from 0.1 to 3mg/L in SIM. An HPLC method
for the simultaneous determination of 17 opium alkaloids in urine and blood
was published by Dams et al. (2002b). The drugs were isolated with cation
exchange SPE, separated on a “high-speed” phenyl column (53 ¥ 7mm) within
12min, and detected with DAD and fluorescence detectors (Figure 6.8). LODs
in the range 2.5–9.7mg/L were observed.

6.5.2.1.3 Capillary Electrophoresis
Taylor et al. (1996) described a method for the separation of heroin, 6-MAM,
morphine, codeine, DHC, and pholcodine (pure drugs). The method was then



applied to the determination of pholcodine, DHC, and morphine in urine
extracts. LODs of 10mg/L were reported. W.S. Wu and Tsai (1999) applied CZE
to the determination of morphine and M3G in urine with minimal sample 
pretreatment. Urine specimens were only filtrated, acidified to pH 2–3, and
centrifuged. The LODs were 0.2mg/L and 0.5mg/L for morphine ad M3G,
respectively, using UV detection. The same research group (Tsai et al., 2000)
developed a CZE method for the detection of morphine in urine using MS (IT)
detection. An LOD of 10mg/L was achieved.

6.5.2.2 Blood
6.5.2.2.1 Gas Chromatography
6-MAM in blood samples has usually been determined simultaneously with
other substances that appear after heroin abuse, such as morphine and codeine.
Schuberth and Schuberth (1989) published a GC-MS method for the determi-
nation of 6-MAM, morphine, and codeine in blood. The blood samples were
precipitated with methanol, and the drugs were extracted with SPE C18 car-
tridges and derivatized with PFPA. The method was applied to forensic samples;
in six cases of fatal heroin overdose, 6-MAM concentrations of 1.6–6.1 mg/L
blood were found. The method of Schuberth was slightly modified by Musshoff
and Daldrup (1993) by using acetonitrile for blood precipitation and changing
the cartridge-washing procedure. Blood samples were also subjected to acid
hydrolysis in order to measure total amounts of opiates. High-purity extracts
were reported; the LOD was below 1mg/L. Cone and Darwin (1992) reviewed
the GC-MS methods for opiates, cocaine, and metabolites, including also 6-
MAM. Wasels and Belleville (1994) presented an overview of GC-MS procedures
for the identification of 6-MAM, morphine, and codeine. Several derivatization
methods were reviewed: acetylation, propionylation, acylation (TFA, PFPA,
HFBA), and silylation. Wang et al. (1994) published a method for the simulta-
neous determination of heroin and its metabolites 6-MAM, morphine, and nor-
morphine as well as cocaine and its metabolites in hair, plasma, saliva, and
urine. The drugs were extracted from biosamples with Clean Screen SPE car-
tridges and derivatized with BSTFA/TMCS before GC-MS (SIM) analysis. The
LODs for heroin and 6-MAM were 1mg/L saliva or urine. Heroin, 6-MAM, and
morphine levels were monitored in saliva after experimental administration of
intranasal heroin. Goldberger et al. (1994) developed a GC-MS method for the
determination of heroin, 6-MAM, and morphine in body fluids and organs of
21 victims of heroin overdose. The samples were extracted with SPE cartridges
and partially derivatized with MBTFA (for 6-MAM and morphine). Heroin was
determined without derivatization. 6-MAM was detected in all 21 urine samples
and in 14 blood samples. Heroin was not detected in blood and was present in
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17 urine samples. The authors used the concentration ratios of drugs for the
evaluation of the rapidity of death. Moeller and Mueller (1995) determined 6-
MAM in serum, urine, and hair of heroin users by GC-MS. Solid-phase extrac-
tion with C18 cartridges was applied; the extracted drug was derivatized with
PFPA before analysis. Twenty-five urine samples were examined, which showed
positive immunochemical reaction on opiates. In 19 urine samples 6-MAM was
detected, the concentration ranging from 1 to 9950mg/L. In five serum samples
6-MAM levels of 2–9mg/L were observed. Guillot et al. (1997) developed a GC-
MS method for the determination of heroin, 6-MAM, and morphine in post-
mortem blood, urine, and vitreous humor. The drugs were isolated with
alkaline solvent extraction and subjected to propionylation in the presence of
4-dimethylaminopyridine. Baseline separation was observed. The quantitation
limits were 2mg/L for morphine and 6-MAM and 5mg/L for heroin. GC-MS-EI
with trimethylsilylation and HPLC with electrochemical detection were applied
in a case of fatal oral heroin poisoning. The concentrations of heroin, 
6-MAM, and morphine in blood were 109, 168, and 1140mg/L, respectively
(Rop et al., 1997). Gas chromatographic methods for determination of heroin,
its metabolites, and associated compounds in body fluids are summarized in
Table 6.3.

6.5.2.2.2 Liquid Chromatography
HPLC methods used for opiate agonists since 1999 were reviewed by Bogusz
(2000a, 2000b) and Pichini et al. (1999a). An advent of LC-MS brought very
important progress in the determination of opiates and its metabolites in bio-
logical fluids. LC-MS is the only analytical technique that allows the specific
detection of parent opiates and all polar metabolites without derivatization and
without acidic or enzymatic cleavage.

An LC-TSP-MS-MS method for the determination of heroin and its metabo-
lites (6-MAM, morphine, M3G, M6G) as well as for codeine and acetylcodeine
has been developed by Polettini et al. (1995). A very simple sample prepara-
tion was applied: Blood was precipitated with methanol and centrifuged,
whereas urine was only filtered before injection into LC-MS. Gradient elution
in methanol–ammonium acetate was used. The limits of detection varied from 
10 to 50mg/L. Zuccaro et al. (1997) developed an LC-ESI-MS method for 
the simultaneous determination of heroin, 6-MAM, morphine, morphine 
3-glucuronide (M3G), and morphine-6-glucuronide (M6G) in serum. The
drugs were extracted with SPE C2 cartridges and separated on a straight-phase
silica column in a methanol–ACN–formic acid mobile phase. The authors used
a silica column in order to separate all substances in one run under isocratic
conditions. The LOD for heroin was 0.5mg/L, for 6-MAM 4mg/L. The method
was applied to the pharmacokinetic study on heroin-treated mice. Bogusz et al.
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(1997a) used LC-APCI-MS for the determination of heroin metabolites (6-
MAM, M3G, M6G, and morphine) in the blood, cerebrospinal fluid, vitreous
humor, and urine of heroin victims. The drugs were extracted with C18 car-
tridges using only volatile chemicals; the LOD for 6-MAM was 0.5mg/L. In a
follow-up study, Bogusz et al. (1997b) extended the LC-APCI-MS method to the
determination of 6-MAM, M3G, M6G, morphine, codeine, and C6G, using
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Table 6.3

Gas chromatographic methods for heroin, 6-MAM, morphine, codeine, and metabolites

Column, LOD
Drug Sample Isolation Derivatization Conditions Detection (mg/L) Ref.

6-MAM Urine SPE C18 PFPA OV-1, 230° EI-MS (SIM) 2 Fehn and
Megges (1985)

6-MAM Urine SPE or l/l Propionylation DB 5, EI-MS (SIM) 0.8 Paul et al.
130–250° (1989)

6-MAM Urine l/l alkaline Propionylation RSL 200, EI-MS (SIM) n.s. Romberg and
146–246° Brown (1990)

6-MAM Urine SPE TFA HP-1, EI-MS (SIM) n.s. Fuller and
Certify 150–300° Anderson (1992)

AC, 6-MAM, Urine SPE Propionylation HP-1, EI-MS (SIM) 0.5 O’ Neal et al.
M, C, NC 170–280° (1997)

6-MAM, M, C Blood SPE C18 PFPA DB 5, EI-MS (SIM) 0.5 Schuberth and
150–256° Schuberth (1989)

6-MAM, M, Blood SPE C18 PFPA OV 1, EI-MS (SIM) 1 Musshoff and
C, DHC 150–220° Daldrup (1993)

heroin, Serum, saliva, SPE BSTFA/TMCS HP 1, EI-MS (SIM) 1 Wang et al.
6-MAM urine, hair 70–250° (1994)

heroin, Body fluids, SPE MBTFA Rtx-5, EI-MS (SIM) 1 Golberger
6-MAM, M organs 150–290° et al. (1994)

6-MAM Serum, urine SPE C18 PFPA n.s. EI-MS (SIM) n.s. Moeller and
hair Moeller (1995)

M, C Urine l/l pH 9 acetylation DB-5, 240°C EI-MS (SIM) 2ng on Paul et al.
col. (1985)

M Blood l/l pH 9 PFPA DB-5, EI-MS-MS 1 Phillips et
100–300°C al. (1989)

M, C Blood SPE C18 PFPA CP-Sil5, NCI- 2–5 Schmitt
200–300°C MS (SIM) et al. (1990)

M, C, NM Plasma l/l pH 9.5 HBFA HP-1, NCI- 1pg on Watson et
100–257°C MS (SIM) col. al. (1995)

M Plasma l/l pH 9 PFPA HP-5MS, EI-MS (SIM) 0.2 Fryirs et al.
150–250°C (1997)

M = morphine, C = codeine, AC = acetylcodeine, NC = norcodeine, NM = normorphine, DHC = dihydrocodeine, n.s. = not stated, on col. =
on-column.



deuterated internal standards for each compound. The detection limits ranged
from 0.5 to 2.5mg/L. This procedure has been applied to routine casework
(Bogusz, 2000a, 2000b) (Figures 6.9 and 6.10).

In recent years, several methods for the determination of morphine,
codeine, and the corresponding glucuronides were published. The methods
are generally based on solid-phase extraction and ESI-MS or ESI-MS/MS detec-
tion and are summarized in the Table 6.4.
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Figure 6.9

LC-APCI-MS
chromatogram of
morphine and its
glucuronides extracted
from the serum of a
heroin consumer. (From
Bogusz (2000a) with
permission of Elsevier
Science.)

Figure 6.10

LC-APCI-MS
chromatogram of codeine,
codeine-6-glucuronide,
and 6-MAM extracted
from the serum of a
heroin consumer. (From
Bogusz (2000a) with
permission of Elsevier
Science.)



Table 6.4

Liquid chromatographic methods for heroin, 6-MAM, morphine, codeine, and metabolites

Column, LOD
Drug Sample Isolation Elution Conditions Detection (mg/mL) Ref.

6-MAM Urine Extrelut ODS, ACN-H2O-TEA, Fl 1 Derks et al. (1986)

6-MAM Urine SPE C18 C8, ACN-MeOH-KH2PO4 EC 2 Hanisch and
v. Meyer (1993)

6-MAM, M, C Urine l/l Phenyl, ACN-NaH2PO4 EC + UV 40 Gerostamoulos 
et al. (1993)

Heroin, 6-MAM, Urine SPE Silica, CH2Cl2- UV 4–20 Low and Taylor 
M, C, Pholcodine BondElut pentane-MeOH (1995)

6-MAM, M Blood l/l Silica, hexane- Fl 10–25 Barrett 
2PropOH-NH3 et al. (1991)

6-MAM, M, C, Blood, filtration Zorbax TMS, MeOH- TSP-MS-MS 10–50 Pollettini et al.
M3G, M6G, AC urine H2O-CH3COONH4 (1995)

Heroin, 6-MAM, Serum SPE C2 Silica, ACN-MeOH- ESI-MS 0.5–4 Zuccarro et al.
M, M3G, M6G, C H2O-HCOOH (1997)

Heroin, 6-MAM, Plasma SPE C18 ODS, ACN-H2O-H3PO4 DAD 25 Bourquin et al.
M, M3G, M6G, (1997)
C, C6G

M, M3G, M6G, Serum, SPE C18, ACN-HCOONH4 APCI-Q, SIM 0.1–10 Bogusz et al.
6-MAM, C, C6G urine isocr. (1997)

M, M3G, M6G, Plasma, SPE C18 ODS, ACN-phosphate EC + UV 0.3 Svensson (1986)
NM urine buffer pH 2.1 210nm

M, M3G, M6G, Plasma SPE C18 ODS, ACN-phosphate Fl + EC 1–5 Joel et al. (1988)
NM buffer pH 2.1

M, M3G, M6G Plasma SPE C2 Phenyl, MeOH-phosphate Fl + EC 1–10 Rothsteyn and 
buffer pH 4.0 Weingarten (1996)

M, M3G, M6G Plasma SPE C18 ODS, ACN-phosphate UV 210nm 4–50 Milne et al. (1991)
buffer pH 2.1

M, M3G, M6G, Plasma SPE C8 ODS, ACN-phosphate Fl 10–40 Glare et al. (1991)
NM buffer pH 2.1

M, M3G, M6G Plasma SPE C8 ODS, ACN-H3PO4 Fl 5–10 Hartley et al.
(1993)

M, M3G, M6G Plasma SPE C2 RP, MeOH-H2O ESI-MS 10–100 Pacifici et al.
(1995)

M, M3G, M6G Plasma SPE C18 ODS, ACN-HCOOH ESI-MS 0.8–5 Tyrefors et al.
(1996)

M, M3G, M6G Plasma SPE Silica, ACN-HCOOH isocr. ESI-QQQ, 0.5–1.0 Naidong et al.
MRM (1999)

M, 6-MAM, C, Plasma, L/l C8, ACN-HCOONH4 isocr. ESI-Q, SIM 10 Katagi et al. (2001)
NorCod, urine
Pholcodine

M, M3G, M6G, Serum, SPE C18, ACN-HCOOH grad. ESI-QQQ, 0.3–2.5 Schanzle et al.
NorM urine MRM (1999)

M, M3G, M6G, Serum SPE C18, ACN-HCOONH4 grad. ESI-Q, SIM 0.5–5.0 Dienes-Nagy et al.
6-MAM, Cod, (1999)
C6G

M, M3G, M6G Serum SPE C18, ACN-HCOONH4 isocr. ESI-QQQ, 1.0–5.0 Blanchet et al.
MRM (1999)

M, M3G, M6G Plasma SPE C18, ACN-HCOOH isocr. ESI-QQQ, 0.25–0.5 Slawson et al.
MRM (1999)

M = morphine; M3G = morphine-3-glucuronide; M6G = morphine-6-glucuronide; C = codeine; C6G = codeine-6-glucuronide; Fl = fluorescence
detection; EC = electrochemical detection.



Determination of free morphine and its glucuronides in body fluids may be
helpful in the interpretation of a given case from the forensic and clinical points
of view. A high free-morphine fraction generally indicates acute poisoning in a
very early stage, particularly in a person who did not take heroin or morphine
chronically. In addition, the differentiation between pharmacologically active
M6G and inactive M3G is of practical importance for the interpretation of the
severity of poisoning.

Cailleux et al. (1999) extracted opiate agonists (morphine, 6-MAM, codeine,
norcodeine, pholcodine, codethyline) as well as nalorphine and cocaine and
its metabolites (benzoylecgonine, ecgonine methyl ester, cocaethylene, and
anhydromethylecgonine) from blood, plasma, or urine with chloroform/iso-
propanol (95 :5) at pH 9. The drugs were separated on an octyl column in
ACN–ammonium formate–formic acid. Protonated molecular ions and one
fragment for each substance were monitored using ESI-MS/MS. The quantita-
tion was done using deuterated internal standards. The limits of quantitation
were 10mg/L for opiates and 5mg/L for cocaines and were higher than these
after solid-phase extraction.

6.5.2.3 Alternative Matrices
The use of biological samples other than body fluids may bring several 
advantages in forensic analysis for drugs of abuse and also for opiates. The
analysis of hair may expand the detection window to months after the 
exposure, while the analysis of sweat or oral fluid has an advantage of 
noninvasive collection. Therefore, these samples can be collected by police 
officers, not just by medical personnel. A review of the application of 
unconventional samples and alternative matrices was done by Kintz and 
Samyn (2000), who covered such materials as hair, oral fluid, sweat, and 
meconium.

Pichini et al. (1999b) developed an HPLC method with UV detection at 
254nm for the determination of heroin, 6-MAM, morphine, and codeine 
in human hair. Hair specimens were hydrolyzed with 0.1M HCl and extracted
with SPE cartridges. HPLC was done in ACN-phosphate buffer at pH 2.1. 
The LODs for 6-MAM, morphine, and codeine were 0.5ng/mg hair, for 
heroin 5ng/g. Samyn et al. (2002) performed a feasibility study on alternative
samples in real-life conditions. Oral fluid, sweat wipes, blood, and urine 
samples were obtained from 180 drivers in Belgium who failed the field 
sobriety test at a police check. Mostly cannabinoids, amphetamines, 
and cocaine were detected; the number of opiate positives was lower. 
The sampling of sweat appeared simpler in field conditions than that of 
saliva.
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6.5.3 MORPHINE AS HEROIN METABOLITE OR THERAPEUTIC DRUG

6.5.3.1 Morphine and Its Metabolites in Biosamples Taken from 
Living Subjects—Patients and Drug Addicts
6.5.3.1.1 Thin-Layer Chromatography
Thin-layer chromatography (TLC) is still used as a simple and inexpensive
method for opiate detection in urine samples. Wolff et al. (1990) applied a 
horizontal TLC method for the detecting of opiates, cocaine, and amphet-
amines in urine after SPE C18 extraction. An LOD of 1mg/L urine was 
reported. Dietzen et al. (1995) described the derivatization of opiates in urine
extracts with acetic anhydride and methoxyamine. Using this procedure it was
possible to differentiate between morphine, 6-MAM, codeine, dihydrocodeine,
hydromorphone, oxycodone, and oxymorphone. Urine extraction and TLC
was performed with the commercially available Toxi-Lab system. Vecerkova
(1997) published a TLC method for the detection of morphine, 6-MAM, and
codeine in urine extracts. Jain et al. (1996) used TLC with densitometry 
for free and total morphine assay in urine extracts. The method was applied 
in heroin addicts receiving intramuscular morphine; the limit of detection was
0.5mg/L.

6.5.3.1.2 Gas Chromatography
GC-MS was recommended as a confirmation method for opiate identification
in urine drug screening (de la Torre et al., 1997). The need to handle large
numbers of urine samples in the shortest possible time brought several logisti-
cal and analytical problems. The main concern was focused on sample pre-
treatment procedures, such as the optimization of urine hydrolysis and the
optimization of derivatization of opiates.

Effective hydrolysis of opiate conjugates is critical for all further steps of
opiate determination with GC-MS. In the study of Zezulak et al. (1993), urine
samples were subjected to enzymatic hydrolysis and solid-phase extraction for
the isolation of total morphine, codeine, and 6-MAM. The drugs were analyzed
by GC-MS after propionylation. An enzyme of bacterial origin (ß-glucuronidase
from E.coli, E.C.3.2.1.31) was used. The authors stressed the diversity of com-
mercially available ß-glucuronidase preparations, which may originate from
snail (Helix pomatia), beef liver, limpets (Patella vulgata), or bacteria. Each
enzyme preparation shows different specific activity and pH optimum. This dic-
tated the need for a strict definition of the enzyme used in any practical ana-
lytical procedure. Lin et al. (1994) evaluated the performance of procedures
used for total morphine and codeine measurements in urine. Three acid
hydrolysis and four enzymatic hydrolysis methods were compared, and all urine
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samples were extracted with Bond Elut Certify SPE cartridges. Morphine and
codeine were measured by GC-FID and GC-MS-ITD. The results were compared
with those obtained with HPLC. Acid hydrolysis with 6.5M HCl and the addi-
tion of bisulfite appeared the method of choice.

Several studies were devoted to the assessment of various derivatization pro-
cedures. Chromatographic behavior, stability, and specificity of derivatives were
subjected to particular scrutiny. Paul et al. (1985) developed a GC-MS proce-
dure for the determination of total morphine and codeine in urine. The fol-
lowing derivatization reagents were tried: acetic acid anhydride, trifluoroacetyl
anhydride (TFA), pentafluoropropionyl anhydride (PFPA), and heptafluoro-
butyryl anhydride (HFBA). Acetylated compounds were most stable at room
temperature, but this derivatization method prevented the detection of 6-MAM
in urine. B.H. Chen et al. (1990) compared the GC-MS-EI mass spectra of
HFBA, PFPA, TFA, acetyl, and trimethylsilyl (BSTFA/TMS) derivatives of mor-
phine, codeine, and nalorphine. The TMS and acetyl derivatives showed the
most stable mass spectra for SIM quantitation of morphine or codeine against
nalorphine (internal standard). Grinstead (1991) studied the stability, chro-
matographic properties, and possible interferences of PFPA and acetic anhy-
dride derivatives of morphine and codeine. Acetic acid anhydride produced
stable derivatives, but morphine couldn’t be distinguished from 6-MAM and
diacetylated hydromorphone could interfere with morphine. PFPA derivatives
appeared more selective and were stable enough for use in GC-MS confirma-
tion assays. Wasels and Belleville (1994) reviewed the GC-MS procedures used
for the identification of 6-MAM, morphine, and codeine. All relevant steps were
scrutinized in this review, such as extraction, hydrolysis of conjugates, and
derivatization methods. It was concluded that SPE had the advantage of
decreasing the background noise and gradually replacing solvent extraction.
The possibility of confounding morphine and codeine with hydromorphone
and hydrocodone was studied by Fenton et al. (1994). Chemical reduction with
sodium borohydride with subsequent trimethylsilylation resulted in better sep-
arations of the compounds and improved the quantitation of morphine in the
presence of hydromorphone. Brooks and Smiths (1996) applied mild acetyla-
tion of urine samples in aqueous conditions with subsequent solvent extraction.
Under these conditions, only morphine and hydromorphone were con-
verted to their respective 3-monoacetates, and virtually no interference of
hydrocodone and hydromorphone with codeine and morphine was observed.
Broussard et al. (1997) prevented the interference of keto-opiates (hydromor-
phone, oxymorphone, hydrocodone, and oxycodone) with morphine and
codeine determinations by the addition of hydroxylamine before silylation to
form oxime derivatives. The keto-opiates could then be separated from mor-
phine and codeine. Two aspects of opiates quantitation with GC-MS were eval-
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uated by Rettinger et al. (1998): the quality of the most common derivatization
procedures (TMS, TFA and PFPA) and the contributions to deuterated inter-
nal standards from unlabeled drugs. PFPA derivatives of morphine, codeine,
hydromorphone, hydrocodone, and oxycodone showed the best resolution.
The use of higher-labeled standards (D6 instead of D3) improved quantitation
at the low and high ends of the curve due to the diminished contribution of
labeled compounds to the target drug ions, and vice versa. Bogusz (1997) raised
the problem of a contribution of nondeuterated morphine to D3-labeled stan-
dard and postulated the use of highly deuterated compounds as internal stan-
dards for LC-API-MS. The determination of morphine in blood has different
purposes than that in urine. The concentration of free drug in blood or plasma
may give an important clue concerning the acute influence at a given time.
Therefore, the chromatographic methods applied for blood are usually devoted
to the determination of both free and conjugated fractions of drug. Phillips 
et al. (1989) applied GC-EI-MS-MS for determination of free morphine in
blood. The drug was extracted with ethyl acetate at pH 9.0 and derivatized with
PFPA. The possible interference of codeine and 6-MAM was studied. An LOD
of 1mg/L was observed for morphine. Attempts to use chemical ionization, both
in positive and negative ion modes, revealed some practical difficulties. Schmitt
et al. (1990) developed a GC-CI-MS (negative and positive ions) method for
the determination of PFPA derivatives of free morphine and codeine in blood
samples. NCI appeared more sensitive and was applied in forensic practice.
Cone and Darwin (1992) reviewed the GC-MS methods for the simultaneous
determination of morphine and related opiates, including heroin, 6-MAM, and
codeine, among others, in biological fluids. A growing number of methods for
the simultaneous determination of various drugs and metabolites were
observed. This was facilitated by the development of multipurpose SPE
columns, allowing the isolation of multiple analytes of different chemical struc-
tures and different polarities. The same research team (Wang et al., 1994) pub-
lished a GC-MS method for the simultaneous measurement of heroin and its
metabolites and cocaine and metabolites in biosamples. The main focus of this
assay was on hair analysis; however, the SPE method used also performed very
well for plasma, urine, and saliva. Watson et al. (1995) described a GC-MS
method for the determination of free and total morphine, codeine, and 
normorphine in plasma. Unconjugated drugs were isolated with alkaline
liquid/liquid extraction and subjected to derivatization with HFBA before 
GC-MS-NCI determination. For enzymatic hydrolysis, several sources of enzyme
were tested; the E. coli glucuronidase was the most effective. The LOD was 
estimated at 0.25mg/L. The method was applied to morphine monitoring in
children receiving drug via subcutaneous infusion. Fryirs et al. (1997a, 1997b)
published a GC-MS method suitable for pharmacokinetic studies of free 
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morphine. The drug was isolated from plasma with organic solvent and deriva-
tized with PFPA. GC-MS-EI analysis was performed in the SIM mode using only
one ion for morphine and one for the internal standard (nalorphine). The
LOD was 0.2mg/L. The importance of a proper derivatization procedure 
was stressed. In the study of Leis et al. (2000), morphine was extracted 
from plasma with ethyl acetate and analyzed by SIM-GC-MS (negative ions) 
after derivatization with heptafluorobutyric anhydride. An LOD 0.78mg/L 
was reported. The method was applied for pharmacokinetic profiling of mor-
phine.

6.5.3.1.3 Liquid Chromatography
The application of HPLC methods to the analysis of morphine and its metabo-
lites was stimulated by two main factors. On one hand, the role of M6G as an
active morphine metabolite (Osborne et al., 1990) was recognized. Moreover,
it was demonstrated that the M6G receptor might be a major site of heroin
action (Rossi et al., 1996). On the other hand, Svensson (1986) developed a
suitable procedure for the isolation and determination of morphine and its 
glucuronides in biofluids. This method was based on solid-phase extraction 
with C18 cartridges and subsequent HPLC separation with UV or electrochem-
ical (coulometric) detection. In the earlier phase, the problem of the different
detectability of morphine glucuronides was solved by using HPLC with 
coulometric detection (for morphine and M6G) (Barberi-Heyob et al., 
1991; Mason et al., 1991; Portenoy et al., 1991), fluorescence detection 
(for M3G) followed by coulometric detection (for assay of the morphine 
and M6G), (Joel et al., 1988; Rothsteyn and Weingarten, 1996). Glare 
et al. (1991) and Hartley et al. (1993) used fluorescence detection for all 
analytes.

The introduction of LC-API-MS in analytical toxicology brought new possi-
bilities for the determination of morphine metabolites and rendered all previ-
ous methods obsolete. These techniques are discussed also in Section 6.5.2.
Pacifici et al. (1995) used electrospray LC-MS for the determination of mor-
phine, M3G, and M6G in plasma samples of patients receiving morphine and
of heroin addicts. Codeine and naltrexone were used as internal standards; the
limits of quantitation ranged from 10mg/L (for morphine) to 100mg/L (for
M3G). Tyrefors et al. (1996) determined morphine, M3G, and M6G in human
serum with ESI-LC-MS. The authors preferred quantitation through external
standardization. Bogusz et al. (1997a, 1997b, 1998; Bogusz, 2000a, 2000b)
applied LC-APCI-MS to the determination of morphine, M3G, M6G, as well as
other opiates, for analysis of blood and urine samples. Isotope dilution has been
applied for quantitation.
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Zheng et al. (1998) used an ESI-LC-MS-MS system for the determination of
morphine and glucuronides isolated from plasma samples from rats. Using
plasma samples of 100mL, detection limits of 3.8–12mg/L were achieved. Shou
et al. (2002) applied LC-ESI-MS-MS to the rapid, high-throughput analysis of
morphine, M3G, and M6G in plasma. The compounds were isolated with auto-
matic SPE in 96-well plate format and separated on a silica column. Chro-
matographic run time was 3.5min; the LODs ranged from 0.5 to 10mg/L. It
should be noted that the elution order was inverted in comparison with reverse-
phase chromatography (Figure 6.11).

6.5.3.2 Morphine and Its Metabolites in Autopsy Material after 
Heroin Overdose
The purposes of morphine determination in forensic autopsy samples are quite
different from those in living subjects. The following points may be mentioned
here.

• The main task is to demonstrate whether the measured concentration of drug
can explain the fatal outcome.

• It is important to differentiate between heroin, morphine, and codeine
intake.
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Figure 6.11

LC-ESI-MS-MS of
morphine and morphine
glucuronides extracted
from serum. Transitions
monitored: morphine, 286
> 152; morphine-d3, 289
> 152; M3G and M6G,
482 > 286; M3G-d3 and
M6G-d3, 465 > 289.
(From Shou et al. (2002)
with permission of
Elsevier Science.)



• Analytical results may give some clues concerning the rapidity of death after
heroin administration.

It must be added that heroin victims usually abuse several other drugs, e.g.,
cocaine, benzodiazepines, and methadone.

All the aforementioned points dictate the need to apply a particular analyt-
ical strategy, i.e., the use of a method that is universal with regard to the kind
of biosample and the substances detected. Usually, not only morphine but also
codeine, 6-MAM, acetylcodeine, morphine, and codeine glucuronides should
be determined, as well as other nonopiate drugs. The methods that fulfill these
requirements are reviewed in Section 6.5.2. Mass spectrometric detection
coupled with GC or HPLC appeared most versatile. Less specific methods were
also used for autopsy material. Lee and Lee (1991) described two GC methods
for the quantitation of morphine and codeine in autopsy blood and bile. 
The samples were extracted with an organic solvent mixture and then subjected
alternatively to derivatization with BSTFA with subsequent NP detection, or with
HFBA followed by electron capture detection. Both methods assured LODs 
of 40mg/L for morphine and 10mg/L for codeine. In an HPLC procedure
(Crump et al., 1994), morphine and codeine were isolated from postmortem
blood and bile with alkaline solvent extraction after enzymatic hydrolysis. 
The drugs were separated on a phenyl column and detected with UV and 
fluorescence detectors. The detection limits in blood were 100mg/L for 
morphine and 60mg/L for codeine. The identification of the compounds 
was based on their relative retention times and ratios of fluorescence to UV
peak heights. Aderjan et al. (1995) applied the method of Glare et al. (1991)
to the determination of morphine and its glucuronides in autopsy blood
samples taken from heroin victims. The molecular ratios were helpful for the
differentiation between rapid and protracted death. A similar observation was
made by Bogusz et al. (1997a, 1997b; Bogusz, 2000a, 2000b, 2000), who used
LC-APCI-MS for the determination of morphine and its glucuronides in autopsy
blood.

A particular application of opiate analysis is the determination of drugs in
carnivorous fly larvae, infesting the decayed corpse. Goff et al. (1991) demon-
strated the presence of morphine in the larvae of the flesh fly feeding on tissues
of rabbit injected previously with heroin. Interesting was that the larvae feeding
on these tissues developed more rapidly than those feeding on tissues from con-
trols. Introna et al. (1990) observed a positive radioimmunoassay reaction 
on opiates in fly larvae fed on opiate-positive liver specimens. Kintz et al. (1994a,
1994b) determined morphine and codeine in the blood and bile of a putrefied
cadaver and the fly larvae found on the corpse. The larvae were washed, homog-
enized in saline, and subjected to solvent extraction after enzymatic hydrolysis
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with b-glucuronidase. The extract was derivatized with BSTFA/TMCS and
examined with GC-MS (ion trap). The following morphine concentrations were
found (mg/L or mg/kg): in blood 168, in bile 357, in larvae 90. The codeine
concentrations were: 37, 88, and 12, respectively. French authors (Hedouin 
et al., 1999, 2001; Bourel et al., 2001a, 2001b) performed systematic experi-
mental studies on the usefulness of the necrophagous larvae Coleoptera and
Diptera for the postmortem diagnosis of opiate poisoning. Rabbits were given
morphine in dosages corresponding to human overdose and sacrificed. Eggs
of flies were planted in the eyes, nostrils, and mouth of carcasses, and the larvae
were analyzed for morphine in various developmental stages. Radioim-
munoassay and immunohistochemistry were applied as detection methods.
Morphine was detected in all larvae; however, the correlation between the
dosage and the morphine levels was not found.

6.6 OTHER OPIATE AGONISTS

6.6.1 CODEINE AND DIHYDROCODEINE

In this section, only the studies devoted solely to codeine, dihydrocodeine,
(DHC) and their metabolites will be reviewed. It must be noted that several
authors have developed methods for the simultaneous determination of
codeine and its metabolites together with other opiates, particularly morphine.
The latter studies are reviewed in Sections 6.4 and 6.5, devoted to opiates and
heroin.

DHC is a semisynthetic opiate that was used at first as an analgesic and anti-
tussive drug. In the late 1980s DHC was used extensively in Germany in the
treatment of heroin addicts; as a consequence, a number of fatal poisonings
were observed (Skopp et al., 1998). As with all opiates, DHC possesses a primary
addiction potential and may be abused (Balikova and Maresova, 1998). 
DHC in the human body undergoes N-demethylation to nor-DHC and 
O-demethylation to very toxic dihydromorphine (DHM). All these drugs 
are being conjugated to appropriate glucuronides (Aderjan and Skopp, 1998)
(Fig. 6.12).

6.6.1.1 Gas Chromatography
Seno et al. (1995) determined underivatized codeine and DHC in plasma and
urine using GC with surface ionization detection (SID) after SPE extraction.
Dimemorfan was used as IS. The comparison of chromatograms with those
obtained by GC-NPD demonstrated that SID was about 10 times more sensitive
and that the matrix peaks in blank extracts were distinctly smaller. The LOD
was estimated at 2.5mg/L for both drugs. Hofmann et al. (1995) studied the
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Figure 6.12

Metabolic pathways of
dihydrocodeine. (From
Bogusz (2000a) with
permission of Elsevier
Science.)



pharmacokinetics of dihydrocodeine. DHC and DHM were extracted from
serum with dichlormethane–isopropanol at pH 9.6 and determined by NCI-GC-
MS-MS after derivatization with PFPA. Codeine and morphine were used as
internal standards. The limits of quantitation were 2mg/L for DHC and 
0.04mg/L for DHM, respectively. The method allowed following drug concen-
trations up to 25h after a single DHC dose of 60mg. In fatal mixed intoxica-
tion with ethanol (1.25g/L) and codeine, a blood concentration of 22.1mg/L
was found using GC-MS (Kintz and Tracqui, 1991). The distribution of drug in
organs was also studied. Sachs et al. (1993), who examined hair samples of
heroin abusers, frequently observed the presence of DHC. GC-MS after deriva-
tization with HFBA was applied, with an absolute detection limit of 30pg.
Wilkins et al. (1995) determined codeine and morphine as codeine metabo-
lites in human hair by PCI-GC-MS. The limits of detection for both drugs were
10pg on-column. This allowed detecting codeine in hair for at least 8 weeks
after a single oral dose of 120mg. The same group analyzed codeine and mor-
phine in rat hair after long-term, chronic application of codeine, using an ion-
trap GC-MS (Gygi et al., 1995). The kinetics of drug incorporation into hair
was followed. The excretion of DHC metabolites in urine was studied by
Balikova et al. (2001), who applied GC/MS after solid-phase extraction and
cleavage of conjugates.

6.6.1.2 Liquid Chromatography
Codeine and its metabolites norcodeine, morphine, normorphine as well as
their corresponding glucuronides (C6G, M3G, M6G) were determined in
plasma and urine samples by HPLC with electrochemical (coulometric) detec-
tion, using different oxidizing potentials for particular groups of compounds
(Verwey-van Wissen et al., 1991). Drugs were isolated with SPE C18 cartridges.
The method was applied to pharmacokinetic studies. Mohammed et al. (1993)
extracted codeine from plasma with hexane–dichlormethane (2 :1) at pH 8.0.
After re-extraction and back-extraction the sample was analyzed by HPLC with
fluorimetric detection (lex 285nm, lem 345nm). The limit of detection was 5
mg/L. Svensson et al. (1995) isolated codeine and its metabolites (norcodeine,
C6G, norcodeine-6-G, M3G, M6G, morphine, and normorphine) from serum
or urine with SPE C18 cartridges and determined then by HPLC with electro-
chemical and UV (214nm) detection. The LODs ranged from 0.14mg/L (for
morphine) to 6mg/L (for codeine).

A similar method for the determination of codeine and its seven aforemen-
tioned metabolites was published by He et al. (1998). The limits of detection
for codeine, C6G, norcodeine, norcodeine-6-G, and M3G, measured with UV,
were 20nmol/L. For M6G, normorphine, and morphine, monitored by elec-
trochemical detection, a detection limit of 3nmol/L was achieved. Lafolie 
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et al. (1996) determined codeine and metabolites (C6G, M3G, M6G, mor-
phine) in plasma of 13 volunteers after experimental intake of 25 and 50mg
of codeine. HPLC with electrochemical and UV detection was applied. In urine,
morphine, codeine, and norcodeine were determined by GC-MS. Large
interindividual variability of peak concentrations of analytes was observed and
the need for careful interpretation of results was stressed.

DHC metabolites (DHM and nordihydrocodeine), formed in liver microso-
mal incubates, were determined by HPLC with UV detection after alkaline
solvent extraction (Kirkwood et al., 1997). The distribution of DHC and its
metabolites (DHM, DHM-3-G, nor-DHC, and DHC-6-G) in various blood vessels
and organs was examined in fatal dihydrocodeine intoxication (Skopp et al.,
1998). HPLC with fluorescence detection was applied. In blood samples the fol-
lowing concentrations were found (mg/L): DHC ranged from 1.86 to 2.69,
DHM from 0.100 to 0.206, DHM-3-G from 418 to 658, Nor-DHC from 0.170 to
0.295, and DHC-6-G from 1.12 to 1.85mg/L. The authors stressed the role of
DHM as an active, toxic metabolite of DHC. Bogusz (2000a) identified metabo-
lites of DHC: Nor-DHC, DHM, DHC-6-G, DHM-3-G, DHM-6-G, Nor-DHM-3-G,
in the extract of 1mL urine after administration of 10mg DHC orally. LC-APCI-
MS was used (Fig. 6.13).

6.6.1.3 Capillary Electrophoresis
Hufschmid et al. (1996) determined urinary DHC and DHM by MEKC. 
The purpose of this study was to investigate the genetic polymorphism of 
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Figure 6.13

LC-APCI-MS
chromatogram of 
urine extract after
administration of 10mg
dihydrocodeine orally.
DHC, dihydrocodeine;
DHM, dihydromorphine;
G, glucuronide. (From
Bogusz (2000a) with
permission of Elsevier
Science.)



O-demethylation of DHC through urinary DHC/DHM ratios. Though this
metabolic ratio did not give unequivocal results, the method applied appeared
valuable for metabolic studies. In this study, both urine extracts and nonpre-
treated urine samples were analyzed. Wey et al. (2000) presented a CE-MS (IT)
procedure for the determination of codeine, DHC, and their glucuronides. The
metabolites were detected in urine samples after oral administration of 7mg
codeine or 25mg DHC.

6.6.2 BUPRENORPHINE

Buprenorphine (BP), an oripavine derivative, was obtained from thebaine and
displays partial agonist and antagonist opioid activity (Walsh et al., 1995). The
drug was initially used as a potent analgesic (marketed under the commercial
names Temgesic and Buprenex); further studies demonstrated the applicabil-
ity of BP for treatment of heroin addiction (Amass et al., 2000). A monograph
on the application of BP in therapy of opiate addiction was edited recently by
Kintz and Marquet (2002). In this volume, an overview of therapeutical appli-
cations of buprenorphine as well as of analytical methods for drug monitoring
is presented. Unfortunately, sublingual buprenorphine tablets prescribed for
addiction therapy are used intravenously by heroin addicts (Vidal-Trecan et al.,
2003).

6.6.2.1 Thin-Layer Chromatography
In the study of Alemany et al. (1996), BP was extracted from urine by a C18 SPE
cartridge and derivatized with dansyl chloride. After unidimensional separation
on HPTLC silica plates using two consecutive developing systems, the drug and
its dealkylated metabolite were detected by fluorimetry. An LOD of 2mg/L was
achieved using fluorescence densitometry.

6.6.2.2 Gas Chromatography
Everhard et al. (1997) modified a GC-ECD method of BP determination devel-
oped initially by Cone et al. (1985). The drawback of an extensive sample pre-
treatment procedure was—according to the authors—counterbalanced by the
use of a low-cost instrument—in comparison with GC-MS or LC-MS. The
method was used for pharmacokinetic studies, and the bioavailability parame-
ters are given. The stability of buprenorphine and morphine was assessed in
spiked blood samples (Hadidi and Oliver, 1998). The drugs were determined
with GC-MS (SIM) after silylation. Both drugs remained unchanged at -20°C,
morphine was very stable at 4°C and 25°C (90% after 12 months’ storage), BP
was stable at 4°C and 25°C (80% and 70% after 12 months’ storage). Kuhlman
et al. (1996a) developed an NCI-MS-MS method for pharmacokinetic applica-
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tions. BP and its internal standard (BP-D4), as well as norbuprenorphine (NBP)
and its IS (norcodeine) were derivatized with HFBA. For BP and BP-D4, the
molecular anions were selected as precursor ions for MS-MS. For HFBA-
derivatized NBP and norcodeine, the molecular anions were too weak and the 
fragment ions were selected as precursors. The sensitivity for NBP was about 10
times higher than for BP due to the formation of a di-derivative by the former
substance. The authors stressed the high quality of solid-phase extraction in
comparison with liquid–liquid extraction. The method was consecutively
applied to pharmacokinetics studies via intravenous, sublingual, and 
buccal routes of BP administration (Kuhlman et al., 1996b). Buprenorphine,
due to its analgesic and euphorizing properties, may be abused as a doping 
substance in sport. Lisi et al. (1997) developed a GC-MS method for the 
detection of BP and its active metabolite, NBP, in urine after therapeutic doses.
Urine samples were hydrolyzed with b-glucuronidase and subjected to 
extractive alkylation with hexane–iodomethane. The methyl derivatives of BP
and NBP were determined by GC-MS (SIM), using BP-D4 as IS. The conditions
of hydrolysis were mild enough to prevent the formation of cyclic artifacts 
of BP and NBP, observed at low pH by Cone et al. (1984). BP and NBP 
were easily detected in urine taken 42.5h after a sublingual dose of 0.2mg 
Temgesic.

6.6.2.3 Liquid Chromatography
Debrabandere et al. (1992) published the first HPLC method with electro-
chemical detection for the detection of BP and NBP in urine samples. A three-
step alkaline toluene extraction was applied, and the drugs were separated on
a Lichrosorb-CN column with a mobile phase of ACN-phosphate buffer pH 4.0
(13 :87), containing 1-heptane sulfonic acid and tetrabutylammonium sulfate.
Detection limits of 0.2mg/L for BP and 0.15mg/L for NBP were reported. This
method was applied to hair analysis by Kintz (1993) and Kintz et al. (1994a,
1994b). BP and NBP were separated on a Lichrosorb-CN column and coulo-
metric detection was applied (first electrode at 0.15V, second electrode at 
0.50V). The method was successfully applied to the examination of hair
samples taken from BP addicts and from heroin abusers treated with BP. The
authors also tried LC-MS (ESI and PBI), using instruments of an earlier gen-
eration. In a particle beam interface the buprenorphine molecule was ther-
mally destroyed to many small fragments, and the sensitivity of an old
electrospray interface was not high enough to detect drug in hair extract. In
1997, several LC-MS methods for the determination of BP and NBP were pub-
lished. The main advantage in comparison with GC-MS was simpler sample pre-
treatment due to the omission of the derivatization step. Hoja et al. (1997)
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determined BP and NBP in whole blood by LC-ESI-MS (single quadrupole)
after b-glucuronidase hydrolysis, acetone precipitation, and Extrelut (toluene-
ether) extraction. The LOQ was 0.1ng/mL for both analytes. Tracqui et al.
(1997) applied LC-ESI-MS to the determination of BP and NBP in blood, 
urine, and hair samples. A simple solvent extraction with a chloroform–
isopropanol–heptane mixture at pH 8.4 was applied. The mass spectra of BP,
NBP, and IS (BP-D4) exhibited only protonated molecular peaks. The sensitiv-
ity was comparable with that of other ESI-MS methods. Moody et al. (1997)
developed an LC-ESI-MS-MS method for BP determination in plasma and com-
pared it with an existing GC-PCI-MS method. The LC-MS-MS method appeared
more sensitive (LOQ 0.1ng/mL) than GC-MS (LOQ 0.5ng/mL) and allowed
the authors to demonstrate the presence of drug up to 96h after administra-
tion. The sensitivity was suitable for pharmacokinetic studies. The mass spec-
trum of BP observed by Hoja et al. (1997) was very similar to the spectrum
observed in ESI-MS-MS by Moody et al. (1997), showing the protonated mole-
cular ion as base peak ion and small fragments at m/z 414 and 396, respectively.
According to Moody et al. (1997), the (M+H)+ ion of BP remained stable up
to a collision energy of 20V; at higher energies it was shattered to many product
ions of low intensity. In contrast to these observations, Bogusz et al. (1998),
using the LC-APCI-MS technique, observed profound fragmentation of BP
already at a collision energy of 10V, with a base ion at m/z 450 and smaller ions
at m/z 468 (protonated quasi-molecular) and 418, respectively (Fig. 6.14). In a
later study, Moody et al. (2002) applied the LC-ESI-MS-MS procedure to the
determination of buprenorphine and its active metabolite, norbuprenorphine,
in human plasma. The transitions m/z 468 to 396 for buprenorphine and m/z
414 to 101 for norbuprenorphine were monitored, and an LOQ of 0.1mg/L
was achieved for both compounds.

Gaulier et al. (2000) reported a suicidal poisoning of 25-year-old male heroin
addict from a high dose of buprenorphine. BU and NBU were determined in
body fluids and organs with LC-ESI-MS after deproteinization and SPE. In
gastric content, only BU was found, in a concentration of 899mg/L. The fol-
lowing concentrations were found in selected matrices: in blood BU 3.3mg/L,
NBU 0.4mg/L; in bile BU 2035mg/L, NBU 536mg/L; in brain BU 6.4mg/L,
NBU 3.9mg/L. Besides BU and NBU, high concentrations of 7-aminofluni-
trazepam were found in blood (1.2mg/L), urine (4.9mg/L), and gastric
content (28.6mg/L). Polettini and Huestis (2001) developed an LC-ESI-MS-MS
method for determination of buprenorphine and its metabolites: nor-
buprenorphine and buprenorphine glucuronide in human plasma. SPE extrac-
tion with C18 cartridges and gradient elution was applied. For buprenorphine
and norbuprenorphine as well as for deuterated analogs used as internal stan-
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dards, the protonated quasi-molecular ions were monitored for buprenorphine
glucuronide protonated quasi-molecular ion and buprenorphine aglycone. The
LOQ was 0.1mg/L for all compounds. On the basis of the transition m/z 590
Æ 414, norbuprenorphine glucuronide was also tentatively detected. The ref-
erence standard of this compound was not available. The authors stated that 
the useful fragmentation of buprenorphine molecule was not possible; after
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Figure 6.14

Mass spectra of
buprenorphine obtained
with LVC-ESI-MS-MS
(upper), LC-ESI-MS
(middle), and LC-APCI-
MS (lower). (From Bogusz
(2000b) with permission
of Elsevier Science.)



increasing the fragmentation energy, this compound dissipated to very small
particles. Tables 6.5 and 6.6 show selected gas and liquid chromatographic
methods applied to synthetic opiates.

6.6.3 METHADONE

Methadone, a morphine substitute synthesized in Germany during World War
II, initially found limited application due to its very long elimination half-life
and subsequent accumulation (Baselt, 2000). These properties drew the atten-
tion of Dole, who first applied methadone as a heroin substitute in the therapy
of addicts (Dole, 1995). In the last 20 years, due to the international prolifera-
tion of methadone maintenance programs, this drug became the most widely
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Table 6.5

Gas chromatographic methods for synthetic opioids

Column, LOD Ref.
Drug Sample Isolation Derivatization Conditions Detection (mg/L)

BP Blood Extrelut + SCX Silylation CPSil-5, PCI-MS (SIM) 1pg on Hadidi and
180–300° column Oliver(1998)

BP Plasma l/l pH 10.5 PFPA DB-1, PCI-MS (SIM) 0.5 LOQ Moody et
160–310° al. (1997)

BP Plasma l/l pH 9.1 HFBA HP 1, ECD 0.1 BP Everhard et al.
150–325° (1997)

BP, NBP Plasma SPE HFBA DB-5, NCI-MS-MS 0.15 BP Kuhlman et al.
125–300° 0.016 NBP (1996b)

BP, NBP Urine l/l alkaline Methylation HP 2, EI-MS (SIM) 0.2 both Lisi et al.
247–310° (1996)

Meth Plasma, l/l pH — SE-52 NPD 0.5 LOQ Schmidt et al.
urine, CSF (1993)

Meth, EDDP Urine l/l alkaline — DB-5, EI-MS (SIM) 50 Baugh et al.
190° (1991)

Meth, EDDP, Hair l/l alkaline — DB-5, PCI-MS-ITD 0.5ng/mg Wilkins et al.
EMDP 80–280° (1996)

Meth, EDDP, Plasma, SPE — HP-1, PCI-MS (SIM) 10 Alburges et al.
EMDP urine, liver 80–280° (1996)

Tramadol Blood l/l pH 9 — EC-5, EI-MS (SIM) 10 Goeringer
80–295° et al. (1997)

Tramadol Plasma SPE C18 — HP-5 EI-MS (SIM) 1 Merslavic and
Zupancic-Kraj
(1997)

BP = buprenorphine; NBP = norbuprenorphine; Meth = methadone; EDDP = 2-ethylidene-1,5,dimethyl-3,3-diphenylpyrrolidine; EMMP = 2-ethyl-5-
methyl-3,3-diphenyl-pyrroline.



Table 6.6

Liquid chromatographic methods for synthetic opioids

Column, elution
Drug Sample Isolation Conditions Detection LOD (mg/ml) Ref.

BP Blood SPE C18, ACN-NH4COOH APCI-MS (SIM) 0.5 Bogusz et
al. (1998)

BP Plasma l/l pH 10.5 C8, H2O-MeOH- ESI-MS-MS 0.1 LOQ Moody et
ACN-HCOOH al. (1997)

BP, NBP Blood Extrelut C18, ACN-NH4COOH ESI-MS (SIM) 0.1 LOQ BP, Hoja et al.
pH 9 NBP (1997)

BP, NBP Blood, l/l pH 8.4 C18, ACN-NH4COOH ESI-MS (SIM) 0.1 BP, 0.05 Tracqui et
urine, hair NBP al. (1997)

BP, NBP Hair l/l pH 8.5 CN, ACN–phosphate EC, ESI 0.02ng/mg Kintz et al.
buffer BP, 0.01 NBP (1994)

BP Hair l/l pH 8.5 CN, ACN–phosphate EC 0.02ng/mg BP, Kintz (1993)
buffer 0.01ng/mg

NBP

BP, NBP Plasma SPE C18, ACN–phosphate EC 25 BP, 5 NBP 188
buffer

BP, BUG, Plasma SPE C18, ACN-HCOONH4 ESI-QQQ, 0.1 Polettini and 
NBUG grad. MRM Huestis 

(2001)

Meth, EDDP Urine, l/l pH 9 C18, ACN–phosphate DAD 204nm 76 M, 127 Stolk et al.
meconium buffer + TEA EDDP (1997)

R/S-Meth, Hair SPE C18 Chiral-AGP, ESI-MS (SIM) 0.2 M, 0.1 Kintz et al.
R/S-EDDP PropOH-NH4COOH EDDP (1997)

R/S-Meth Serum SPE mixed Chiral-AGP UV 205nm Rudaz and 
Veuthey 
(1996)

Meth Blood SPE certify C18, MeOH-NH4COOH TSP-MS-MS 50pg on-col. Verweij et
al. (1995)

R/S-Meth Serum l/l Chiral-AGP + CN, UV 200nm 1.5 LOQ Kristensen
ACN–phosphate buffer et al. (1994)

R/S-Meth Plasma l/l Chiral-AGP UV 215mm 2.5 LOQ Schmidt
et al. (1992)

Meth, EDDP Plasma SPE C18 C18, ACN–phosphoric UV 210nm 0.25ng Pierce et al.
acid + DEA (1992)

R/S-Meth Plasma l/l Chiral-AGP UV 212nm Beck et al.
(1991)

(+)/(-)- Plasma SPE C2 Chiralcel OD-R, ACN– Fluorimetry 0.5 Ceccato
Tramadol phosphate buffer et al. (1997)

Fentanyl Plasma SPE 96 Silica, ACN-TFA isocr. ESI-QQQ, 0.05 Shou et al.
MRM (2001)

HYM, DHM, Plasma SPE C18, ACN-HCOONH4 ESI-QQQ, MRM 2–5 Zheng et al.
H3G, other (rat) isocr. (2002)
metabolites
Ketobemidone, Urine SPE C8, ACN-HCOOH grad. ESI-Q, SIM 25 Breindahl and
Nor-K Andreasen 

(1999)

BP = buprenorphine; NBP = norbuprenorphine; Meth = methadone; EDDP = 2-ethylidene-1,5,dimethyl-3,3-diphenylpyrrolidine; EC = elec-
trochemical detection; BUG = buprenorphine glucuronide; HYC = hydrocodone; HYM = hydromorphone; DHM = dihydromorphine; H3G =
hydromorphone-3-glucuronide; Nor-K = nor-ketobemidone; Q = single-stage quadrupole; QQQ = triple-stage quadrupole; SIM = selected ion 
monitoring; MRM = multiple reaction monitoring; ACN = acetonitrile; TFA = trifluoroacetic acid.



used opioid agonist (Newman, 1995). This dictated the need for methadone
monitoring in body fluids, in order to control the compliance and to prevent
the toxicity. It must be stressed that the wide availability of methadone was asso-
ciated with its illicit use and with a growing number of drug-associated death
cases, particularly among treated heroin addicts (La Harpe and Fryc, 1995;
Heinemann et al., 1998).

6.6.3.1 Immunoassays
The immunoassays for methadone are discussed generally in Section 6.2.2, con-
cerning all opioids. These tests are always included in a standard preliminary
screening package for urine testing on drugs of abuse. Recent years brought
some new developments concerning methadone and its metabolites, which
should be discussed separately.

Methadone exists in two enantiomeric forms of different activity. Chikhi-
Chorfi et al. (2001) developed antibodies selective for (R)-methadone (levo-
methadone) and for racemic (R-S)-methadone. Both antibodies showed low
(0.5%) cross-reactivity with EDDP metabolite and no cross-reactivity with other
opioids. An ELISA procedure has been developed for the determination of
both forms of methadone in the serum of opiate addicts under maintenance
treatment.

Standard methadone immunoassays do not cross-react with a prevalent
metabolite, EDDP. This may be seen as a drawback, since some drug addicts
who are supposed to ingest methadone spike the urine sample taken for control
analysis. In such samples, high levels of methadone are detected, but not EDDP
metabolite. Microgenics Corp. developed a selective CEDIA® EDDP assay. This
assay was tested by George et al. (2000), who screened 1381 urine specimens,
in parallel with a standard methadone EMIT immunoassay. Thirty-nine percent
of samples were positive by the methadone assay, and 46% were positive for
EDDP. In seven cases, only high methadone concentrations were found, with
negative results for EDDP. These urine specimens originated most probably
from “spikers,” i.e., subjects who added methadone to urine.

l-Alpha-acetylmethadol (LAAM) was recently approved as a substitute 
for methadone. This drug, as well as methadol—a common metabolite of
LAAM and methadone—showed very high cross-reactivity with all methadone
immunoassays, including ELISA, KIMS, FPIA, and RIA (Cheever et al., 1999).

Various methadone immunoassays were applied to alternative samples. A
Cozart RapiScan test was developed for the detection of methadone in saliva.
The results obtained with this assay were confirmed with GC-MS (L. Moore 
et al., 2001; De Giovanni et al., 2002). ElSohly et al. (2001) used EMIT urine
immunoassay for detection of methadone in 50 meconium samples and con-
fronted the results with GC-MS. All EMIT results were negative. GC-MS analy-
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sis showed four samples to contain low concentrations of methadone and high
concentrations of EDDP. The authors suggest using immunoassays directed at
EDDP (e.g., EDDP-CEDIA) for the detection of prenatal exposure to
methadone.

6.6.3.2 Gas Chromatography
Kintz et al. (1990) described a GC method for methadone and its metabolite
2-ethylidene-1,5,dimethyl-3,3-diphenylpyrrolidine (EDDP). The drugs were
determined in biological fluids by GC-NPD after liquid/liquid extraction. A
method for the simultaneous GC-MS assay of methadone and EDDP in urine
was published by Baugh et al. (1991). The method was capable of processing a
large number of urine samples, with an LOD of 50mg/L. Schmidt et al. (1993)
developed a GC assay using dextropropoxyphene as internal standard.
Methadone was isolated from plasma, cerebrospinal fluid, and urine with
liquid/liquid extraction. A quantification limit of 0.5mg/L was claimed.
Alburges et al. (1996) used GC-PCI-MS for the determination of methadone,
EDDP, and 2-ethyl-5-methyl-3,3-diphenyl-pyrroline (EMDP). The substances
were isolated from human plasma, urine, and liver microsomes by SPE. The
protonated molecular ions of drugs and their trideuterated analogs, used as
internal standards, were monitored. An LOQ of 10mg/L was stated. The
method was applied to the determination of methadone in the body fluids of
33 patients under methadone treatment. Methadone was found in all plasma
samples and EDDP in 15 plasma samples, whereas EMDP was not present in
plasma but was detectable in small concentrations in some urine samples.
Methadone and its metabolites were stable in plasma and in urine at room tem-
perature for at least 1 week. A GC-MS method for quantitation of methadone,
EDDP, and EMDP in hair samples, via application of positive chemical ioniza-
tion and ion trap detection, was published by Wilkins et al. (1996). Cooper and
Oliver (1998) optimized a mixed-mode SPE column extraction for the isolation
of methadone, EDDP, and EMPP from whole blood. Clean extracts and high
recoveries were reported using GC-MS-SIM as detection technique. The detec-
tion limits for all substances were 5mg/L. In a study of Myung et al. (1999),
methadone and pethidine (meperidine) were isolated from urine with SPME
and detected with a GC-NPD system. The LODs were below 1ng/mL urine for
both drugs.

Sporkert and Pragst (2000) isolated methadone, EDDP, and EMDP from
human hair using automatic headspace–SPME combined with GC-MS (SIM).
Hair pieces were digested in 1M NaOH before extraction. The LODs were 0.03
ng/mg and 0.05ng/mg for methadone and metabolites, respectively. The
method was applied to the analysis of hair samples of 26 drug fatalities, and in
19 cases positive results were observed. Lachenmeier et al. (2003) isolated
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methadone from hair with headspace solid-phase dynamic extraction with sub-
sequent determination with GC-MS-MS. The method was faster than conven-
tional methods of hair analysis and more robust than SPME.

Methadone and EDDP were determined in human saliva using SPME and
GC-MS (Dos Santos Lucas et al., 2000). The LODs were 40ng/mL and 8ng/mL
for methadone and EDDP, respectively. The same research group applied
SPME-GC-MS to the analysis of methadone and EDDP in plasma (Bermejo et
al., 2000). The comparison with solvent extraction showed a shorter procedure
time and better recovery for SPME.

6.6.3.3 Liquid Chromatography
Pierce et al. (1992) isolated methadone and its two metabolites from rat plasma
by solid-phase extraction on C18 columns. The separation was achieved on a C18

column with subsequent UV detection. A method for determination of
methadone and EDDP in meconium by HPLC-DAD was applied to the assess-
ment of intrauterine exposure of neonates from methadone-using mothers
(Stolk et al., 1997). Verweij et al. (1995) used thermospray LC-MS-MS for the
determination of methadone and other analgesics in whole blood after solid-
phase extraction (CertifyTM). The detection limit (on-column) was 1ng for full-
scan analysis and 50pg for the product ion analysis.

Methadone contains a chiral carbon atom and exists in two enantiomeric
forms: (S)-(+)methadone and the 25–50 times more potent (R)-(-)methadone,
known also as levomethadone. In the methadone maintenance therapy of
heroin addicts, both levomethadone and the racemic form are applied. It is of
pharmacokinetic importance to separate the methadone enantiomers; hence,
several stereoselective HPLC methods were developed for this purpose. Beck
et al. (1991) published a chiral analysis of methadone in plasma using a Chiral-
AGP column and UV detection. The method was applied to drug monitoring
in maintenance therapy with racemic methadone. Differences in bioavailabil-
ity and elimination of the two forms were observed. Similar methods were pub-
lished by Schmidt et al. (1992) and by Norris et al. (1994). Kristensen et al.
(1994) applied serially coupled columns (CN and Chiral-AGP) for the sep-
aration of methadone enantiomers. Rudaz and Veuthey (1996) isolated
methadone enantiomers using mixed-mode solid-phase extraction columns or
disks. The extract was subjected to HPLC separation on a Chiral-AGP column
and to UV detection. The method, applied to drug monitoring and postmortem
analyses, showed large variability in the proportion of active (R)-enantiomer,
ranging from 37% to 67% in a group of heroin addicts receiving racemic drug.
HPLC with UV detection was used for the separation of methadone and EDPP
enantiomers in urine samples obtained from methadone maintenance patients
as well as from patients with chronic pain (Angelo et al., 1999). The drugs were
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separated on an RP8 column coupled serially with a chiral AGP column. This
combination improved the separation and prolonged the lifetime of the chiral
column. The LOD was 9mg/L (Fig. 6.15).

The first LC-ESI-MS method for the enantioselective separation of
methadone and EDDP was published by Kintz et al. (1997). Deuterated analogs
of all compounds involved were applied to quantification. The method was
applied to the analysis of hair samples originating from subjects receiving
racemic drug. Both enantiomers were detected, and the data collected sug-
gested the predominance of the R-enantiomer in hair, which was in contrast to
previous observations concerning serum (Beck et al., 1991; Kristensen et al.,
1994). Ortelli et al. (2000) applied LC-MS to the enantioselective determina-
tion of methadone in saliva and serum. The method was applied to the analy-
sis of samples taken from heroin addicts participating in a methadone
maintenance program. The results of total methadone determination showed
poor correlation between saliva and serum, while the enantiomeric ratios of
drug correlated very well. Dale et al. (2002) studied the pharmacokinetics of
methadone in healthy volunteers after nasal application, in comparison with
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Figure 6.15

HPLC chromatograms of
human urine extracts. A
= blank urine; B = urine
spiked with methadone
and metabolite EDDP.
(From Angelo et al.
(1999) with permission 
of Elsevier Science.)



the IV and oral routes. LC-MS was applied to the analysis of methadone and
EDDP. After nasal administration, the onset of symptoms was much faster than
after oral intake, with a similar duration. Nasal route may be an alternative 
to the oral one; however, the subjects reported a burning sensation after 
administration.

6.6.3.4 Capillary Electrophoresis
Molteni et al. (1994) investigated the possibility of methadone determination
in urine with CE. The drug and its metabolite could easily be determined by
cationic capillary zone electrophoresis; the application of MEKC was not suc-
cessful. Direct injection of urine samples sometimes led to false-negative results.
Therefore, solid-phase extraction of samples was recommended, and an LOQ
of 20mg/L was achieved. Thormann et al. (1998) developed two CE methods
for the detection of methadone and EDDP in urine: an electrokinetic capillary-
based immunoassay as a screening procedure, and a combination of CE with
ESI-MS-MS for confirmation.

6.6.4 TRAMADOL

Tramadol is a centrally acting analgesic introduced in the late 1970s as a weak
m-opioid receptor agonist. Most reports concerning the forensic aspects of tra-
madol toxicity appeared in the 1990s, when the drug found its way to the drug
abuse scene.

6.6.4.1 Gas Chromatography
Merslavic et al. (1997) published a GC-MS method for tramadol determination
in plasma, using SPE on C18 cartridges. The method was applied to pharmaco-
kinetic studies. Goeringer et al. (1997) determined tramadol and its metabo-
lites N-desmethyltramadol (NDT) and O-desmethyltramadol (ODT) in blood
from drug-related deaths (12 cases) and drug-impaired drivers (3 cases). GC-
MS after butyl chloride extraction at pH 9 was applied. It was observed that vari-
able amounts of an artifact of NDT were sometimes formed in the injection
port of the GC. In all tramadol-related death cases and in all samples from living
subjects a number of other relevant drugs were found, particularly tricyclic anti-
depressants and opiates. These compounds may interact with the metabolism
and pharmacological activity of tramadol and its active metabolite ODT. Drug
concentrations in 12 autopsy blood samples ranged from 0.03 to 22.59mg/L
for tramadol, from 0.02 to 1.84mg/L for ODT and from 0.01 to 2.08mg/L for
NDT. In blood samples taken from impaired drivers tramadol concentrations
ranged from 0.07 to 0.29mg/L those of ODT from 0.05 to 0.11mg/L, and of
NDT from 0.03 to 0.09mg/L. Therapeutic tramadol concentrations were
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between 0.23 to 0.77mg/L. This study showed that every case of suspected tra-
madol intoxication must be very carefully scrutinized in regard to the role of
other coexisting substances. In a monointoxication with tramadol, a concen-
tration of 13mg/L was found. GC-MS method was used, but the details 
were not given. Also, ODT was identified but not quantified (Lusthof and
Zweipfenning, 1998). Levine et al. (1997) reported four cases in which 
tramadol was found, but death was attributed to other causes, like coronary
disease, drowning, or gunshot wound. Tramadol, NDT, and ODT were
extracted with n-butyl chloride in alkaline conditions and identified by GC-EI-
MS. Quantitative determination of tramadol was performed with GC-NPD in
body fluids and organs and the distribution data were presented. The authors
stressed that urine is the specimen of choice for identifying of tramadol use. In
contrast to the finding of Sticht et al. (1997) no evidence of sequestration of
drug in liver or kidney was found, which was consistent with the reported
volume of distribution of 3L/kg.

6.6.4.2 Liquid Chromatography
Sticht et al. (1997) described the distribution of tramadol in a drug-associated
death case. To a female patient with symptoms of generalized sepsis, 400mg tra-
madol and 2.5g metamizole were administered together on two occasions, with
an interval of 20h. The patient died 5h after the second dose. The following
tramadol concentrations were found postmortem (mg/kg): in peripheral blood
5.6, in heart blood 15.1, in heart muscle 14.9, in brain 14.7, in lung 23.2, in
liver 20.0. Tramadol was determined by HPLC on octyl column, the metabo-
lites were not analyzed. The patient was treated in an intensive care unit, and
septic shock was established as the cause of death, despite the high drug con-
centrations. Nobilis et al. (1996) developed an HPLC method with fluorescence
detection for a pharmacokinetic study of two commercial tramadol prepara-
tions. The drug was extracted with t -butylmethylether in alkaline conditions
and separated on an RP-18 column. The limit of quantitation was 17mg/L. Tra-
madol possesses two stereogenic centers and normally is used in therapy as the
racemate of the trans -isomer, which is more active than the cis -isomer. Also, the
(+)-trans -tramadol is about 10-fold more potent than the (-)-trans -tramadol
(Frankus et al., 1978). Interindividual differences of the enantiomeric ratios of
tramadol, NDT, and ODT in urine were studied by Elsing and Blaschke (1993)
using Chiralpak AD and Chiralcel OD columns. Ceccato et al. (1997) devel-
oped an HPLC method for the determination of the enantiomers of trans-tra-
madol and its O-desmethylated metabolite in plasma, using automatic SPE
extraction and chiral liquid chromatography with UV (220nm) and fluoro-
metric detection. The influence of SPE sorbent, elution conditions, and type
of chiral column on the detectability of the substances was studied. The opti-
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mized method allowed achieving a 100% recovery and an LOD of 0.5ng/mL
for both enantiomers.

6.6.5 KETO-OPIOIDS

Semisynthetic 6-keto-opioids (hydrocodone, hydromorphone, oxycodone, and
oxymorphone) are widely used as analgesics and antitussive drugs. These 
compounds also achieved popularity as abused drugs in some countries
(Vecerkova, 1992). Most reports concerning 6-keto-opiates coped with the prob-
lems of chromatographic differentiation of these drugs from morphine and
codeine. These papers, in which TLC (Dietzen et al., 1995) or GC (Fenton et
al., 1994; Brooks and Smiths, 1996; Broussard et al., 1997) procedures are used,
are discussed in Section?, devoted to morphine analysis. Cone and Darwin in
their review of opiate analysis (1992) also discussed the application of GC-MS
methods to keto-opiates. A gas chromatographic method for oxycodone assay
was developed by Kapil et al. (1992). The drug and internal standard
(hydrocodone) were extracted from plasma with toluene–isopropanol and
quantified with a nitrogen detector. An LOQ of 1.8mg/L was reported. C.M.
Moore et al. (1995) reported the detection of hydrocodone in meconium
samples in two cases. The drug was isolated with methyl-t -butyl ether in alka-
line conditions, trimethylsilylated, and analyzed with GC-MS (SIM). In one case,
hydromorphone (hydrocodone metabolite) and codeine were also found.
Bouquillon et al. (1992) developed an HPLC method for the simultaneous
determination of hydromorphone and morphine in plasma. A coulometric
detection was used. The limits of quantitation (2.5ng/mL for hydromorphone
and 1.2ng/mL for morphine) were sufficient for pharmacokinetic studies.
Wright et al. (1998) synthesized hydromorphone-3-glucuronide (H3G) from
hydromorphone using rat liver microsomes. The crude product was purified
with semipreparative HPLC with UV detection. H3G evoked in rats similar
behavioral effects as morphine or morphine-3-glucuronide or normorphine-3-
glucuronide. In the Czech Republic, an illicit hydrocodone preparation called
“brown” has been abused for 20 years. Besides hydrocodone, “brown” contains
codeine as the precursor and dihydrocodeine as the by-product. Balikova and
Maresova (1998) described a case of fatal overdose of “brown” together with
ethylmorphine and morphine. The drugs were determined in autopsy blood
with an ion trap GC-MS after solid-phase extraction. The following concentra-
tions of unconjugated drugs were found: hydrocodone 15.9mg/L, hydromor-
phone 11.88mg/L, ethylmorphine 15.60mg/L, morphine 12.15mg/L,
dihydrocodeine 2.26mg/L, codeine 0.5mg/L, and norcodeine 0.14mg/L.
Spiller (2003) analyzed 88 cases of oxycodone- and hydrocodone-associated
death cases. The drugs were determined with GC. Twenty-four deaths were
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attributed to oxycodone alone. The mean and median oxycodone blood con-
centrations were 1.23mg/L and 0.43mg/L, respectively. In 17 fatal cases of
hydrocodone intoxication, the mean and median postmortem blood concen-
trations were 0.53mg/L and 0.40mg/L, respectively. Jones et al. (2002) deter-
mined codeine, morphine, hydrocodone, hydromorphone, 6-acetylmorphine,
and oxycodone in the hair and oral fluid of addicts by GC-MS after derivatiza-
tion with methoxyamine. The use of this derivatization reagent prevented the
formation of multiple derivative forms that may originate from the keto- or
enol-form of keto-opioids, as observed for silyl derivatives. Y.L. Chen et al.
(2002) published LC-ESI-MS-MS procedures for the determination of
hydrocodone and hydromorphone in plasma. The drugs and deuterated
analogs were extracted with solvent and separated from glucuronides using 50-
mm ¥ 2-mm silica column and mobile phase consisting of ACN–water–formic
acid (80 :20 :1). The LOQ was 0.1mg/L (Fig. 6.16).

Wey and Thormann (2002) determined oxycodone and its metabolites oxy-
morphone and noroxymorphone in urine with CE-MS (IT) and CE-UV. The
existence of glucuronidated second-phase metabolites was postulated.
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Figure 6.16

LC-ESI-MS-MS of
hydrocodone (HYC) and
hydromorphone (HYM)
extracted from serum and
the concentration level of
0.3ng/mL. Transitions
monitored are shown on
the figure. (From Y.L.
Chen et al. (2002) with
permission of Elsevier
Science.)



6.6.6 FENTANYL AND RELATED DRUGS (SUFENTANIL, 
ALFENTANIL, REMIFENTANIL)

Fentanyl and other structural analogs are very potent, specific m-receptor ago-
nists of synthetic origin. Besides its therapeutical application as an analgesic,
fentanyl appeared on the 1970s in the illicit-drug market. Ohta et al. (1999)
discriminated fentanyl and its 24 analogs using GC, GC-MS, and condensed-
phase IR. The methyl- or fluoroderivatives of fentanyl, sold as “superheroin” or
“China white” turned out to be particularly dangerous, and several reports con-
cerning drug-associated death cases were published (Baselt, 2000). Beside
immunochemical assays, fentanyl was usually determined by gas chromato-
graphy. Watts and Caplan (1988) used dual-column gas chromatography with
nitrogen-sensitive and mass spectrometric detectors for the determination of
fentanyl in whole blood. Two capillary columns of different polarity (5% and
50% phenyl methyl silicone) were used. Several related substances (sufentanil,
carfentanil, lofentanil, and alfentanil) were also examined. The limit of detec-
tion for the nitrogen detector was found to be 0.1mg/L and for MS detection
to be 0.05mg/L. Esposito and Winek (1991) used also GC-MS-EI for the iden-
tification of 3-methylfentanyl in street samples. Szeitz et al. (1996) developed a
GC-MS assay of fentanyl suitable for pharmacokinetic studies of transdermally
administered drug in a postoperative swine. Sufentanil was used as an internal
standard. Quantitation in the SIM mode was possible down to 0.05mg/L. A
similar method was described by Fryirs et al. (1997), who determined fentanyl
with GC-MS (SIM) in plasma. A limit of detection of 0.02mg/L was observed.
Fentanyl and sufentanil were determined in hair specimens of tumor patients
receiving these drugs percutaneously or intravenously. The assay was performed
with GC-PCI-MS-MS (Sachs et al., 1996). A postmortem distribution of fentanyl
after its application in the form of a transdermal patch (Duragesic) was studied
by Anderson and Muto (2000). Fentanyl was extracted with butyl chloride in
alkaline conditions and determined by GC-MS. The distribution of fentanyl in
heart and femoral blood, urine, vitreous humor, bile, and organs was given.
Shou et al. (2001) determined fentanyl in plasma using automated 96-well solid-
phase extraction, straight-phase chromatography, and ESI-MS-MS. The LOQ
was 0.05mg/L plasma, based on a 0.25-mL sample volume. Sufentanil is so far
the most potent synthetic opioid used in therapy. An LC-ESI-MS-MS method
for therapeutic drug monitoring of sufentanil has been published (Martens-
Lobenhoffer, 2002). The drug was extracted from serum with toluene–
isopropanol (10 :1) and separated on an ODS column. An LOQ of 10ng/L was
achieved. The stability of sufentanil in human plasma under various storage
conditions was studied by Dufresne et al. (2001). The drug was extracted with
Oasis MCX columns and determined with GC-MS. A significant decrease was
observed after 1h in plasma stored at 4°C.
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Alfentanil is an intravenous narcotic analgesic with a short duration of 
action. The concentrations of this drug were measured in plasma and tissues
of experimental animals by GC-MS in a pharmacokinetic study (Edwards et al.,
2002).

Another member of the fentanyl group, remifentanil, is an analgesic that has
considerable abuse potential in racing horses. Lehner et al. (2000) studied the
metabolism of remifentanil after IV administration of 5mg of this drug to horse.
A major metabolite of remifentanil was identified.

6.6.7 KETOBEMIDONE

Ketobemidone is a synthetic opioid agonist and narcotic analgesic that is 
frequently abused, particularly in Scandinavian countries. Breindahl and
Andreasen (1999) developed an LC-ESI-MS method for the determination of
ketobemidone and its demethylated metabolite in urine. Mixed-bed SPE 
cartridges were used for isolation, with a recovery over 90%. Protonated quasi-
molecular ions for both substances as well as three fragments for ketobemidone
were monitored. The LOD was 25mg/L. Sunstrom et al. (2001) applied ESI-
MS-MS to the determination of ketobemidone, its five phase I metabolites, as
well as glucuronides of ketobemidone and norketobemidone in human urine.
The same group used ESI-qTOF-MS besides LC-MS-MS for the determination
of the glucuronides of ketobemidone, nor-, and hydroxymethoxyketobemidone
in urine (Sundstrom et al., 2002). The accuracy of the mass measurement was
better than 2ppm.

6.6.8 BUTORPHANOL, DEXTROMETORPHAN

Andraus and Siquera (1997) determined butorphanol in the urine of race-
horses with ELISA immunoassay kits followed by GC-MS. After IM application
of 8mg Torbugesic to a horse, the detection window in urine was up to 104h
with ELISA and up to 24h with GC-MS. Y.J. Wu et al. (2003) described a GC
method for the determination of dextrometorphan and its metabolite dex-
trorphan in human urine. The drugs were subjected to solvent extraction and
detected with GC/FID on an HP-1 (17-m ¥ 0.22-mm) column. The method was
used for phenotyping a Chinese population.

6.7 SUMMARY

Immunoassays are the most important techniques used for preliminary testing
on opiate agonists. The trend toward the use of noninvasive sampling, i.e., saliva
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or sweat, is observed. Onsite tests, used by law enforcement officers, are gaining
more and more popularity. Thin-layer chromatography is still in use for the pre-
liminary detection of opiates in plant material, street drugs, and urine. The
method has the advantage of simplicity, speed, and low cost and is therefore
preferred in modestly equipped laboratories. Positive results, however, always
need a confirmative analysis with mass spectrometric detection.

Solid-phase extraction is gradually replacing solvent extraction procedures
for the isolation of opiate agonists and their metabolites from biological
samples. The advantages of this workup technique include broader polarity
spectrum of isolated substances and rather pure extracts. So far, solid-phase
extraction is used mainly in column format; the use of disk or 96-well plate
formats will probably be enhanced in the future.

For identification of unknown opiates of low or middle polarity, gas chro-
matography coupled with a full-scan electron impact mass spectrometry is a
most important tool. This method usually has been used for confirmation of
the results of presumptive immunochemical tests. Unequivocal identification
and quantitative analysis of defined opiates may be performed by gas or liquid
chromatography, both separation methods being coupled to a mass spectrom-
eter in selected ion monitoring mode, using electron impact or chemical ion-
ization. The last decade brought a breakthrough in the development of
atmospheric pressure ionization mass chromatography. This technique, in both
the electrospray and atmospheric pressure chemical ionization modes, may 
be coupled to a liquid chromatograph and has shown distinct advantages over
GC-MS with regard to the spectrum of detectable drugs and the simplicity of
sample preparation. Therefore, solving the identity of target opiates and the
consecutive quantitation will in the future most probably be performed only
with LC-MS.

Other detection modes used with gas chromatography (nitrogen-selective or
electron capture detection) or with liquid chromatography (diode array detec-
tion, electrochemical or fluorimetric detection) are still being (and will con-
tinue to be) successfully used for dedicated purposes in opiate analysis. The
advantages of these techniques include lower cost and sometimes very high sen-
sitivity. Due to their lower selectivity, these methods are particularly valuable for
the analysis of less complicated matrices, such as illicit-drug specimens or phar-
maceutical preparations. Capillary electrophoresis, in combination with UV
(DAD) or MS-detection, is still in the development stage and has room for
improvement. This separation technique combines the most important features
of gas and liquid chromatography; it offers separation efficiency comparable to
that of capillary GC and is applicable to polar and thermally unstable com-
pounds that may be analyzed with HPLC. It is possible that this technique will
play a crucial role in toxicological analysis in the near future.
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ABBREVIATIONS

6-MAM: 6-acetylmorphine
ACN: acetonitrile
APCI: atmospheric pressure

chemical ionization
BE: benzoylecgonine
BSTFA: bis-

(trimethylsilyltrifluoroacetamide)
CE: capillary electrophoresis
CE-MS: capillary

electrophoresis–mass 
spectrometry

CI: chemical ionization
CID: collision-induced dissociation
CSF: cerebrospinal fluid
CZE: capillary zone electrophoresis
DAD: diode array detector
DEA: diethylamine
DHC: dihydrocodeine
DMOA: dimethyloctylamine
EDDP: 2-ethylidene-1,5-dimethyl-3,3-

diphenylpyrrolidine
EI: electron impact ionization
ESI: electrospray ionization
FAB: fast atom bombardment
G6PDH: glucose-6-

phosphodehydrogenase
GC: gas chromatography
HFBA: hexafluorobutyric acid

HPLC: high-pressure liquid
chromatography

ITD: ion trap detection
LC-MS: liquid chromatography–mass

spectrometry
LOD: limit of detection
LOQ: limit of quantitation
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MEKC: micellar electrokinetic

capillary chromatography
MeOH: methanol
NCI: negative chemical ionization
NPD: nitrogen–phosphorus

detection
PBI: particle beam ionization
PCI: positive chemical ionization
PFPA: pentafluoropropionyl

anhydride
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RP: reverse phase
SFE: supercritical fluid extraction
SIM: selected ion monitoring
SPE: solid phase extraction
TEA: triethyleneamine
TLC: thin-layer chromatography
TMCS: trimethyl-chlorosilane
TSP: thermospray ionization
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7.1 INTRODUCTION

This chapter describes the common methods used in the forensic analysis of
amphetamines. For purposes of this chapter, the term amphetamines refers to
amphetamine, methamphetamine, and their commonly encountered methyl-
enedioxy derivatives. Although many other compounds can be categorized as
amphetamines, the former represent the most important and commonly
encountered. Other related compounds are generally analyzed in the same
manner because of their similar chemical composition, but specific descriptions
of the analyses of these drugs are not included except for a few examples 
of related compounds that pose particular problems of interest in the 
community.

Amphetamines are powerful central nervous system (CNS) stimulants that
first came into use in the early 1900s. Amphetamine and methamphetamine,
the two most commonly encountered of these drugs, have an asymmetric center
and thus exist as one of two possible enantiomers. The enantiomers have quite
different pharmacological properties, and determination of the enantiomeric
form of the drugs is often an important consideration. The structures of
amphetamine and methamphetamine enantiomers are shown in Figure 7.1.
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Substitutions have been made to amphetamine and methamphetamine for 
a variety of reasons. Many modifications were made to these drugs in at-
tempts to maintain anorexic activity while limiting undesirable side effects.
Others have been made to enhance the stimulatory activity or to avoid le-
gal restrictions on the production and use of the drugs. These include 2-
methoxyamphetamine, 4-hydroxymethamphetamine, 4-methoxyamphetamine,
4-methylthio-amphetamine, 2,5-dimethoxyamphetamine (DMA), 4-bromo-
2,5-dimethoxy-amphetamine (DOB), 4-bromo-2,5-dimethoxyphenethylamine,
3,4,5-trimethoxyamphetamine (TMA), 4-ethyl-2,5-dimethoxyamphetamine
(DOE), and 4-methyl-2,5-dimethoxyamphetamine (DOM, STP). These drugs
have been abused in the past at one time or another and surface periodically
in the illicit-drug market. In addition, new versions occasionally arise, as demon-
strated by the recent identification of N-ethyl-4-methoxyamphetamine in a
urine sample (Marson et al., 2000) and 2-chloro-4,5-methylenedioxymethylam-
phetamine in a seizure of illicit MDMA tablets (Lewis et al., 2000). (See Figure
7.2 for the structures of these compounds.)

A related group of drugs includes the methylenedioxy analogs of am-
phetamine and methamphetamine. These include the phenylisopropyl ana-
logs N,N-dimethyl-3,4-methylenedioxyamphetamine, N-hydroxy-3,4- methylene-
dioxyamphetamine (N-OH-MDA), 3,4-methylenedioxyamphetamine (MDA),
3,4-methylenedioxymethamphetamine (MDMA), and 3,4-methylenedioxyeth-
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ylamphetamine (MDEA). In addition to these, several compounds derived 
from the four-carbon analogs are also seen in the illicit market. These include
benzodioxazolylbutanamine (BDB) and N-methyl-benzodioxazolylbutanamine
(MBDB). The first of these methylenedioxy derivatives to enter the market 
was MDA. Although popular, it had some undesirable side effects, and its
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appearance was soon followed by the development of MDMA, which had the
desirable effects without some of the troublesome side effects. MDMA was used
experimentally by some psychotherapists as an adjunct to treatment. Although
there are still those who would argue that MDMA is a valuable tool for this
purpose, it, together with its analogs MDA and MDEA, are Schedule I con-
trolled substances. Structures of these methylenedioxy compounds are shown
in Figure 7.3.

Another group of compounds related to the amphetamines is actually 
metabolized by the body to methamphetamine and/or amphetamine. This
group of “precursor” drugs includes amphetaminil, benzphetamine, cloben-
zorex, deprenyl (selegiline), dimethylamphetamine, ethylamphetamine, fam-
profazone, fencamine, fenethylline, fenproporex, furfenorex, mefenorex,
mesocarb, and prenylamine. See Figure 7.4 for the structures of these com-
pounds. The fact these compounds are metabolized to methamphetamine
and/or amphetamine has a significant role in the interpretation of the origin
of the drugs when detected in biological samples. A discussion of some of these
drugs and evaluation of their involvement in amphetamine-positive samples is
given later in this chapter.

A wide variety of methods for the analysis of amphetamines have been
described, many of which were developed decades ago, yet they form the basis
for most procedures used today. Recently developed methods are targeted pri-
marily at taking advantage of more automation, alternative matrices (hair,
meconium, sweat, vitreous humor, saliva, etc.), or procedures that enjoy the
sensitivity of newer analytical instruments and techniques. This chapter details
references primarily from the 1990s, with the exception of descriptions of ana-
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Structures of these methy-
lenedioxy compounds: 
3,4-methylenedioxy-
amphetamine (MDA),
3,4-methylehedioxymeth-
amphetamine (MDMA),
3,4-methylenedioxyethyl-
amphetamine (MDEA),
N-hydroxy-3,4-methylene-
dioxyamphetamine 
(N-HO-MDA), N-di-
methyl-3,4-methylenedi-
oxyamphetamine
(N,N-dimethyl-MDA),
benzodioxazolylbutan-
amine (BDB), N-methyl-
benzodioxazolylbutan-
amine (MBDB)
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Structures of
methamphetamine and/or
amphetamine-precursor
drugs

lytically sound procedures that serve as the basis of many of the currently used
procedures.

7.2 DETECTION

Detection of amphetamines is often a complicated task made difficult by the
very simplicity of the compounds. Their chemical structure and characteristics
are similar to many other naturally occurring biological materials. This simi-
larity offers many opportunities for problems and interference from these
closely related compounds.



7.3 QUALITATIVE METHODS OF ANALYSIS

Analysis of the amphetamines, particularly in the forensic environment, is con-
ducted in a two-stage approach. Typically this involves the use of two tests that
differ in the fundamental underlying scientific principle. One of the two is com-
monly a screening test that is relatively easy to conduct and highly automated,
while the other, usually only conducted on those samples that test positive by
the first test, is commonly referred to as a confirmation test. In some cases, such
as regulated workplace drug testing, the confirmation testing method is defined
with regard to the instrumental analysis used.

This section of the chapter discusses methods that are qualitative or “semi-
quantitative.” The term semiquantitative refers to procedures that are conducted
in a manner to give a quantitative result but, due to the nature of the assay
(such as cross-reactivity of an immunoassay) where the result is not considered
definitive. Immunoassays are commonly run either in a purely qualitative mode,
identifying the presence or absence of an analyte, or, using a calibration curve,
in a manner that produces a “quantitative” result. Other methodologies are also
sometimes used for qualitative analysis, even though they are capable of highly
accurate quantitative analysis. For example, samples are sometimes analyzed by
mass spectrometry to positively identify the compound present using tech-
niques such as comparison to library spectra and relative retention indices.
These procedures are designed for a comprehensive analysis of the sample for
the presence of a large number of drugs and metabolites. Such assays are some-
times referred to as the general unknown analysis or systematic toxicological analy-
sis. Several examples of such comprehensive assays have been described by
several groups (Lho et al., 1990a, 1990b; Maurer, 1992; Solans et al., 1995). One
such comprehensive procedure for the analysis of approximately 100 drugs and
drug metabolites is described by Solans et al. (1995). The procedure used 2.5-
mL samples of urine to which was added deuterated codeine and deuterated
MDEA as internal standards. The pH was adjusted by addition of 1mL of 1.1M
acetate buffer (pH 5.2), and the samples were then hydrolyzed using beta-
glucuronidase and arylsulfatase at 55°C for 2 hours. After cooling to room tem-
perature, the hydrolyzed samples were extracted using Bond Elute Certify 
solid-phase extraction columns. Extracts were derivatized using N-methyl-N-
trimethylsilyl-trifluoroacetamide (MSTFA) and N-methyl-bis-trifluoroacetamide
(MBTFA) followed by GC-MS analysis. Separation was accomplished using a 5%
phenyl methyl silicone column (HP-5, 12.5m ¥ 0.2-mm i.d.) at temperatures of
100–290°C at 20°C per minute, with a 4-minute final time. The mass spec-
trometer was operated in the scan mode from m/z 50–600. The procedure was
deemed sensitive enough to identify drugs and metabolites for 24 hours after
administration when taken at normal therapeutic doses, with the exception of

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S362



the b-agonists which required selected ion monitoring to provide the necessary
sensitivity. Maurer (1992) summarized procedures for systematic toxicological
analysis and describes an example method involving analysis of urine samples
by refluxing samples with 30% HCl for 15 minutes to hydrolyze conjugates fol-
lowed by addition of base to obtain a pH of 8–9. Extraction was accomplished
with dichloromethane: isopropanol :ethyl acetate (1 :1 :3 v/v/v) and derivatiza-
tion with acetic anhydride:pyridine (3 :2 v/v) at 60°C for 30 minutes. Separa-
tion using cross-linked methylsilicone (12m ¥ 0.2-mm i.d.) at temperatures of
100–310°C at 30°C per minute. Full-scan mass spectra were obtained for iden-
tification of compounds (Maurer et al., 1997). Integrated computer programs
allow for the automated extraction of ion chromatograms for the identification
of related groups of drugs and metabolites.

The description of mass spectral analysis will be given later in the chapter in
the sections dealing with GC/MS and LC/MS. There are a number of methods
developed for the qualitative identification of a variety of drugs in samples.
These methods are often used, with the simple addition of an internal stan-
dard, as a quantitative procedure. As a result, the discussion of these proce-
dures will be included in the GC and LC sections of this chapter, though they
are often used for qualitative analysis only.

7.3.1 IMMUNOASSAYS

Immunoassay tests are widely used in the analysis of amphetamines. These tests
are relatively inexpensive and easily automated, making them ideal for screen-
ing large numbers of samples. The goal of any assay is to be as specific as it can
be to eliminate false positives. In the case of the amphetamines this is a par-
ticularly challenging task because the chemical simplicity of these compounds
makes it difficult to produce an antibody that will identify all samples that
contain the amphetamines but not cross-react with other related compounds.
With the amphetamines, being too specific is a problem. For example, many
assays that cross-react well with amphetamine cross-react more or less well with
methamphetamine. The d- and l-enantiomers of the two drugs also interact with
the antibody at different rates.

Manufacturers of immunoassays used in the forensic setting are continually
striving to improve their products and thus their competitive edge. As a result,
changes to their assays are routinely made if there is an opportunity to increase
the specificity or sensitivity of their assay. A major factor associated with the
amphetamines is the cross-reactivity with small biomolecules that cause a
response in the assay and can lead samples to give a positive response when
amphetamines are not present. Because of the similarity of the amphetamines
to many other commonly encountered biomolecules, eliminating cross-
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reactivity is a difficult task. The specificity to amphetamine, for example, 
typically decreases the reactivity to methamphetamine. Likewise, targeting the
d-enantiomer often leads to diminished reactivity with the l-enantiomer. Each
immunoassay is targeted to (calibrated against) one of the analytes of interest.
It is important to know the target compound in evaluating an assay. Also, the
cross-reactivity of substances to the reagents changes. As a result, this chapter
will not delineate the details of the cross-reactivities of the current assays but
will rather refer the reader to the current package insert for the respective assay
to see what the sensitivity and specificity is regarding that assay.

In the last decade there have been a number of reports regarding immunoas-
says in the literature. For the most part, these studies have described the use of
the assays with samples such as blood, tissue, and meconium (Bogusz et al.,
1990; Asselin and Leslie, 1992; Simonick and Watts, 1992; Franssen et al., 1994;
Moriya et al., 1994; Lewis et al., 1995; Meyer et al., 1997; Collison et al., 1998;
Spiehler et al., 1998; ElSohly et al., 1999; Moore, K.A., et al., 1999; Loor et al.,
2002), the effects of interference and adulteration on the assays (Kelly, K.L.,
1990; Poklis et al., 1991; D’Nicuola et al., 1992; Olsen et al., 1992; Jones et al.,
1993; Colbert, 1994b; Sloop et al., 1995; Kaufman et al., 1996; Tsai et al., 1998;
Skopp et al., 1999), and devices using immunoassay technology that can be used
onsite to test samples (Rohrich et al., 1994; Moriya and Hashimoto, 1996;
Brown et al., 1997; Buchan et al., 1998; Ros et al., 1998; Spiehler et al., 1998;
Samyn, Viaene, et al., 1999; Beck et al., 2000; Felscher and Schulz, 2000; Peace
et al., 2000; Samyn and van Haeren, 2000; Leino et al., 2001; Yang and
Lewandrowski, 2001; Mastrovitch et al., 2002; Peace et al., 2002; Peace and
Tarnai, 2002; Yacoubian et al., 2002). In addition, several reports have described
new technologies, such as implementation of microtiter plate assays in drugs-
of-abuse testing and the combination of immunoassay with capillary elec-
trophoresis (Aoki et al., 1990; Mongkolsirichaikul et al., 1993; Choi, M.J., et al.,
1994; Dzantiev et al., 1994; Perez-Bendito et al., 1994; Choi, J., and Choi, 1998a,
1998b; Ramseier et al., 1998; Kimura et al., 1999b; Shindelman et al., 1999;
Kupiec et al., 2002). Several fine reviews of immunoassay methodology and its
utility and potential limitations have also been published (Suttijitpaisal and
Ratanabanangkoon, 1992; Colbert, 1994a; Jirovsky et al., 1998; Jenkins and
Goldberger, 2002).

Since immunoassays are typically used to screen large numbers of samples
to rapidly assess the presence of a variety of drugs, followed by a more costly
and time-consuming confirmation procedure, keeping the number of samples
that do not confirm because the drug of interest is not present is a primary
concern. In addition to evaluation of various compounds or their metabolites
that might lead to a positive immunoassay result, minimizing positive results
from the l -enantiomer of methamphetamine is desirable because, in the United
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States, the presence of l -methamphetamine in a sample is considered to be
indicative of use of a Vicks inhaler. The inhaler contains leumetamfetamine (l-
methamphetamine) and can lead to positive results by both immunoassays and
GC-MS confirmation. Several studies have evaluated the performance of
immunoassays to the enantiomers. Most illicit methamphetamine in the United
States is the d-enantiomer; however, racemic methamphetamine is also encoun-
tered, and an assay that does not cross-react well with l -methamphetamine
would give a deceptively low result when compared to the actual concentration
of methamphetamine in the sample.

In a study of the stereoselectivity and clinical consequence of the EMIT 
monoclonal and polyclonal assays, Poklis et al. (1993a) showed the monoclonal
assay to be highly selective for the d-enantiomers of amphetamine and metham-
phetamine. Evaluating 16 urine specimens collected following excessive use of
nasal inhalers (thus containing only the l -enantiomers), just one of these
samples gave a positive result. Five hundred clinical urine specimens were ana-
lyzed by both assays, and only five of 131 amphetamine-positive samples were
negative by the monoclonal assay that were positive by the polyclonal assay. In
those five samples, the methamphetamine concentrations were all below
1000ng/mL. The same group conducted another study evaluating the EMIT II
amphetamine/methamphetamine assay with samples from seven subjects using
Vicks inhalers and found that none of the urine samples collected were positive
(Poklis et al., 1993b). Poklis and Moore (1995) conducted another study eval-
uating the Vicks inhaler and the reactivity of the TDxADx/FLx amphet-
amine/methamphetamine II fluorescence polarization immunoassay (Abbott
Diagnostic) to the enantiomers of amphetamine and methamphetamine in
urine. The authors showed there was a good correlation between the results of
the immunoassay with those from GC-MS analysis following the administration
of d-amphetamine. However, there was no correlation between results following
the administration of racemic methamphetamine. Two urine samples from a
subject using twice the recommended dose did test positive with the assay cali-
brated at 300ng/mL but not when calibrated at 1000ng/mL. These two samples
were shown to contain 1560 and 1530ng/mL methamphetamine by GC-MS.

Most immunoassays were developed to analyze urine samples, since they
make up the bulk of samples analyzed for drugs of abuse. While this fact
remains true, there are situations where laboratories have large numbers of
other biological samples that must be tested. To address this, several studies
have reported the use of immunoassays to test blood and/or tissue samples.
Bogusz et al. (1990) used FPIA and EMIT-dau immunoassays for the determi-
nation of six drug classes in 1mL of pre- or postmortem blood after acetone
precipitation. While the assays performed reasonably well with most of the
drugs, the performance with amphetamines was deemed by the authors to be
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unacceptable. An evaluation of the Abbott TDx assay for screening hemolyzed
whole blood for d-methamphetamine was reported to provide reliable results
when compared to RIA and GC-MS assays for methamphetamine controls 
and eight positive specimens from forensic cases (Simonick and Watts, 1992).
This method mixed 200mL of blood with zinc sulfate (1 :1) to remove the 
proteins and then tested 50mL of supernatant. In an evaluation of a microtiter
plate immunoassay for analysis of blood samples for drugs of abuse, it was shown
that the sensitivity and specificity of the assay for amphetamines (calibrated
against methamphetamine) were better than those found using coated-tube 
or double-antibody radioimmunoassays (Spiehler et al., 1998). Because 
analysis of blood and tissue samples, by the nature of the concentrations
encountered, may be better suited by using a different cutoff than is used 
for urine samples, a study was conducted to assess the optimum concentrations
to use with blood (Collison et al., 1998). The evaluation included assessment
of a number of cutoff concentrations and the corresponding specificity and 
sensitivity using double-antibody and coated-tube radioimmunoassays as 
compared to confirmation results from GC or GC-MS analysis. Results showed
sensitivity and specificity of, respectively, 93% and 86% for amphetamines, with
a cutoff based on 25ng/mL methamphetamine using the coated-tube assay and
83% and 89% with the double-antibody assay at a cutoff of 50ng/mL of
methamphetamine. Another study evaluating immunoassay response to
amphetamine and related compounds was conducted by Felscher and Schulz
(2000). The authors compared the response of the Triage system with FPIA
analysis of urine samples containing amphetamine, methamphetamine,
MDMA, MDA, MDE, MBDB (N-methyl-1-(3,4-methylenedioxyphenyl)-
2-butanamine), BDB (3,4-(methylenedioxyphenyl)-2-butanamine), PMA (4-
methoxyamphetamine), DOM (2,5-dimethyloxy-4-methylamphetamine), DOB
(4-bromo-2,5-dimethyloxyamphetamine), amphetaminil, pholedrine, fenflu-
ramine, and amfepramone. MDA, MDMA, MDEA, and BDB reacted with the
FPIA and Triage assays at reasonable concentrations of analyte. Detection limits
of FPIA were less than 500ng/mL for the analytes except MBDB, PMA, DOM,
DOB, and amfepramone. The Triage system required three to sixfold higher
concentrations to produce a threshold response compared to FPIA, with the
exception of l-amphetamine which required a 25 fold excess to respond and
both by DOM and DOB which gave no response even at 100 times threshold
levels when tested with the Triage.

Several other studies evaluated the use of immunoassays with blood and/or
tissue samples, including an enzyme-linked immunosorbent assay (ELISA) for
nine drug classes, including amphetamines, that showed the results of this assay
to be comparable to those found with double-antibody radioimmunoassay
(Moore, K.A., et al., 1999). Another study evaluated a modification of the EMIT
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assay to increase sensitivity and decrease costs in the analysis of hemolyzed whole
blood (Asselin and Leslie, 1992). This study showed that the urine ampheta-
mine assay worked well with methanol extracts of blood samples without need
for extensive sample cleanup or concentration. Another ELISA assay was evalu-
ated for the analysis of post-mortem samples to allow rapid screening of samples
for amphetamines (Kupiec, T., et al., 2002). Postmortem blood samples from
drug and non-drug related deaths (including some that involved decomposi-
tion) were analyzed using the Neogen Amphetamine Ultra and methampheta-
mine/MDMA microtiter plate ELISA assays. The authors reported no significant
matrix effects when using whole blood in these assays. They used a 1:5 dilution
to facilitate pipetting of the samples. The assays were adjusted to use a cutoff of
50ng/mL methamphetamine equivalents for the methamphetamine/MDMA
assay and 100ng/mL amphetamine equivalents for the amphetamine assay.
Comparing positive results from these assays to GC-MS confirmation showed a
sensitivity of 93.6% ± 3.5% and specificity of 77.6% ± 4.5% for the metham-
phetamine/MDMA assay and the amphetamine assay showed 95.7% ± 3.0% and
72.9% ± 5.2% for sensitivity and specificity respectively.

Prenatal exposure to drugs poses serious potential problems to the fetus, and
testing strategies have included analysis of maternal urine and blood as well as
analysis of neonatal urine, hair, and meconium. Urine has limitations due to
the relatively short time drugs can be detected, and hair is often minimal or
even absent on the newborn, although a report of analysis of hair from new-
borns has been described (Kintz and Mangin, 1993). Due to these limitations,
meconium has become an important sample since it represents material from
the fetus that reflects months of exposure rather than merely days. A number
of chromatographically based assays have been described for the analysis of
meconium samples and are discussed elsewhere in this chapter. Screening
numerous samples by these methods, however, is time consuming and expen-
sive using conventional chromatographic techniques; thus immunoassays were
evaluated to ascertain their viability to detect the presence of drugs in this
sample matrix. Several studies have reported success in this endeavor, includ-
ing a study by Moriya et al. (1994), who describe a reliable and sensitive 
screening procedure for amphetamines, cocaine metabolites, opiates, and
phencyclidine in meconium. Drugs were extracted with chloroform:iso-
propanol (3 :1v/v) and screened by enzyme-multiplied immunoassay. The limit
of detection by this method was 730ng/g for d-methamphetamine. ElSohly et
al. (1999) described immunoassay and GC-MS procedures for the analysis of
drugs in meconium. The immunoassay cutoff was administratively set at
200ng/g for the amphetamines, although the authors noted that lower levels
could be detected using the EMIT-ETS system. Although there were no
immunoassay false negatives detected, the GC-MS confirmation rate for the
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immunoassay positive specimens was reported to be low for the amphetamines.
Another evaluation of meconium involved analysis of 1175 samples from a
neonatal intensive care unit by fluorescence polarization immunoassay (FPIA—
Abbott Diagnostics) and GC-MS. The study tested the samples for cocaine,
cocaethylene, marijuana metabolite, and amphetamine, with particular inter-
est in the concordance of results from multiple births. In this study, none of
the multiple births were positive for amphetamine, but the results for those
drugs that were positive and all negative results were consistent (Lewis et al.,
1995). Immunoassay of meconium with HPLC confirmation was described by
another group (Franssen et al., 1994).

With the increase in the use of methylenedioxyamphetamines, several studies
describe the cross-reactivity of these drugs. An evaluation of the methylenedioxy
analogs, together with a variety of other illicit amphetamine analogs, using the
amphetamine/methamphetamine II and amphetamine class fluorescence
polarization immunoassays (Abbott Diagnostic) has been described (Cody and
Schwarzhoff, 1993). The same reagents were also used by another group, which
looked at 34 samples that tested positive for amphetamines by radioim-
munoassay and had been confirmed to contain MDMA and MDA by GC-MS.
All of the samples tested positive with both FPIA reagents (Kunsman et al.,
1996). Results showed the two reagents gave comparable ability to identify the
analogs in urine samples. Ensslin et al. (1996) used fluorescence polarization
immunoassay for analysis of urine samples following administration of MDEA
to a single subject. The amphetamine/methamphetamine II reagents gave posi-
tive results for 33–62 hours postadministration, and all were confirmed to
contain the drug by GC-MS. Evaluation of a cloned enzyme donor immunoas-
say (CEDIA) assay designed for the analysis of a variety of amphetamines was
conducted by Loor et al. (2002). Their study revealed the assay had significant
cross-reactivities with amphetamines and minimal cross-reactivity with the unde-
sirable, structurally related over-the-counter medications. The assay showed
essentially 100% cross-reactivity with amphetamine and methamphetamine. It
also gave the following results for related analytes of interest: 67.2% for d,l-
amphetamine, 58.4% for d,l-methamphetamine, 113% for MDA, 199% for
MDMA, 207% for MDEA, 123% for MBDB, 72% for BDB, 24% for PMA, and
100% for PMMA. In addition to these studies, readers are referred to package
inserts for cross-reactivity data for the methylenedioxy analogs with specific
assays. At the time of this writing, several manufacturers were working on the
development of assays specific to MDMA. If implemented, there will be a con-
sistent screening methodology and applicable cutoff level applied across assays
for this increasingly popular drug.

A number of devices have recently been developed for onsite detection of
drugs of abuse without the need to send the sample to a laboratory for analy-
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sis. This process involves use of a small amount of urine sample and gives a
qualitative result in a very short time. Several studies have discussed the use and
performance of these devices (Rohrich et al., 1994; Moriya and Hashimoto,
1996; Brown et al., 1997; Ros et al., 1998; Spiehler et al., 1998; Beck et al., 2000;
Samyn and van Haeren, 2000). In most cases, the devices were reported to
provide reasonably accurate results, but since they all represent only a single
test, confirmation of all positive results is recommended. Ros et al. (1998) 
evaluated the Abu-Sign drugs-of-abuse slide tests compared to laboratory-
based FPIA and GC-MS. The authors concluded the device, compared with
FPIA, showed a high sensitivity (46% vs. 87%) but a low specificity (95% 
vs. 51%). They concluded the Abu-Sign slide test may be of value in toxicolog-
ical screening but, because of the low interindividual agreement, was unsuit-
able for situations in which a reliable test result is desired. Another device, the
Bionike one-step tests for the detection of drugs of abuse in urine, was 
evaluated for its ability to screen for various drugs, including the ampheta-
mines. Amphetamine results correlated well with EMIT dau results when 
compared with GC-MS confirmation (Brown et al., 1997). Evaluation of the
Triage device for the analysis of seven classes of drugs was carried out by Moriya
and Hashimoto (1996). Hemolyzed blood was mixed with sulfosalicylic acid and
the supernatant neutralized with ammonium acetate then screened using
Triage. No false positives were observed with any of the drugs evaluated 
except for the amphetamines. Analysis of nine hemolyzed blood samples 
and three turbid urine samples from autopsy cases suspected of drug use 
gave five positives for amphetamines. Of those five, four were negative on 
GC confirmation tests. The authors determined all four of those samples con-
tained large amounts of phenethylamine as a consequence of postmortem
putrefaction. Closer examination showed that concentrations of over
5000ng/mL of phenethylamine gave positive results with this test. Another
report of postmortem samples analyzed with Triage tested 100 urine 
samples and found the confirmation rate for amphetamines by GC-MS to be
82%, substantially lower than the rates seen for the other drugs evaluated.
Examination of 11 of those samples that did not contain amphetamines showed
tyramine to be present at high concentrations. Tyramine, another product 
of postmortem putrefaction, gave positive results using Triage at concentrations
over 5000ng/mL (Rohrich et al., 1994). The Triage device was also evaluated
in the emergency clinical setting and compared with EMIT and GC-MS 
results (Wu et al., 1993). The study evaluated 606 positive and 325 negative
samples. For negative samples, the agreement ranged from 95% to 100%
between the methods. For the amphetamines, 19 out of 27 samples positive by
EMIT but negative with Triage contained combined amphetamine and
methamphetamine concentrations of less than 1000ng/mL by GC-MS (Wu et

A M P H E TA M I N E S :  M E T H O D S  O F  F O R E N S I C  A N A L Y S I S 369



al., 1993). In another evaluation of onsite testing devices, Mastrovitch et al.
(2002) compared results from the OnTrak device to those of the Triage system
which was lab based in their setting. Results indicated 99% agreement for
amphetamine samples between the two methods. The authors also evaluated
time and cost of testing, both factors deemed important to the authors in the
emergency department setting.

Four different onsite testing devices were evaluated to assess their accuracy in
the determination of illicit-drug-use prevalence in drivers. The devices used were
Abu-Sign, OnTrak and TesTcup (Roche Diagnostics Systems) and Triage (Biosite
Diagnostics). Only the Triage and Abu-Sign devices were used to test for amphet-
amines, and neither gave any false negatives for amphetamines (when compared
to laboratory-based immunoassay and GC-MS analysis). Both devices properly
identified the one true positive (of 303 samples), but the Triage identified seven
samples as positive that did not confirm, and the Abu-Sign identified two as pos-
itive that also did not confirm. This study summarized the sensitivity, specificity,
and positive and negative predictive values for each of the devices for THC
metabolite, cocaine metabolite, and opiates but not the other drugs, because
those were the drugs in common for all devices and the number of positives for
amphetamines was too small to base a valid conclusion. Beck et al. (2000) evalu-
ated the Frontline immunochromatographic onsite device for amphetamine and
methamphetamine using 658 clinical and forensic samples. The device demon-
strated a sensitivity of 93% and a specificity of 98%. The authors noted close
agreement between assays at concentrations less than 150ng/mL and greater
than 1000ng/mL. Differences seen with concentrations between 300 and
1000ng/mL were attributed, to some extent, to the enantiomeric specificity of
the test to d-amphetamine. Onsite testing of saliva and sweat with Drugwipe was
described by Samyn and van Haeren (2000). The onsite Drugwipe results were
compared with the Drugwipe results for saliva obtained in the laboratory and GC-
MS results of the corresponding saliva, plasma, and urine samples. The assay was
shown to be sensitive enough to detect recent amphetamine abuse.

Serum and whole blood samples with no pretreatment were evaluated using
cloned enzyme donor immunoassay (CEDIA) for the detection of ampheta-
mines, benzoylecgonine, benzodiazepines, methadone, opiates, and THC
metabolite (Iwersen-Bergmann and Schmoldt, 1999). The amphetamines assay
was determined to be linear from 0 to 2500ng/mL. A “cutoff” value was set at
20ng/mL for the amphetamines. Within-run precision results ranged from
3.1% to 5.7%, and between-run precision was from 8.7% to 15.5% at concen-
trations of 500, 1000, and 2000ng/mL of methamphetamine. The study evalu-
ated immunoassay results from 500 original serum and whole-blood samples
and compared them with GC-MS results. The assay performed well for most
drugs; however, the authors reported that the amphetamine assay did not work
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without modification and that levels of less than 150ng/mL of methamphet-
amine could not be detected. The authors suggested that modification of the
procedure by increasing sample volume and precipitation of proteins might
result in a viable assay.

In a study evaluating the Roche Abuscreen OnLine assays for drugs of abuse
compared to the CEDIA assays at different laboratories, 149 samples tested for
amphetamines gave the same two positive and 147 negative results with both
assays. Analysis of samples above (750ng/mL) and below (250ng/mL) the 500-
ng/mL cutoff showed within-run relative standard deviations of, respectively,
1.3% and 1.9% for the samples above and below the cutoff and 2.4% and 3.4%
between-run relative standard deviations for the same samples. Based on these
results, the authors concluded the OnLine assays compared well with CEDIA
assays both within and between laboratories (Boettcher et al., 2000).

A fluoroimmunoassay procedure using a fluorescent europium chelate was
used for the analysis of urine and hair samples to detect the presence of
methamphetamine. Single-step and two-step methods were evaluated, and
detection limits of 1ng/mL and 1pg/mL were achieved, which represented
10–1000 times the sensitivity of other immunoassays. The relative standard devi-
ations of the methods were 2–8% at eight different concentrations across the
linear range of the assay, and the method was shown to have a good correla-
tion with conventional GC analysis (Kimura et al., 1999b).

Sweeney et al. (1998) described an enzyme-linked immunosorbent assay for
the analysis of amphetamines in hair. The hair was washed with methanol and
then extracted with hot methanol for 2 hours. Extracts were evaporated to
dryness, reconstituted, and then analyzed. Relative standard deviations for this
method were 3.3% and 10.5% for within-run and between-run precision,
respectively. The optimum cutoff concentration was determined to be
300pg/mg, with a detection limit of 60pg/mg. Sensitivity and specificity of the
method were reported as 83% and 92%, respectively. The assay was targeted to
d-methamphetamine and showed cross-reactivity with d-amphetamine (30.8%),
l-methamphetamine (7.4%), phentermine (4.3%), l-amphetamine (2.9%), and
less than 1% for ephedrine, MDA, and MDMA, and no discernible activity to
unrelated compounds.

Analysis of hair samples for a variety of drugs, including benzodiazepines,
barbiturates, antidepressants, opiates, cocaine, amphetamine, and marijuana,
using fluorescence polarization immunoassay (Abbott ADx) with confirmation
with GC-MS was described by Kintz et al. (1992). The procedure included a
wash with ethanol for 15 minutes at 37°C followed by treatment with sodium
hydroxide at 100°C for 1 hour. Immunoassay was used to screen the samples,
with GC-MS confirmation of all those that tested positive. No false positives were
observed for amphetamines when using this technique. Analysis of hair samples
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(10mg) for methamphetamine using enzyme multiplied immunoassay tech-
nique following extraction of the drug into 5M HCl/methanol (1:20, v/v).
After solvent evaporation, the extract was dissolved in water (Miki et al., 2002).
The analysis was completed with double-concentrated EMIT d.a.u. Ampheta-
mine Class assay reagents. The “optimal” cutoff concentration of metham-
phetamine in hair was found to be 1.0ng/mg with a detection limit of
0.5ng/mg.

7.3.2 OTHER METHODS

Thin-layer chromatography (TLC) has been used for the analysis of drugs for
many, many years. In recent years, its use has been superseded by techniques
that give more conclusive results. Although it is possible to obtain some indi-
cation of the amount of drug (or metabolite) using TLC by imaging the size of
the spot, density measurements, etc., it is generally used as a method for the
qualitative identification of drugs and metabolites. In some laboratories, TLC
is used to confirm the presence of a drug that is suspected by some other
method (e.g., immunoassay). Although not as definitive as many other confir-
mation procedures, it can differentiate compounds that immunoassay cannot.
It is also used in some laboratories as a screening method. Although it is far
more labor intensive and time consuming than immunoassay screening using
high-volume autoanalyzers, it can be used to identify drugs, or classes of drugs,
for which there is no reliable immunoassay procedure available. Sensitivity is a
serious limitation for TLC compared to most other techniques, with the normal
levels of some drugs (e.g., LSD) far below the concentration necessary to be
detected with this technique. Despite these limitations, it does provide a valu-
able tool for use in laboratories and, compared to most instrumental methods,
is very inexpensive with regard to capital investment.

A method for the detection of a broad spectrum of drugs has been described
using ChemElut extraction columns for isolation of the drugs from urine. 
Specimens were screened by thin-layer chromatography followed by confirma-
tion with GC-MS (Lillsunde and Korte, 1991a). Although the system could 
identify over 300 different analytes, confirmation was required, and many ana-
lytes required additional chromatographic procedures for their identification.

The Toxi-Lab (ANSYS, Inc.) TLC system is a commonly used method. The
system involves methods for the identification of over 300 different drugs and
drug metabolites. Provided with the system are extraction tubes for the extrac-
tion of acidic or basic/neutral drugs and solvent and imaging procedures for
the identification of analytes. The visualization process involves four sequential
stages that allow for the identification of the drugs based on their migration
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from the origin (Rf) and color under the four conditions used for visualization.
Although this general procedure is effective to isolate and identify hundreds 
of different drugs, the sympathomimetic amines are a problem for the system. 
Differentiation of amphetamine, methamphetamine, ephedrine, pseudo-
ephedrine, phenylpropanolamine, and phentermine can be accomplished
using specifically defined procedures for the differentiation of these com-
pounds. The utility of this procedure has been evaluated in a number of studies
and was found, in many cases, to provide useful information.

As part of an evaluation of an HPLC procedure (Talwar et al., 1999), samples
that were positive for amphetamines by immunoassay were tested by the HPLC
procedure and TLC (Toxi-Lab). There was complete agreement between HPLC
and TLC for the immunoassay positive samples that contained amphetamine
or methamphetamine of greater than 1000ng/mL with both procedures prop-
erly identifying the analytes. Samples with concentrations between 500 and
1000ng/mL, however, were not positive by TLC but were easily detected by
HPLC. In addition to a number of clinical samples, this study evaluated several
quality-control samples, one of which contained 5000ng/mL of phenyl-
propanolamine and 5000ng/mL of ephedrine. This sample gave a positive
result for amphetamine by TLC but not by HPLC. The procedure used in this
study was the standard method, which, as described earlier, can be modified to
properly separate the closely migrating sympathomimetic amines. Evaluation
of urine and saliva samples using TLC following a single therapeutic dose of
amphetamine showed the method was not sensitive enough to identify the pres-
ence of amphetamine in saliva, while it could be detected in urine for a short
period of time (Vapaatalo et al., 1984).

Another commercially available TLC system is Drug-Skreen II (Eppendorf-
Brinkman, Inc., Westbury, NY). This process involves alkaline extraction and
separation on silica-coated plates using sequential spraying to visualize differ-
ent drugs. In addition to these systems, there is a wide variety of other TLC 
procedures used by analysts to detect amphetamines. Tertiary amines (includ-
ing dimethylamphetamine) were detected in a method developed by Kato and
Ogamo (2001) who described a method for rapid development of coloration
of the tertiary amines using a citric acid:acetic anhydride reagent following
soaking the TLC plate in phosphoric acid:acetone solution to suppress color
development. This technique allowed visualization of tertiary amines after 3
minutes. The variety of these procedures is beyond the scope of this chapter
but can be found in the early literature on drug analysis.

Combination of TLC with other techniques does allow for much more
sophisticated and definitive analysis of samples. High-performance thin-layer
chromatography (HPTLC) in combination with Fourier transform infrared
(FTIR) spectroscopy has been used for the analysis of 3,4-methylenedioxy-
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ethylamphetamine (MDEA) and several metabolites, including 4-hydroxy-3-
methoxyamphetamine and 3,4-methylenedioxyamphetamine (MDA). The
method allowed quantitative determination after a two-step automatic devel-
opment procedure. The results compared favorably with an HPLC method with
regard to quantitative accuracy and reliability. The linear range of the HPTLC
method was 0.1–8.2 mg/mL, compared to 0.2–60.0 mg/mL for the HPLC
method (Pisternick et al., 1997). Although these results demonstrate the utility
of this method, the instrumentation required is not widely available in labora-
tories and shows no significant advantage to other, more common methods,
such as GC- and LC-based methods.

7.4 QUANTITATIVE METHODS OF ANALYSIS

Quantitative analysis of amphetamines is accomplished primarily by gas or
liquid chromatographic methods. The primary focus of this section of the
chapter is to describe these procedures by a general discussion of principles
associated with analyses such as hydrolysis, extraction, derivatization, separa-
tion, and detection. Depending on the procedure, all or only some of these
fundamental steps are involved in the analysis of samples. Some general dis-
cussion will be given in this section to processes that apply to both chromato-
graphic methods. The subsections of this chapter give specific details regarding
individual techniques. In addition to gas and liquid chromatography, dis-
cussion of solid-phase microextraction and capillary electrophoresis is also
included as part of this chapter. These procedures are becoming more impor-
tant in the analysis of many compounds, including the amphetamines.

Specific detailed examples of analytical procedures are described later in this
chapter, but a brief general discussion of some basic principles common to both
gas and liquid chromatography procedures is given here. One of these is hydrol-
ysis. Analysis of amphetamine, methamphetamine, MDA, MDMA, MDEA, and
related compounds do not require hydrolysis, since these compounds are not
conjugated by the body. Most of their metabolites, however, particularly those
containing hydroxyl groups, are conjugated and therefore require hydrolysis
prior to analysis by most analytical procedures. A variety of different methods
of hydrolysis have been described, but virtually all fall into one of two different
categories: acid or enzymatic. Acid hydrolysis is generally faster than enzymatic
hydrolysis and more robust since there are fewer parameters that can have a
negative influence on its ability to successfully free the metabolite from its con-
jugate. Enzyme hydrolysis most often yields a cleaner sample than is seen fol-
lowing acid hydrolysis. Amphetamines are sometimes analyzed as part of a
broad screen to identify a variety of different drugs. These procedures com-
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monly involve hydrolysis to release other analytes of interest that are normally
conjugated and must be hydrolyzed prior to their analysis. Although, as men-
tioned earlier, amphetamines do not require hydrolysis, they are stable to
normal hydrolytic conditions and do not suffer from commonly employed
hydrolysis procedures.

Preparation of samples for analysis by gas or liquid chromatography typically
involves extraction of the analyte from the sample matrix prior to analysis.
Often the extraction procedures used for liquid chromatography are less exten-
sive than those used for gas chromatography, but in many cases the extract pre-
pared could be used with either analytical procedure. The most common
methods are liquid–liquid and solid-phase extraction. Most procedures utilize
one or the other of these two methods, although headspace, supercritical-fluid,
and solid-phase microextraction are also used. In addition, direct analysis of
samples without extraction from the biological matrix has been utilized in
several procedures.

Liquid–liquid extraction is a widely used method for the extraction of
amphetamines from biological samples. Amphetamines are basic drugs with pK
values of approximately 10.0. Liquid–liquid extraction methods commonly
employ an organic solvent to extract the drugs from their aqueous environ-
ment. Adjustment of sample pH to a value greater than the pK of ampheta-
mine and methamphetamine is necessary to effect high recovery of these drugs
by neutralizing the positive charge on the amine nitrogen, thus making the mol-
ecule less hydrophilic. Under these conditions both basic and neutral com-
pounds are extracted into the organic solvent. Further purification is often
employed to the initial extract by back-extracting the basic drugs into an
aqueous solvent, thus effectively eliminating the neutral compounds by leaving
them behind in the organic solvent, which is discarded. Typically, this is accom-
plished by acidification of the extract and extraction into an aqueous solvent.
The basic drugs are again extracted from the aqueous layer by adding a base
to increase the pH and extracting into an organic solvent.

Amphetamines are extracted from a wide variety of matrices, including
urine, blood, plasma, serum, meconium, vitreous humor, saliva, hair, and
various tissues. By far, urine samples make up the majority of assays conducted
for the detection of amphetamines. Extraction from sources other than urine
often involves additional preparative steps, such as elimination of protein. This
is accomplished by a number of different methods, including salting out the
protein, cold precipitation, and use of acetonitrile or some other agent to elim-
inate the proteins. Tissue samples are typically homogenized, followed by
removal of the solid matter prior to extraction.

Although urine is the most common sample used in forensic analysis of bio-
logical samples for drugs of abuse, the most intensely investigated specimen
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over the last decade has been hair. Many methods have been developed and a
good deal of fundamental research has been accomplished into the mechanism
of deposition of amphetamines in hair (Kikura and Nakahara, 1995a, 1995b,
1997; Nakahara et al., 1995, 1998; Nakahara and Kikura, 1996, 1997; Kikura et
al., 1997; Nakahara and Hanajiri, 2000; Stout et al., 2000) and investigations
into external contamination and methods to eliminate or compensate for that
situation. Other areas of active investigation include the impact of hair treat-
ments (Takayama et al., 1999; Rohrich et al., 2000) and hair types (Paul and
Smith, 1999) and their effect on drug concentrations. Several reviews have been
published giving insightful summaries of hair analysis (Moeller et al., 1993a;
Nakahara, 1995; Sachs and Kintz, 1998).

After such initial steps, most extraction procedures are essentially the same
regardless of the initial matrix. Recent developments in solid-phase extraction
columns allow extraction of blood and plasma samples with only simple dilu-
tion rather than more extensive preparative procedures. Similarly, some
liquid–liquid extraction procedures require no special pretreatment and
extract directly from the matrix. Extraction procedures used for amphetamines
range from very simple to extensive. Despite these developments, most proce-
dures call for some steps to be taken to remove substantial amounts of solid
material prior to analysis. Improvements in solid-phase extraction procedures
and materials has lead to significant increases in their application to the analy-
sis of amphetamines. Many laboratories use the extraction procedures provided
by manufacturers without modification.

Amphetamine-related compounds, such as ephedrine, pseudoephedrine,
and phenylpropanolamine, are often encountered at high concentrations in
urine sample. These alpha-hydroxy phenylisopropanolamines can cause signif-
icant interference with the analysis of the amphetamines. Targeted assays
designed to identify the presence of specific drugs, such as amphetamine and
methamphetamine, often must take steps to eliminate the interference caused
by high concentrations of these drugs. Since these compounds are extracted
using the same procedures designed to extract amphetamines, they can be
responsible for interference in many assays if they are at high concentrations.
In these cases, simple dilution is often not an acceptable alternative, since the
analytes of interest will also be diluted and therefore may not be detected. The
interference can be overcome using periodate to eliminate the hydroxy-
containing compounds by chemically degrading the drugs. Several different
methods describe periodate oxidation of these drugs to eliminate interference
(ElSohly et al., 1992; Hornbeck et al., 1993; Paul et al., 1994; Valtier and Cody,
1999a). In fact, many assays routinely incorporate this step to eliminate the
potential for interference with the associated requirement for reanalysis of the
sample. A potential drawback of routine use of this technique is the fact that
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periodate treatment has been described as demethylating methamphetamine
to amphetamine under some conditions. At pH 9.1 or higher, some demethy-
lation of methamphetamine to amphetamine was shown to occur, but this
demethylation was not observed at lower pH values. Since the periodate is effec-
tive at pH values above 5.2, the demethylation problem can be eliminated by
using a pH between those two values (Paul et al., 1994).

Chromatographic analysis of amphetamines does not require derivatization.
It is, however, commonly used, for a number of reasons. Derivatized ampheta-
mines exhibit better chromatographic behavior than they do if not derivatized,
when they have a tendency to demonstrate peak tailing. This is more pro-
nounced in gas than liquid chromatography, but derivatized amphetamines 
typically demonstrate better peak shape with both chromatographic methods.
Derivatization also alters the volatility of a compound, which is of particular
importance for GC analysis of these compounds. The derivatized drugs are also
more amenable to separation from other compounds because their retention
times are generally longer than for their underivatized counterparts. Addi-
tionally, detection of the compounds can be greatly enhanced by using specific
derivatives. Gas chromatography detectors, such as flame ionization (FID),
readily respond to the amphetamines, as does a nitrogen–phosphorus detector
(NPD), owing to the presence of the amine nitrogen, without derivatization.
Derivatives can, however, be used to impart characteristics that are not native
to the molecules (e.g., fluorescence) and can allow for selective manipulation
of the compounds (e.g., enantiomer separation). Examples of this include addi-
tion of a derivative with strong electronegative characteristics, which then allows
detection with electron capture detectors or the ready production of negative
ions in electron capture negative ion chemical ionization mass spectrometry.
These derivatives and detectors generally give greater sensitivity because the
overall background levels are lower and fewer potentially interfering com-
pounds exist when compared with the other, more universal detection 
techniques. Because amphetamine, methamphetamine, and their illicit 
analogs described earlier exist as enantiomers, derivatives can also be 
prepared to enable separation of the enantiomers’ standard achiral stationary
phases.

Amphetamines can be derivatized by a number of different chemical proce-
dures, including silylation, acylation, and alkylation. Detailed descriptions of
these derivatization reactions are not discussed in this chapter but are given in
several books and review articles (Knapp, 1979, 1990; Halket and Blau, 1993;
Baker et al., 1994). Derivatization of amphetamines is useful for qualitative and
quantitative analysis of these drugs. In addition to the chromatographic
improvements seen with derivatives of the amphetamines comes the increased
mass useful in mass spectral analysis. The mass spectra of amphetamine and
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Figure 7.5

Mass spectra of
underivatized and
derivatized amphetamine
and methamphetamine

methamphetamine are very simple. Using standard 70-eV electron ionization,
the spectrum of amphetamine is dominated by an ion at m/z 44. There is vir-
tually no molecular ion, nor, based on the tendency of the charge to reside on
the nitrogen-containing fragment, is there an intense peak associated with the
tropylium ion at m/z 91. Similarly, the electron ionization spectrum of metham-
phetamine is characterized by an ion at m/z 58. Derivatization of these com-
pounds significantly increases the mass of the molecule and results in
fragmentation, yielding several characteristic ions. As a result, the identification
is much easier and more reliable, because the increased mass and number of
fragments make the spectra more unique. See Figure 7.5 for the mass spectra
of underivatized and derivatized amphetamine and methamphetamine.

The amphetamines have a single asymmetric center, which gives rise to two
possible enantiomers. These enantiomeric forms have quite different pharma-
cological properties; however, they behave identically in normal analytical pro-



cedures, such as gas and liquid chromatography. Identification of which indi-
vidual enantiomers are present in a sample can be important in the determi-
nation of source and the evaluation of the potential of illicit versus legitimate
origin and use of the drug. Under ordinary chromatographic conditions, both
enantiomers chromatograph as a single peak. To separate the enantiomers, two
different approaches are used. One method, generally referred to as the direct
method, involves columns that interact with each enantiomer differently,
thereby effecting their separation. The other, and far more common, method
is the use of a chiral derivatizing reagent. Chiral derivatization of the amphet-
amines converts the enantiomers to diastereomers that are separated using stan-
dard chromatographic columns. Gas and liquid chromatographic analysis of
enantiomers by both direct and indirect methods are described in the corre-
sponding GC and LC sections of this chapter.

Specific examples of commonly employed derivatization methods are
described later in this chapter with respect to the analytical procedures for
which they are used. For the most part, virtually all derivatives used for GC can
be used with a mass spectrometer as the detector.

7.4.1 GAS CHROMATOGRAPHY AND GAS 
CHROMATOGRAPHY/MASS SPECTROMETRY

Gas chromatographic analysis of amphetamines has been described using a
variety of different detectors, including flame ionization detection (FID), nitro-
gen–phosphorus detection (NPD), electron capture detection (ECD), and mass
spectrometry (MS). Amphetamines can be analyzed without derivatization
using any of these methods, including mass spectrometry. However, the drugs
are often derivatized in order to improve chromatographic performance,
because the amphetamines tend to demonstrate peak tailing unless derivatized.
In mass spectrometry, there is the additional benefit of making the spectra of
the amphetamines much more distinctive by increasing the mass and allowing
for monitoring more ions than are possible with the underivatized compounds.
(See Figure 7.5.)

A large number of publications have appeared describing the use of amphet-
amine and methamphetamine, their metabolites, or methylenedioxy analogs
by GC and GC-MS. Methylenedioxy analogs generally require no substantial
modification of procedures designed for amphetamine and methamphet-
amine, except to extend run times, monitor specific ions if using a mass 
spectrometer, etc., to analyze for those compounds. Likewise, the other 
amphetamine analogs mentioned earlier are generally extracted, derivatized,
chromatographed, and detected by the same methods used for amphetamine
and methamphetamine. As a result, this chapter will focus on procedures for
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the analysis of amphetamine, methamphetamine, and their commonly abused
analogs.

This section describes various specific methods for the analysis of amphet-
amines using gas chromatography and a variety of common detectors. There
are a number of different methods used in the preparation of derivatives. Some
examples of derivatization procedures are described to illustrate basic tech-
niques of derivatization. Use of perfluoronated acid anhydrides and silyl and
acetyl derivatives has been reported by many investigators. Each of the reagents
in common use provides usable results for both qualitative and quantitative
analysis. Derivatization is commonly conducted at elevated temperatures, but
that is not always the case. Some reagents are used at room temperature and
can rapidly derivatize the compounds of interest, making their use attractive
because of the time saved. One example of room-temperature derivatization of
amphetamine and methamphetamine used 2,2,2-trichloroethyl chloroformate.
Gas chromatography with electron and chemical ionization mass spectral analy-
sis was evaluated, and the method proved comparable to results produced when
using PFPA as the derivatizing reagent without the additional time and effort
required to carry out the reaction at elevated temperatures (Dasgupta and
Spies, 1998).

Derivatization has also been accomplished using microwave radiation to
speed up the process. A procedure using microwave radiation to rapidly form
trifluoroacetyl, pentafluoropropyl, heptafluorobutyryl, and perfluorooctanoyl
derivatives of amphetamine, methamphetamine, and MDMA has been
described (Thompson and Dasgupta, 1994). In this study, complete derivatiza-
tion was accomplished in only 45 seconds, 1 minute, or 6 minutes for the 
tri-, penta-, and heptaperfluoroanhydrides, respectively, with overall acceptable
results for all three analytes tested. However, microwave radiation was not suc-
cessful in attempts to form the perfluorooctanoyl derivatives of methampheta-
mine or MDMA.

Typically, procedures used for the analysis of amphetamines are limited to
looking for the compound(s) of interest. For example, the most commonly
used procedures for amphetamine and methamphetamine are targeted only to
these analytes. Both compounds have only one derivatizable group; therefore
the derivatization is fairly straightforward. In cases where there are multiple
derivatizable groups on the same molecule, derivatization can be accomplished
either with a single derivatizing reagent or with mixed derivatization. An
example of mixed derivatization is illustrated by a molecule that contains not
only the amine group, but also another derivatizable group, such as a hydroxyl
group. Examples of these molecules include ephedrine, pseudoephedrine,
phenylpropanolamine, and hydroxy metabolites of amphetamine and metham-
phetamine. It is possible in these cases to derivatize both the amine nitrogen
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and the hydroxyl group with the same reagent or to use two different reagents,
one derivatizing the amine and the other the hydroxyl. Typically, this process
involves derivatization of the compounds with the first reagent, which reacts
with the molecule, followed by use of a second derivatizing reagent, which pref-
erentially reacts with one of the derivatizable groups but not the other. In this
way, one group is derivatized with one reagent and the other group is deriva-
tized with the second. This method is exemplified by a procedure described by
Solans et al. (1995) in their comprehensive screening procedure for a variety
of drugs and metabolites in urine. Sample extracts are selectively derivatized
with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA), which forms the
trimethylsilyl derivatives of hydroxyl, acidic, and phenolic groups, and N-
methyl-bis-trifluoroacetamide (MBTFA), which forms the trifluoroacetamide
derivatives of primary and secondary amines. The procedure used 100mL of
MSTFA at 60°C for 5 minutes to form the trimethylsilyl derivative. After cooling,
20mL of MBTFA at 60°C for 5 minutes was used to form the trifluoroacetamide
derivative. This technique has several useful applications. Since the difference
in derivatives gives the compound different physical characteristics, it will chro-
matograph differently than when using a single reagent. In addition, this
method can assist in the characterization of unknown compounds. For instance,
if derivatization with one reagent gives a single peak at a specific GC retention
time and derivatization of the same analyte with two different properly selected
reagents gives a different retention time, it is an indication that the compound
has two different derivatizable groups. Combination of this technique with mass
spectral analysis can be a powerful tool in structure elucidation by assessing
changes in fragment ions in light of the derivative(s) used.

Derivatization is typically accomplished by reconstituting the dried extract
with a solvent containing a derivatizing reagent and then allowing the reaction
to occur, usually at elevated temperatures, for a specific period of time. While
effective, this method requires time for evaporation of the extract, reconstitu-
tion, and incubation to derivatize the analytes of interest. Derivation has also
been accomplished using several other methods. Extractive derivatization of
drugs is another method that has been successfully employed in a number of
cases (Meatherall, 1995; Hara et al., 1997). As the name implies, this procedure
combines extraction with derivatization, thus saving time. One such procedure
described the extraction of amphetamine and methamphetamine from 200mL
of urine into an organic solvent containing propylchloroformate. The amines
react rapidly with the propylchloroformate, making them more soluble in the
organic solvent, thus extracting them quickly in a single-step procedure. The
study also evaluated the use of deuterated analogs and N-propylamphetamine
as internal standards for quantitative analysis, both of which were shown to 
yield acceptable results. The method was linear to 10,000ng/mL and demon-
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strated limits of detection and quantitation of 50 and 5ng/mL for ampheta-
mine and methamphetamine, respectively, despite the small sample volume
extracted.

Another method of derivatization involves coinjection of the drug and
derivatizing reagent into the injection port of the GC. This process, commonly
referred to as on-column derivatization, has been used with amphetamines for a
number of years for both quantitative (Eiceman et al., 1984) and enantiomer
(Fitzgerald et al., 1988) analysis. On-column derivatization is a misnomer since
the derivation actually takes place in the injection port rather than on the
column. It is a rapid technique and simple to accomplish. Typically, a small
amount of the extract is drawn into a syringe, followed by drawing a compara-
ble amount of the derivatizing reagent into the same syringe. The contents are
then injected, and derivatization occurs very quickly in the high temperature
of the injection port. One method using this technique employed trifluo-
roacetic anhydride injected together with the extract. While very rapid and
effective, there are some drawbacks to the use of such a method. A complica-
tion of this procedure is that the reaction of the analyte with the derivatizing
reagent, such as the anhydrides (the most commonly used derivatizing reagents
for this purpose), produces the corresponding acid as a by-product of the reac-
tion. This acid tends to degrade the liquid phase of the GC column and requires
more routine maintenance and more frequent column replacement. Another
method uses a derivatizing reagent that has been fixed on a support. This solid-
phase derivatization has been described by a number of investigators (Bourque
and Krull, 1991; Gao et al., 1991; Szulc and Krull, 1992).

A derivatization procedure employed by a number of investigators involves
the use of acetic anhydride (Maurer, 1992, 1996; Ensslin et al., 1996; Kraemer
et al., 1997; Maurer et al., 1997). The acetyl group is relatively small compared
to many of the other derivatives used by laboratories. As with all derivatives, it
improves the chromatographic behavior of the amphetamines and the result-
ing mass spectrum. A unique and characteristic mass spectrum is valuable in
procedures using mass spectral analysis for identification and quantitation of
the compounds. It helps to allow monitoring unique and characteristic ions for
quantitative analysis, minimizing potential interference. In addition, for the
qualitative analysis of unknown compounds, commercially available mass spec-
tral libraries contain many spectra from acetyl derivatives, thus making identi-
fication of unknowns easier (Kraemer and Maurer, 1998).

Investigators have also successfully utilized other derivatizing reagents for the
analysis of amphetamines, including trifluoroacetylation and trimethylsilyla-
tion (Solans et al., 1995), N-methyl-N-t-butyldimethylsilyl trifluoroacetamide
(MTBSTFA) (Melgar and Kelly, 1993), pentafluorobenzolyl chloride (Shin and
Donike, 1996), perfluorooctanoyl chloride (Gjerde et al., 1993), and car-
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bethoxyhexafluorobutyryl chloride (CB) (Czarny and Hornbeck, 1989;
Thurman et al., 1992). The mass spectra of the carbethoxyhexafluorobutyryl
derivative show several major fragments that allow monitoring amphetamine
without the need to use the ion at m/z 91, which is the most prone to inter-
ference due to the large number of molecules that give rise to this fragment
ion. Caution must be used, however, to ensure the method accounts for the fact
that the major ions typically monitored are the result of losses from the deriv-
ative itself and do not represent different fragments of the drug molecule.

Evaluation of a variety of derivatives and the use of deuterium-labeled 
internal standards has been reported in a number of publications. These 
publications demonstrate the need for careful consideration in the selection of
internal standard and the effect different derivatizing reagents have on the
selection of internal standards (Kennedy, 1999; Lin et al., 2000).

Procedures for the analysis of amphetamines range from very simple to far
more complex. An example of a rapid procedure for the extraction of amphet-
amine and methamphetamine from blood was accomplished by adding base to
alkalinize the sample, followed by addition of an internal standard and extrac-
tion into 2mL of cyclohexane by shaking the tubes for 10 minutes (Gjerde 
et al., 1993). Although a simple procedure, this method provided good linear-
ity and low detection limits. Most procedures for the analysis of amphetamines
are more extensive than this one. Most have been developed to improve recov-
ery or eliminate interference. Several examples of GC procedures using various
example extraction, derivatization, chromatographic, and detection methods
are given later.

Amphetamine, methamphetamine, ephedrine, norephedrine, and related
compounds have been analyzed using GC-NPD. This procedure produced good
analytical results, but the authors noted it was important to remove excess
derivatizing reagent (methyl chloroformate in their case) because the reagent
caused rapid deterioration of the NPD (Jonsson et al., 1996). Pentafluoroben-
zylation was used with GC-NPD in a metabolic study of the monoamine oxidase
inhibitor deprenyl (selegiline). The procedure analyzed for amphetamine,
methamphetamine, and nordeprenyl from blood samples (Szebeni et al.,
1995).

A description of a procedure using GC-NPD and GC-MS for the analysis of
amphetamine and methamphetamine from urine, blood, and tissues has been
described. Homogenized tissue was combined with 2mL of phosphoric acid and
10mL of saturated ammonium chloride solution, heated for 10 minutes,
allowed to cool, and then filtered. At this point the tissue samples were treated
the same as blood. Briefly, the remainder of the extraction involved pH adjust-
ment to 9.0 with borate buffer and application to an Extrelut solid-phase extrac-
tion column. After 10 minutes, methylene chloride:isopropanol (9:1 v/v) was
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used as the elution solvent. The extracts were analyzed directly using GC-
NPD or derivatized with pentafluoropropionic anhydride and hexafluoro-
isopropanol for analysis by GC-MS. Ethylamphetamine and methylene-
dioxypropylamphetamine (MDPA) were chosen as the internal standards since
they are both chromatographically separated from the other analytes, thus
allowing their use with either GC-NPD or GC-MS. This procedure proved to be
viable for the identification of a number of different drugs, including amphet-
amine, methamphetamine, MDA, MDMA, MDEA, and the p-methoxy deriva-
tives of amphetamine and methamphetamine from postmortem blood, tissue,
and urine (Tamayo-Lora et al., 1997). Another method using GC-NPD and 
GC-MS for screening large numbers of drugs from urine samples has been
described (Lho et al., 1990b).

The methylenedioxy analogs MDA and MDMA were analyzed in a study
described by Lillsunde et al. (1996). Samples were analyzed using both NPD
and ECD. Quantitation was accomplished using MDEA as the internal standard
for MDA and MDMA. The authors reasoned that MDEA use was not as fre-
quently encountered as MDMA and that if it were found in a sample, MDMA
could be used to quantitate the MDEA. This rationale seems reasonable;
however, with the increasing use of both of these drugs and the fact they are
sometimes encountered at the same time, care must be taken to ensure the
drugs are properly identified and quantitated in such cases of mixed MDMA
and MDEA use.

Electron capture detection (ECD) following liquid–liquid extraction and
pentafluorobenzenesulfonylation of amphetamine and methamphetamine
from urine and tissue was reported by Paetch et al. (1992). The method gave
excellent sensitivity due to the highly electronegative nature of the perfluoro-
nated derivative. The method was able to accurately quantitate concentrations
from 1 to 50 ng/mL. Another method for the analysis of amphetamine using
ECD has been described by Asghar et al. (2001). The authors used electron
capture detection. The drug was extracted from plasma samples then deriva-
tized with pentafluorobenzenesulfonyl chloride. The method gave a detection
limit of <1ng/mL and was linear from 1–100ng/mL.

A procedure for the analysis of 12 different drugs, including amphetamine,
methamphetamine, MDA, MDMA, and related compounds in seized material,
blood, and urine has been described by Lillsunde and Korte (1991b). Sample
extracts were derivatized with HFBA and analyzed using ECD, NPD, and GC-
MS. Derivatization was carried out at room temperature by rapidly mixing the
derivatizing reagent with the extract and then washing with a 10% solution of
NaHCO3 to eliminate the excess derivatizing reagent. The derivatization 
procedure worked well, but the chromatographic conditions used led several
compounds to coelute from the column, thus limiting the use of ECD and NPD.
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All of the compounds could be isolated and determined by their mass spectra,
however, due to the selectivity of that technique.

Ortuno et al. (1999) reported a procedure using NPD for the analysis of
MDMA and several metabolites (MDA, 4-hydroxy-3-methoxymethampheta-
mine, 4-hydroxy-3-methoxyamphetamine) in plasma and urine. The plasma
samples were analyzed in splitless mode on a 5% phenyl-methylsilicone column
(HP Ultra-2) with temperatures from 70°C for 2 minutes to 100°C at 30°C per
minute and then to 200°C at 20°C per minute, and finally to 280°C at 25°C per
minute. Urine extracts were analyzed using a temperature program from 100°C
to 280°C at 15°C per minute. This assay used MBTFA as the derivatizing reagent
and methylenedioxypropylamphetamine as the internal standard. The assay
proved to have low ng/mL detection and quantitation limits. Taylor et al.
(1989) described a method for the analysis of amphetamine and metham-
phetamine using propylamphetamine as the internal standard. The extraction
was accomplished using a solid-phase method. Following evaporation of the
extract, it was reconstituted in ethyl acetate and analyzed by GC-NPD. For MS
analysis, HFBA was used to derivatize the extract. Recoveries from the extrac-
tion procedure were 78% and 87% for amphetamine and methamphetamine,
respectively. The linear range was 50–7000ng/mL for both drugs. Within-run
and between-run precision was reported to be 6.7% and 8.9%, respectively, for
amphetamine and 4.9% and 5.6%, respectively, for methamphetamine. These
results are acceptable for most laboratory analyses but are higher than those
typically seen with deuterium-labeled internal standards. However, the use of
propylamphetamine, since it separates well from the other analytes, allows the
option of using either NPD, GC-MS, or both. Other procedures involving NPD
have also been reported using 4-chloroamphetamine (Poyhia et al., 1991; 
Lillsunde et al., 1996) as an internal standard.

The majority of recently described procedures using gas chromatography as
the separation technique are coupled with a mass spectrometer. Because of
improvements in the ease of use of the instruments and decreasing costs for
this instrumentation, most laboratories now have mass spectrometry capabili-
ties. Mass spectrometry is recognized as the “gold standard” for forensic 
analysis of drugs because this technique is generally considered to produce
unequivocal results.

The unique ability of a mass spectrometer to monitor specific ions from dif-
ferent compounds even though they may coelute from the column allows use
of stable isotope-labeled internal standard and the drug of interest. The simi-
larity of the deuterated isotopomer to the drug provides, in almost every situa-
tion, superior accuracy and precision, as compared to other compounds serving
as the internal standard. Not all deuterated internal standards provide accept-
able results, however. A report describing the analysis of MDA, MDMA, and
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MDEA evaluated the use of MDEA-d5 and MDEA-d6. For purposes of enan-
tiomeric analysis of MDEA, both deuterated compounds were equally viable.
However, when using heptafluorobutyryl derivatives for quantitative analysis,
the MDEA-d5 had an ion in common with MDEA, limiting its utility in an assay
involving ratios of several ions to confirm the identity of the drug (Hensley and
Cody, 1999). Other investigators have evaluated internal standards and found
most acceptable, although some were problematic, depending on the assay
parameters (Ho et al., 1990; Valtier and Cody, 1995; Lin et al., 2000). The
number of deuterium atoms on a candidate internal standard has also been
shown to be important with LC-MS procedures (Bogusz, 1997).

Enzymatic hydrolysis of urine samples followed by solid-phase extraction and
derivatization with propionic anhydride:pyridine was described for the analysis
of a number of drugs, including amphetamine, methamphetamine, MDA,
MDMA, MDEA, ephedrine, and pseudoephedrine (Galloway et al., 1998). 
GC-MS analysis included separation on an HP-5 capillary column with temper-
atures set to 85°C for 0.7 minutes to 285°C at 14°C per minute. The mass spec-
trometer was set to scan from m/z 40–500, which allowed detection of the
amphetamines at 100ng/mL.

A GC-MS method using PFPA derivatives of 1–4mL urine samples monitor-
ing ions at m/z 194, 123, 122 for amphetamine-d5; m/z 190, 118, 91 for amphet-
amine; m/z 208, 163, 120 for methamphetamine-d5; and m/z 204, 160, 118 for
methamphetamine gave limits of detection of 1.7ng/mL and a limit of quan-
titation of 27.5ng/mL for both analytes using 4mL of urine. Higher concen-
tration samples could be readily measured by extracting from smaller volumes
of urine to ensure sample results did not exceed the linear range of the assay
(Valentine et al., 1995).

Dasgupta and Spies (1998) described a method for the analysis of am-
phetamine and methamphetamine by GC-MS. These authors compared the 
use of the derivatizing reagent 2,2,2-trichloroethyl chloroformate with N-
propylamphetamine as the internal standard to results using PFPA as the deriva-
tizing reagent. Chemical ionization mass spectral analysis showed strong M + 1
ions at m/z 310 and 312 and intense fragment ion peaks at m/z 274 and 276.
Electron ionization, as expected, gave weaker molecular ion peaks, but did
allow monitoring of three intense peaks at m/z 218, 220, and 222. The method
showed a detection limit of 100ng/mL in scan mode and was linear from 250
to 5000ng/mL. At 1000ng/mL, relative standard deviations of 4.8% and 3.6%
(within-run) and 5.3% and 6.7% (between-run) were seen for amphetamine
and methamphetamine, respectively.

Several other procedures describe the use of chemical ionization GC-MS
analysis of amphetamines. Pellegrini et al. (2002) used positive ion chemical
ionization using methanol as the reagent gas and monitored the molecular ions
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of amphetamine, methylamphetamine, MDA, MDMA, MDEA, and MBDB
extracted from urine samples using a simple liquid–liquid method with no
derivatization. The method allowed detection of the analytes at concentrations
of 5–10ng/mL. Another method using positive ion chemical ionization was
used by Oyler et al. (2002) to analyze samples from a controlled administration
study of subjects administered 10 or 20mg doses of methamphetamine. Part of
the evaluation of this study was determination of detection times of metham-
phetamine and the consequence of lowering cutoff concentrations to 250
(methamphetamine) and 100 (amphetamine). Doing so allowed confirmation
of methamphetamine positives for up to 24 hours longer than with current
cutoff criteria. Analysis of enantiomers using negative ion chemical ionization
of l-heptafluorobutyrylprolyl chloride derivatives of amphetamine and metham-
phetamine extracted from 0.2mL of blood, plasma or serum has been described
(Peters et al., 2002). This method allowed detection of low levels of drug (linear
range 5–250ng/mL) from a small sample volume. Samples were extracted 
with mixed-mode–solid-phase extraction and with recoveries of 88.9% to 98.6%.
Derivatized extracts were chromatographed through an HP-5MS column uti-
lizing a 15-minute run.

Semi-automated extraction of amphetamine and methamphetamine from
urine was investigated by Churley et al. (2002) using the Speedisk 48 Pressure
Processor in combination with Cerex Polycrom Clin II solid-phase extraction
columns. The authors reported the lower limit of their linear range to be 50
(methamphetamine) and 150ng/mL (amphetamine) with an upper limit of
10,000ng/mL for both analytes. The procedure resulted in average (mean)
recovery of 500ng/mL samples of 96.4% and 95.7% for amphetamine and
methamphetamine, respectively. Another method using the positive pressure
manifold was described by Stout et al. (2002). This method was developed to
determine amphetamine, methamphetamine, MDA, MDMA, and MDEA in
urine samples. Limits of detection were 62.5ng/mL (amphetamine and
MDEA), 15.6ng/mL (methamphetamine), and 31.3ng/mL (MDA and 
MDMA) with an upper limit of linearity of 5000ng/mL. Recoveries averaged
90% or more for each of the compounds from 2-mL aliquots of the urine
samples.

In another interesting use of solid-phase extraction, a procedure was devel-
oped extracting drugs from small blood samples or dried blood stains. The
investigators were able to analyze for the presence of morphine, codeine,
cocaine, benzoylecgonine, methylecgonine, cocaethylene, THC, THC acid
metabolite, 11-hydroxy-THC (11-OH-THC), amphetamine, methamphet-
amine, MDA, MDMA, and MBDB. Samples were extracted using solid-phase
extraction columns with detection limits for the amphetamines of
1.62–4.10ng/50mL spot (Schutz et al., 2002).
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Most procedures involve extraction, derivatization, and analysis steps that
require as long as several hours to complete. Rapid analysis of samples in an
emergency situation requires techniques developed for their simplicity and
speed. One procedure for the analysis of sympathomimetic amines, including
amphetamine, methamphetamine, their methylenedioxy analogs, several pro-
drugs, and other related compounds, was described in the context of identifi-
cation of the analytes in the emergency clinical toxicology setting (Valentine
and Middleton, 2000). This procedure evaluated derivatization using trifluo-
roacetyl, pentafluoropropyl, and heptafluorobutyryl anhydrides. A 0.1-mL
sample of urine was extracted using chloroform:isopropanol (9:1) after addi-
tion of deuterium-labeled amphetamine and methamphetamine as internal
standards and adjustment of pH to 9.1 by addition of borate buffer. The extract
was then centrifuged to separate the layers, and the organic phase evaporated
under nitrogen after addition of 10% methanolic HCl to minimize evaporative
losses. The extract was reconstituted in hexane:heptafluorobutyric anhydride
(9:1) followed by injection into a GC-MS. On-column derivatization was accom-
plished at 260°C in the injection port. Of the derivatizing reagents evaluated,
HFBA at 260°C gave the best results. Several of the analytes evaluated in this
study did not derivatize (e.g., benzphetamine, deprenyl). For those com-
pounds, 1mL of sample was used with addition of deuterated diazepam as the
internal standard. This simple extraction, derivatization, and analysis procedure
took approximately 30 minutes to complete, thus making it a viable procedure
for clinical toxicology purposes.

A procedure for analysis of amphetamine in plasma samples using GC-MS
has been described (Pizarro et al., 1999). Using a single-step extraction of the
drug with t-butyl methyl ether from 1mL of plasma after addition of internal
standard, 0.2mL 0.4M NaOH, and 0.5mL saturated NaCl solution. The organic
phase was evaporated at 40°C under a stream of nitrogen after the addition of
20mL of N-methylbis(trifluoroacetamide) (MBTFA) to minimize evaporative
losses. Once dried, the extract was derivatized using 50mL of MBTFA at 70°C
for 20 minutes. The method gave limits of detection and quantitation of 0.43
and 1.42ng/mL, respectively. The authors noted this method prevented evap-
orative losses without an additional preparative step, thus saving time for sample
analysis.

Analysis of amphetamine, methamphetamine, MDA, MDMA, and MDEA 
in blood samples has been described by several investigators. One study
described the analysis of 1-mL blood samples using 5mL of diethyl ether to
extract the drugs following addition of internal standards (the d-5 isotopomers
of amphetamine, methamphetamine, MDA, MDMA, MDEA) and 0.5mL of 1M
NaOH. Following extraction, these investigators used isopropanol:HCl (99:1
v/v) to prevent volatilization of the amphetamines during drying, followed by
derivatization with HFBA. After derivatization, the mixture was reconstituted 
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in 400mL of hexane and 200mL of water and then vortex mixed and centrifuged
and the aqueous phase discarded. Two hundred microliters of 4% ammonium
hydroxide was then added, vortex mixed, and centrifuged and the organic
phase was injected into the GC-MS. Recoveries of the drugs ranged from
approximately 64% to 91%. The procedure gave detection limits of 1ng/mL
for amphetamine, 2ng/mL for methamphetamine, 8ng/mL for MDA, 1ng/mL
for MDMA, and 0.5ng/mL for MDEA, which are lower than previously 
reported procedures for blood and plasma. Limits of quantitation for the 
analytes were 10ng/mL for amphetamine, MDMA, and MDEA, 20ng/mL for
methamphetamine, and 50ng/mL for MDA. The linear range was shown to be
from the limits of quantitation to 1000ng/mL for each analyte (Marquet et al.,
1997).

Extraction of amphetamines from less commonly used biological matrices
(sweat, hair, saliva, meconium, etc.), often referred to as alternative matrices, have
been reported by a number of investigators. Examples of these procedures
include several describing the use of sweat as the sample including a descrip-
tion of the analysis of amphetamine and methamphetamine extracted from
filter paper or gauze used for the collection of sweat by Suzuki et al. (1989).
The extracts were derivatized with trifluoroacetic anhydride and analyzed by
GC-MS. Fay et al. (1996) described analysis of sweat using acetate buffer and
methanol to elute the drugs from a patch used to collect the sample, followed
by addition of sodium carbonate to increase the pH and then extraction with
isoamyl alcohol:hexane. The sample was then back-extracted into acid followed
by reextraction into 1-chlorobutane. The extracts were then derivatized with
carbethoxyhexafluorobutyryl chloride (CB) and analyzed by GC-MS. A proce-
dure has also been described for N-methyl-1-(3,4-methylenedioxyphenyl)-2-
butanamine (MBDB) and 3,4-(methylenedioxyphenyl)-2-butanamine (BDB) in
urine, saliva, and sweat specimens (Kintz, 1997). Drugs were eluted from sweat
patches with methanol followed by GC-MS analysis. The study documented the
excretion of drug and metabolite over several days following administration of
100mg of MBDB. Sweat concentrations of both MBDB and BDB peaked at 36
hours, followed by a decline in their concentration. The concentration of
MBDB was higher than BDB in all samples analyzed.

Analysis of drugs in saliva has been described by a number of investigators
(Wan et al., 1978; Smith, 1981; Suzuki et al., 1989; Inoue and Seta, 1992; Kintz,
1997; Kidwell et al., 1998; Jenkins, 1999; Mancinelli et al., 1999; Samyn and 
van Haeren, 2000; Cone et al., 2002; Gentili et al., 2002; Samyn, De Boeck, and
Verstraete, 2002; Samyn, De Boeck, Wood et al., 2002; Schepers et al., 2003)
and summarized in several reviews (Kintz and Samyn, 1999; Samyn et al., 1999).
In a study evaluating the prevalence rate of various drugs of abuse, Cone et al.
(2002) evaluated the positive rate seen with saliva samples and compared the
rates with those from urine drug testing. The authors concluded that the preva-
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lence rates were similar for each of the drug classes [THC metabolite, opiates
(morphine, codeine, and acetylmorphine) and PCP] with the exception of the
amphetamines (amphetamine and methamphetamine) and cocaine metabo-
lite. The saliva positive rate for amphetamines was 0.47 compared to general
workforce data that showed a rate of 0.29. These data were based on the use of
SAMHSA cutoffs for amphetamines in urine and a cutoff of 120ng/mL for the
saliva samples based on the manufacturer’s recommended cutoff level for 
saliva. Sample analysis was accomplished using an ELISA assay followed by
liquid–liquid extraction, derivatization, and GC-MS-MS. The confirmation assay
gave limits of quantitation of 30 and 12ng/mL for amphetamine and metham-
phetamine, respectively.

A GC-MS procedure for the identification of some of the more recent illicit
amphetamine analogs N-methyl-1-(3,4-methylenedioxyphenyl)-2-butanamine
(MBDB) and 3,4-(methylenedioxyphenyl)-2-butanamine (BDB) in urine, saliva,
and sweat specimens has been described using deuterium-labeled MDEA as the
internal standard (Kintz, 1997). Alkaline extraction with ethyl acetate of 1-mL
aliquots of urine and saliva were derivatized with heptafluorobutyric anhydride
prior to GC-MS analysis. The study documented the excretion of drug and
metabolite over several days following administration of 100mg of MBDB. In
all cases in all samples, MBDB was present in higher concentrations than BDB.
Urine samples were positive for 36 hours, with peak concentration seen at 4
hours. Saliva samples were positive for the first 17 hours, with peak concentra-
tion seen at 2 hours. Evaluation of the ratio of amphetamine in plasma and
saliva was investigated a number of years ago and shown to be 3.3 times higher
in saliva than in plasma (Wan et al., 1978).

Analysis of meconium samples for the presence of amphetamines has been
described using homogenization with HCl and liquid–liquid extraction of that
supernatant with heptane:methylene chloride:ethylene dichloride:isopropanol
(50:17:17:16 v/v/v/v). GC-MS analysis of the derivatized extract gave a detec-
tion limit of 1ng/g (Nakamura et al., 1992). Other methods for the analysis of
amphetamines have been described and reviewed elsewhere (Franssen et al.,
1994; Moriya et al., 1994; Lewis et al., 1995; Moore, C., et al., 1998; Strano-
Rossi, 1999). Amphetamine and methamphetamine were extracted from the
bone marrow of skeletonized remains using liquid–liquid extraction followed
by solid-phase extraction (Kojima et al., 1986). The nature of the material
required the combination of liquid–liquid and solid-phase extraction to 
adequately recover and clean up the sample extract. Following extraction, 
the trifluoroacetyl derivatives were analyzed by chemical ionization mass 
spectrometry.

Plasma methamphetamine levels were compared to saliva following 10 and
20mg oral doses of d-methamphetamine. Samples were analyzed by GC-MS 
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following solid phase extraction and collected with 20mL of MTBSTFA + 1%
TBDMCS to minimize evaporation during the evaporation of solvent. Derivati-
zation was accomplished with BSTFA + 1% TMCS and analysis on an HP 5973
mass spectrometer. Saliva was collected using three different methods: stimu-
lation with citric acid candy, a Salivette with citric acid, and a neutral Salivette.
Results indicated the maximum concentrations were seen with the neutral
method for both the 10 and 20mg doses. The authors concluded that there was
too much variability between the plasma and saliva concentrations to make
saliva a viable substitute for plasma. The authors also noted that, despite its 
ease of collection and diminished susceptibility of adulteration, saliva had a 
substantially shorter window of detection when compared to urine samples
(Schepers et al., 2003). In a study of 180 drivers who failed field sobriety tests,
saliva and sweat samples were compared to plasma findings. Saliva proved to
have a positive predictive value of 98%, while sweat showed a positive predic-
tive value of approximately 90%. Values were slightly lower for cocaine and
cannabis using saliva, while sweat was comparable for cocaine and ampheta-
mines but lower for cocaine (Samyn, De Boeck, and Verstraete, 2002). In
another study using plasma, oral fluid and sweat, Samyn and coworkers (2002)
evaluated the levels of MDMA for 5 hours following administration of a 75-mg
dose of the drug. The authors found substantial intra- and intersubject vari-
ability with saliva; values ranged from 50 to 6982ng/mL MDMA. Saliva con-
centrations generally exceeded those in plasma, while sweat wipes averaged only
25ng/wipe. Samples were analyzed by LC-MS-MS procedure that required the
use of only a 50-mL sample. Another method using LC-MS-MS analysis of saliva
for the identification of amphetamines (amphetamine, methamphetamine,
MDA, MDMA, and MDEA), as well as opiates (morphine and codeine), cocaine,
and benzoylecgonine has been described. The method used 200mL of sample
and mixed-mode–solid-phase extraction. The authors employed a gradient of
6% to 67.6% methanol with 10mM ammonium formate (pH 5.0) added to the
mobile phase. Electrospray ionization with analysis using a quadrupole-time-
of-flight mass spectrometer was used. The limit of detection ranged from
0.22–1.07ng/mL and the limit of quantitation was 2ng/mL for the amphet-
amines. The authors described an interference from the device used to collect
the saliva that caused suppression of ionization and could not be eliminated by
extraction. The device was eliminated from the study and saliva samples were
collected directly into a tube (Mortier et al., 2002).

Analysis of hair for a variety of drugs and their metabolites, including the
amphetamines, has been described in a number of publications. Although 
hair offers some potentially significant advantages over biological fluids in
determining exposure to drugs, the potential for external contamination is a
concern raised regarding the analysis of hair samples. This concern raises the
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question of whether detected drug(s) are from use of the drug or are the result
of external contamination of the hair by the drug. Analysis of metabolites rather
than the parent drug can help address this concern. In most cases, however,
metabolites are much less likely to be incorporated into hair than are the parent
drugs. Analysis of drugs in hair generally involves decontamination, some
method to break down the hair (hydrolysis, homogenization, etc.), extraction,
derivatization, and analysis. Hydrolysis is accomplished using acid, base, or
enzymes. Although each of these three hydrolytic methods works, a study that
compared these techniques reported alkaline hydrolysis to provide the best
recovery (Kintz and Cirimele, 1997).

A reasonably large number of publications have appeared in recent history
describing the analysis of amphetamine, methamphetamine, MDA, MDMA, and
MDEA in hair using a variety of different analytical techniques (Nagai et al.,
1988, 1989; Suzuki et al., 1989; Nakahara et al., 1990, 1991, 1993; Kintz et al.,
1992, 1995; Moriya et al., 1992; Kintz and Mangin, 1993; Moeller et al., 1993b;
Cirimele et al., 1995; Kikura and Nakahara, 1995b, 1997; Kikura et al., 1997;
Miki et al., 1997, 2002; Nakahara and Kikura, 1997; Rohrich and Kauert, 1997;
Rothe et al., 1997; Scarcella et al., 1997; Takayama et al., 1997; Uhl, 1997, 2000;
Keller et al., 1998; Koide et al., 1998; Sweeney et al., 1998; Tagliaro et al., 1998a,
1998b, 1999; Al-Dirbashi et al., 1999a, 1999b, 2000a; Kimura et al., 1999a; Allen
and Oliver, 2000; Cooper et al., 2000; Gaillard et al., 2000; Quintela et al., 2000;
Sporkert and Pragst, 2000; Stout et al., 2000; Lachenmeier et al., 2003), along
with several reviews (Moeller, 1992, 1996; Moeller et al., 1993a; Nakahara, 1995;
Sachs and Kintz, 1998; Brettell et al., 1999; Kintz and Samyn, 1999). Several
other papers describe the biology behind the incorporation of drugs in hair
and use of the information in a forensic environment (Kikura and Nakahara,
1995a; Nakahara et al., 1995, 1997, 1998; Nakahara and Kikura, 1996; Takayama
et al., 1999; Kelly, R.C., et al., 2000; Nakahara and Hanajiri, 2000; Rohrich et
al., 2000). The significant number of publications, particularly of new proce-
dures, is indicative of the rapid growth in this area.

Nakahara et al. (1997) evaluated the use of the hair root in determination
of acute methamphetamine poisoning. After administration of methampheta-
mine to five rats, hair was plucked out and washed with detergent and then
extracted with methanol:5M HCl (20:1 v/v) at room temperature for 14 hours.
Extracts were then evaporated and derivatized with pentafluoropropionic anhy-
dride and analyzed by GC-MS. The study revealed that washing the sample
caused a four- to fivefold reduction in the concentration of the drug compared
to unwashed samples, thought by the authors to be because the drugs were not
yet immobilized in this early stage. The ratio of amphetamine to metham-
phetamine in the samples was shown to plateau after death, while before death
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the ratio increased over time. This information suggests the ratio of metham-
phetamine to its metabolite amphetamine is a viable probe for methampheta-
mine poisoning.

A GC-MS method for the analysis of amphetamine, methamphetamine,
methylenedioxyamphetamine, methylenedioxymethamphetamine, methylene-
dioxyethylamphetamine, and N-methyl-1-(1,3-benzodioxol-5-yl)-2-butylamine
(MBDB) in hair was described by Rothe et al. (1997). Samples were obtained
from subjects with a self-reported history of amphetamine or ecstasy use.
Samples were digested with 1M NaOH and then extracted with C-18 Bond 
Elute solid-phase extraction columns. Dried extracts were derivatized with
pentafluoropropionic anhydride and quantitated based on deuterium-labeled
isotopomers of amphetamine, methamphetamine, MDA, and MDMA. Con-
centrations seen in the samples were in the following ranges: 0.1–4.8ng/mg 
for amphetamine, 0.05–0.89ng/mg for MDA, 0.1–8.3ng/mg for MDMA,
0.12–15ng/mg for MDE, and 0.21–1.3ng/mg for MBDB. Methamphetamine
was not detected in any of the samples tested.

An interesting evaluation of hair samples taken from individuals with subse-
quent comparison of self-reported use of amphetamines versus laboratory find-
ings was described by Cooper et al. (2000). Approximately 10mg of hair was
ground to a fine powder then treated with b-glucuronidase/aryl sulfatase 
followed by solid-phase extraction. Extracts were derivatized with penta-
fluoropropionic anhydride and analyzed by GC-MS for amphetamine, metham-
phetamine, MDA, MDMA, and MDEA. Of 139 segments analyzed, 77 (52.5%)
were positive for at least one of the five amphetamines tested. The authors
found no correlation between the reported number of “ecstasy” tablets con-
sumed and the drug levels detected in hair.

In an evaluation of samples taken from athletes during a sporting event for
the presence of amphetamines, corticosteroids, and anabolic steroids, Gaillard
et al. (2000) collected hair and urine samples to determine drug use. Analysis
of amphetamines in hair was accomplished by taking 50mg of hair and digest-
ing it in 1M NaOH. The digest was then extracted with ethyl acetate, deriva-
tized with trifluoroacetic anhydride, and then analyzed by GC-MS using positive
ion chemical ionization. Thirty individuals were sampled, and both hair and
urine samples were tested. Ten of 19 hair samples were shown to be positive for
amphetamine, while only 6 of 30 urine samples were positive, demonstrating
the advantage of hair analysis for detecting drug use for periods longer than
revealed by urine testing. Another procedure for the analysis of amphetamine,
methamphetamine, MDA, and MDMA in hair involved washing with dichloro-
methane and warm water followed by alkaline hydrolysis. After liquid–liquid
extraction, the extracts were derivatized with pentafluoropropionic anhy-
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dride/pentafluoropropanol. Using a 50-mg hair sample, the limits of detec-
tion were 0.05ng/mg for amphetamine, methamphetamine, and MDA and 
0.1ng/mg for MDEA (Kintz et al., 1995).

Comparison of two different derivatizing reagents for the GC-MS analysis of
hair samples for amphetamine, methamphetamine, MDA, and MDMA showed
that propionic acid anhydride produced more stable derivatives than did tri-
fluoroacetic acid anhydride. The limit of detection for all drugs was approxi-
mately 0.01ng/mg when using 50–100mg of hair with both derivatives. The
authors noted, however, that the trifluoroacetyl derivatives produced more spe-
cific mass spectral analysis (Rohrich and Kauert, 1997). Another method for
the analysis of hair samples for the presence of MDA, MDMA, and MDEA was
conducted using supercritical fluid extraction followed by GC-MS analysis, with
mephentermine used as the internal standard (Allen and Oliver, 2000). The
authors concluded that this extraction procedure produced accurate and 
reliable results when evaluating both authentic and spiked hair samples.

A method has been described for analysis of amphetamine and metham-
phetamine in hair, nails, sweat, and saliva (Suzuki et al., 1989). External con-
tamination was washed from hair and nail samples with water and methanol.
The samples were then hydrolyzed with 0.6MHCl, followed by alkalinization of
the sample and extraction with chloroform:isopropanol (3:1 v/v). Sweat and
saliva samples were extracted using methanol. The extracts were then deriva-
tized and analyzed by GC-MS. Hair, nail, and sweat samples were all shown to
contain both amphetamine and methamphetamine, but only methampheta-
mine was detected in the saliva.

Uhl described the analysis of hair samples for drugs of abuse using tandem
mass spectrometry. GC-MS-MS analysis of hair to determine the presence of
drugs such as amphetamine, methamphetamine, MDA, MDMA, MDE, MBDB,
methadone and metabolite, THC and THC acid metabolite, cocaine, ben-
zoylecgonine, cocaethylene, dihydrocodeine, codeine, heroin, 6-monoacetyl-
morphine, morphine, and acetylcodeine is detailed in terms of its utility in the
forensic analysis of samples (Uhl, 1997, 2000). Ion mobility spectrometry has
been utilized for the analysis of amphetamines in hair by several investigators.
Miki et al. (1997) described a semiquantitative method for the analysis of
methamphetamine in hair using this method. Hair samples were digested in 
5M NaOH (methanol–water, 4:1, v/v) and quantitated using dibenzylamine as
the internal standard. Two milligrams of hair was determined sufficient to allow
four independent measurements, and the method had a limit of detection of
0.5ng/mg. Analysis of MDMA and MDEA in hair samples has also been
described using ion mobility spectrometry. This method developed for rapid
screening of hair samples used trihexylamine as the internal standard (Kikura
et al., 2000).
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Chiral GC columns are designed to separate enantiomers without the need
for chiral derivatization. Although effective, these columns have several draw-
backs. Typically, chiral columns are more expensive than the corresponding
achiral columns. Additionally, chiral columns tend to degrade more readily
than achiral columns at the high temperatures typically encountered in GC pro-
cedures and thus must be replaced more frequently. In addition, since they
have a specific purpose, they are typically dedicated and not used for general
analysis.

Separation of the enantiomers of amphetamines is an important analytical
technique that can be very useful in the interpretation of laboratory results.
Assessment of enantiomeric composition of the drug used, time since admin-
istration, origin of the drug, etc., are all parameters that can be elucidated by
knowing the enantiomer composition of the drug in the biological sample.
Enantiomer analysis has been described by a number of investigators. One
method used the derivatizing reagent (-)-methyl chloroformate (Hughes 
et al., 1991). Methamphetamine enantiomers were not separated to baseline,
and the enantiomers of amphetamine were not separated effectively at all.
Although the method provided good quantitative results, its utility was limited
by the inability to separate the enantiomers effectively.

The most common chiral derivatizing reagent used with the amphetamines
is N-trifluoroacetyl-l-prolyl chloride (l-TPC). l-TPC was the first readily available
and successful chiral reagent used with the amphetamines and is currently avail-
able from a number of different commercial suppliers. For many years, it was
the only commercially available chiral reagent, which is in no small part respon-
sible for its widespread use. Related derivatives using the same prolyl imine but
increasingly longer perfluoronated side chains have become available, includ-
ing pentafluoropropionyl-l-prolyl chloride (l-PPC) and heptafluorobutyryl-l-
prolyl chloride (l-HPC). All three of these reagents have been used with success
in a number of laboratories. Derivatization of amphetamines with l-TPC can be
carried out at room temperature for 15 minutes (Hensley and Cody, 1999),
although some investigators carry out the reaction at high temperatures
(85–90°C) for 10 minutes (Cooke, 1994). See Figure 7.6 for an example of enan-
tiomeric separation of amphetamine and related compounds using this reagent.
l-TPC derivatives of amphetamine and methamphetamine can also be formed
by coinjection of the drug extract and derivatizing reagent (Fitzgerald et al.,
1988). Three microliters of urine extract was drawn into a 10-microliter syringe,
followed by 3 microliters of l-TPC reagent, and the contents were injected into
the injection port at 250°C. The enantiomeric forms of the amphetamine and
methamphetamine were readily separated using this method.

A procedure for the analysis of MDMA and its metabolites MDA, 4-hydroxy-
3-methoxymethamphetamine, and 4-hydroxy-3-methoxyamphetamine enan-
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tiomers has been reported using positive ion chemical ionization on a GC
coupled to an ion trap mass spectrometer (De Boer et al., 1997). The study also
reported the presence of N-hydroxy-3,4-methylenedioxymethamphetamine and
discussed the possibility of its being a metabolite of MDMA. The procedure
evaluated trifluoroacetyl-l-prolyl chloride (l-TPC), pentafluoropropionyl-
l-prolyl chloride (l-PPC) and heptafluorobutyryl-l-prolyl chloride (l-HPC) as
chiral derivatizing reagents. The authors selected the l-HPC of the three
because it gave them better chromatographic resolution and shorter retention
times as well as the ability to carry out the reaction in aqueous solution. The
hydroxy groups were derivatized following the derivatization of the amine
group with the l-HBC using N-methylbis(trifluoroacetamide) (MBTFA) and 
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA). The MSTFA gave the
trimethylsilyl derivative, and the MBTFA yielded the trifluoroacetyl derivative.
The authors noted that the trimethylsilyl derivative gave better reproducibility
and higher signal than the trifluoroacetyl derivative. Evaluation of electron ion-
ization versus positive ion chemical ionization using isobutane as the reagent
gas was also made as part of this study. Because chemical ionization gave greater
high-mass information while still maintaining some fragmentation, thus allow-
ing structure elucidation, it was selected as the method of choice.

GC-MS analysis of the enantiomers of amphetamine, methamphetamine,
MDA, MDMA, and MDEA using the l-TPC derivatives was evaluated using
several different GC columns at varying concentrations and proportions 
of each enantiomer (Hensley and Cody, 1999). Since this procedure was de-
signed to determine the enantiomeric composition of previously identified 
amphetamine-positive samples, only a single ion was monitored for each
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analyte. The ions monitored were m/z 237 for amphetamine and MDA, m/z
241 for amphetamine-D5 and MDA-D5, m/z 251 for methamphetamine 
and MDMA, m/z 255 for methamphetamine-D5 and MDMA-D5, m/z 265 for
MDEA, and m/z 270 for MDEA-D5. The method could be used to separate and
identify the enantiomers of each of the drug concentrations ranging from 
5 to 10,000ng/mL and enantiomer proportions from 0 to 100% of each 
enantiomer were tested and gave satisfactory results. All peaks were separated
using the DB-1 column, but the d-enantiomers of MDMA and MDEA were 
not completely resolved using the DB-17. The authors noted that this was 
not a problem, since the mass spectrometer could selectively monitor the 
ions for each of these analytes and provide accurate results despite the fact 
that the peaks overlapped.

Fallon et al. (1999) analyzed urine and plasma samples collected following
administration of MDMA (40mg) to research subjects. Extracts of urine samples
were derivatized with (-)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride
(MTPA) and analyzed by GC-NPD using a DB-17 column with a temperature
program of 50°C for 2 minutes to 250°C at 25°C per minute and then to 290°C
at 2°C per minute. Plasma samples were similarly extracted and derivatized and
then separated on a DB-1 equivalent (HP ultra 1) column at 100°C for 3
minutes to 285°C at 15°C per minute and held for 5 minutes and analyzed by
mass spectrometry. Ions monitored were m/z 119, 139, 162, 189 for amphet-
amine, m/z 260, 135, 162, 189, 260 for MDA, and m/z 135, 162, 189, 260 for
MDMA. Evaluation of the assay at three different concentrations and four dif-
ferent enantiomer ratios showed it produced accurate results at all levels tested.
Several other investigators have used chiral prolyl derivatives successfully for
enantiomer separation (Matin et al., 1977; Fitzgerald et al., 1989; Hegadoren
et al., 1993; Lim et al., 1993; Moore, K.A., et al., 1996c).

The enantiomers of MDMA and its metabolites MDA, 4-hydroxy-3-
methoxymethamphetamine (HMMA), and 4-hydroxy-3-methoxyamphetamine
(HMA) has been described for plasma and urine samples (Pizarro et al., 2003).
The authors used a two step derivatization process with MTPA as the first
reagent which derivatized both the amine and —OH groups and serves as the
chiral reagent. The derivative was cleaved from the —OH groups using ammo-
nium hydroxide followed by derivatization with hexamethyldisilazane. The
authors noted that use of triethylamine was to neutralize the HCl formed
during the initial derivatization reaction provided quantitative derivatization
resulting in substantial improvement in sensitivity of the method.

Compared to liquid–liquid and solid-phase extraction, solid-phase microex-
traction (SPME) is a relatively recent entrant into the preparation of samples
for the analysis of amphetamines. SPME is a procedure that does not employ
solvents, thus combining several steps in the normal process of sample extrac-
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tion. This innovation allows for the extraction of analytes from biological 
matrices without the requirement for multistep extraction procedures, with
their associated solvent cost and disposal issues, as well as personnel 
requirements to conduct the extraction. Simple analysis of amphetamines taken
from the headspace of a sample has been described by several investigators
(Martinez and Gimenez, 1983; Tsuchihashi et al., 1989). These techniques,
while effective, were limited because the technique had no ability to concen-
trate the analytes. SPME, however, does concentrate analytes on the fiber, which
allows for significantly lower detection limits.

After initial introduction and description of SPME as a technique (Arthur
and Pawliszyn, 1990), several papers described its application to the analysis of
amphetamine, methamphetamine, and related compounds (Yashiki et al.,
1994, 1995; Centini et al., 1996; Ishii et al., 1996; Koide et al., 1996; Nagasawa
et al., 1996; Ugland et al., 1997; Junting et al., 1998; Jurado et al., 2000; Kataoka
et al., 2000; Namera et al., 2000; Song et al., 2000; Sporkert and Pragst, 2000;
Gentili et al., 2002; Huang et al., 2002). SPME utilizes a fused-silica fiber coated
with a sorbent material such as polydimethylsiloxane or polyacrylate. The fibers
are exposed to the drugs of interest either by exposure to the headspace above
a heated liquid sample or by direct immersion of the fiber into the liquid
sample. The headspace method is based on the principle of sampling the vapor
layer above a liquid sample that has been heated in a closed container. Many
volatile compounds, including the amphetamines, are equilibrated into that
space and are detected by sampling of the headspace using one of a number
of analytical techniques, most commonly GC or GC-MS. Alternatively, the fiber
is immersed directly into the sample itself, thus allowing binding of the com-
pound, whether or not it is volatile at the temperature used in the procedure.
Immersion has the shortcoming of binding any compound in the sample that
will chemically interact with the fiber. If a compound is volatile, the headspace
method allows selective binding only to those compounds that are in the vapor
phase, thus limiting potential interference from nonvolatile compounds. SPME
has been utilized in the analysis of amphetamines using both the headspace
method (Yashiki et al., 1995; Centini et al., 1996; Nagasawa et al., 1996; Jurado
et al., 2000; Namera et al., 2000; Song et al., 2000; Sporkert and Pragst, 2000) 
and direct immersion techniques (Ishii et al., 1996; Koide et al., 1996; 
Ugland et al., 1997; Kataoka et al., 2000). After sufficient time to allow the 
analytes of interest to bind to the fiber, it is either inserted into the injection
port of a gas chromatograph and thermally desorbed to release the drugs or
washed with mobile phase of a liquid chromatograph to afford chromato-
graphic separation.

A method for the analysis of 21 amphetamine-related drugs, including
amphetamine, methamphetamine, MDA, MDMA, MDEA, DOM, DOB, 
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benzphetamine, clobenzorex, fenproporex, and mefenorex along with several
other related compounds, using SPME followed by GC-MS analysis has been
described (Battu et al., 1998). This method gave detection limits of 1–
50ng/mL, depending on the analyte, with a linear range from the detection
limit to 500ng/mL when analyzing for all underivatized analytes. The linear
range was increased up to 2000ng/mL when specific analytes were targeted.
The reproducibility of this method was quite variable from one analyte to
another, with relative standard deviations ranging from 1.33% for benzpheta-
mine to 27.98% for MDA. Quantitation was based on comparison with deuter-
ated analogs of methamphetamine, MDMA, and MDEA. The parameters
described were based on analysis of control samples containing all 21 analytes
and three internal standards. Several showed poor performance, most likely
due to saturation of the fiber because of the amount of material in the samples.
Limiting the number of analytes in the sample, a situation closer to what would
be expected in actual unknown samples, improved the linear range and repro-
ducibility of the method.

Another procedure for the analysis of amphetamine, methamphetamine,
methylenedioxyamphetamine, and methylenedioxymethamphetamine in-
volved heating 1mL of urine to 75°C for 30 minutes followed by exposing the
fiber to the headspace for 15 minutes. The method was evaluated with samples
from 100 to 2000ng/mL of each analyte and showed the method to be a viable
alternative to more traditional techniques of extraction and derivatization
(Centini et al., 1996). Another method using headspace SPME followed by
analysis with GC flame ionization detection and GC-MS using chemical ioniza-
tion has been described. The SPME fiber was exposed to the headspace of urine
samples heated at 80°C for 5 minutes. This procedure yielded a linear range
of 200–100,000ng/mL. The detection limit was 100ng/mL using deuterated
methamphetamine as the internal standard, reportedly 20 times more sensitive
than headspace alone without the concentrating power of SPME (Yashiki et al.,
1995). Another method for SPME from urine involved addition of deuterated
amphetamine as the internal standard followed by heating the sample for 10
minutes at 100°C, after which the fiber was inserted into the headspace of the
vial for an additional 10 minutes (Jurado et al., 2000). The drugs were then
derivatized by inserting the fiber into another vial containing trifluoroacetic
anhydride at 60°C for 20 minutes followed by desorption in the injection port
of the GC-MS system for 5 minutes. Quantitation limits using this method were
10ng/mL for amphetamine and methamphetamine and 20ng/mL for meth-
ylenedioxyamphetamine and methylenedioxymethamphetamine. The linear
range for all four compounds was from 50 to 1000ng/mL. The authors also
evaluated direct immersion of the fiber into the urine sample. This gave com-
parable results to those seen with the headspace method; however, there were
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more compounds extracted using the immersion technique, opening that pro-
cedure to the potential for more interference. This method gave recoveries for
all four drugs of interest of at least 71%. The elevated temperature used
(100°C) with the urine sample in the SPME process was determined to be nec-
essary for high recovery of the methylenedioxy analogs. Amphetamine and
methamphetamine showed high recovery from urine at a much lower 
temperature (70°C).

Another method using SPME for analysis of amphetamine, methampheta-
mine, MDA, MDMA, and MDEA described the analysis of the underivatized
drugs as well as results following derivatization with propylchloroformate or
butylchloroformate (Ugland et al., 1999). Urine samples were placed into an
autosampler vial, followed by addition of methoxyphenamine as the internal
standard. Derivatization was accomplished by addition of derivatizing reagent
to the sample, and SPME was accomplished by immersion of the fiber into the
sample for 16 minutes. Results of these analyses showed that propylchlorofor-
mate completely derivatized the analytes under the conditions used, while the
derivatization of MDA and MDEA was incomplete using the butylchlorofor-
mate. Using the propylchloroformate derivative, the detection limit (S :N =
3:1) was determined to be 5ng/mL for methamphetamine, MDMA, and MDEA
and 15ng/mL for amphetamine and MDA. Linear ranges for all drugs were
from 100 to 10,000ng/mL. Samples were analyzed by GC with NPD and mass
spectrometry in both the electron ionization and chemical ionization modes.
Chemical ionization was suggested as an option to compensate for the relatively
low abundance of molecular ion in the electron ionization spectrum and the
potential for interference and perhaps even the misidentification of a com-
pound as a result. Another group, using immersion SPME, evaluated the analy-
sis of amphetamine and methamphetamine from urine following addition of
methoxyphenamine as an internal standard (Ugland et al., 1997). These
authors evaluated the derivatization of the drugs with methylchloroformate,
propylchloroformate, and butylchloroformate and showed that 2, 4, or 16mL
of these reagents, respectively, were sufficient to completely derivatize the drugs
within 1 minute. Analysis of the derivatives on a methylsilicone GC column 
(HP-1, 12m ¥ 0.2-mm i.d.) showed that the retention times, as expected,
increased with the increasing size of the derivatizing reagent. Amphetamine
and methamphetamine were successfully separated from each other and from
potentially interfering endogenous compounds when derivatized with the
propylchloroformate and butylchloroformate but not with methylchlorofor-
mate. These authors also reported the detection limit (S:N = 3:1) for both drugs
to be 50ng/mL. Quantitative analysis of amphetamine and methamphetamine
with the propylchloroformate and butylchloroformate derivatives showed the
amphetamine results to be more variable than was seen with methampheta-
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mine, regardless of the derivative used. This was assumed to be reflective of the
greater variability in extraction of amphetamine from the sample rather than
an association with the derivative or derivatization process. A headspace SPME
method is described for the analysis of a variety of drugs, including many
lipophilic basic drugs such as nicotine, amphetamine derivatives, local anes-
thetics, phencyclidine, ketamine, methadone, diphenhydramine, tramadol, tri-
cyclic antidepressants, and phenothiazines has been described for use with hair
samples (Sporkert and Pragst, 2000). This method used 4% sodium hydroxide
with excess sodium sulfate and a suitable internal standard as a one-step method
for the measurement of these drugs. Detection limits were between 0.05 and
1.0ng/mg with this method.

Several other methods have been described for the isolation of amphetamine
and methamphetamine from whole blood. One of these methods employed a
polydimethylsiloxane fiber in the headspace above the 0.5-mL sample of whole
blood at 80°C for a period of 5 minutes. This showed a limit of detection of 
10ng/mL and a linear range from 10 to 200ng/mL (Nagasawa et al., 1996).
Another headspace SPME method for isolation of amphetamine, metham-
phetamine, and fenfluramine from 0.5g of blood involved heating the sample
to 70°C following addition of deuterated methamphetamine as the internal
standard. The fiber was inserted into the headspace for 15 minutes to allow
adsorption of the drugs. The derivatizing reagent, heptafluorobutyric anhy-
dride, was then injected into the injection port, followed by insertion of the
SPME fiber. This procedure allowed simultaneous desorption and derivatiza-
tion of the analytes in the injection port (Namera et al., 2000). Another SPME
method for analysis of amphetamine and methamphetamine involved vapor-
phase derivatization with heptafluorobutyric anhydride using a device holding
six mL of 20% heptafluorobutyric anhydride in ethyl acetate (Song et al., 2000).
This procedure used serum samples (3mL) that were first diluted 1:3 with water
and buffer, followed by exposure of the fiber for 40 minutes. GC-MS analysis
was accomplished in both electron ionization and positive ion chemical ion-
ization modes. Detection limits (S :N = 3:1) using deuterated methampheta-
mine as the internal standard were 0.6 and 0.4ng/mL for amphetamine and
methamphetamine, respectively, when analyzed underivatized and 0.08 and
0.05ng/mL, respectively, when derivatized. The linear range for this procedure
was reported to be 0.5–200ng/mL. SPME of amphetamine and methampheta-
mine has also been reported from hair (Koide et al., 1996). Following base
hydrolysis of the hair, the SPME fiber was immersed directly into the sample.
The method showed linearity from 4 to 200ng/mg. Gentili et al. (2002)
described a headspace solid-phase microextraction GC-MS procedure for the
analysis of MDA, MDMA, MDEA, and MBDB in hair samples. The method gave
limits of detection of 0.7ng/mg and limits of quantitation of 1.90ng/mg for
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each of the analytes. The authors also suggested the procedure would be viable
for the screening of samples for other substances (amphetamine, metham-
phetamine, ketamine, ephedrine, nicotine, phencyclidine, methadone) in hair
and other biological matrices such as saliva, urine, and blood.

Although the technique requires little analyst intervention, the time for
analysis of each sample would limit current methods in high-volume laborato-
ries. Advances in this methodology and related technology and automation in
the future promise to enhance the utility of SPME as an analytical tool. Several
other procedures have been reported for the SPME of amphetamines (Yashiki
et al., 1995; Centini et al., 1996; Ishii et al., 1996; Benko et al., 1998).

A related technique called solid-phase dynamic extraction (SPDE) addresses
some of the issues raised regarding SPME. Automated headspace solid-phase
dynamic extraction is a solventless extraction method utilizing a hollow needle
with an internal coating of polydimethylsiloxane which is used to extract and
pre-concentrate the analytes of interest. In this case, the headspace is passed
through the needle by repeated aspirate/dispense cycles, thus allowing the
adsorption of analytes onto the stationary phase rather than just passive expo-
sure of the sorbent to the headspace as with SPME. As a result, analyte adsorp-
tion occurs more rapidly, thus saving time in the overall process. Following
adsorption, the needle is then placed into the injection port where it was rapidly
heated to desorb the derivatized analytes from the needle. Lachenmeier et al.
(2003) described the use of this procedure for the analysis of methadone, the
trimethylsilyl derivatives of cannabinoids and the trifluoroacetyl derivatives of
amphetamines (amphetamine, methamphetamine, MDA, MDMA, MDEA,
MBDB, and BDB) using GC-MS-MS. The authors reported the method to be
linear from 0.1–20ng/mg with limits of detection ranging from 6 to 52pg/mg
for each of the analytes. The signal-to-noise ratio gain by using MS-MS ranged
8–35 times more than obtained from single stage MS. SPDE was also reported
for the analysis of amphetamine, methamphetamine, MDA, MDMA, MDEA,
MBDB, and BDB in hair samples using GC-MS (Musshoff et al., 2002). In their
procedure, the analytes were derivatized by placing the needle into the head-
space of a second vial containing N-methyl-bis(trifluoroacetamide) after the
analytes were sorbed onto the needle. The authors reported the method 
was linear from 0.1–20ng/mg with limits of detection ranging from
0.03–0.19ng/mg for each of the analytes.

6.4.2 LIQUID CHROMATOGRAPHY/MASS SPECTROMETRY

The analysis of amphetamines using GC and GC-MS is far more common in
the United States than use of liquid chromatographic methods. Recently, the
use of liquid chromatography has expanded dramatically, particularly with the
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advent of less expensive instrumentation and easy-to-use computers. Interfaces
that allow ionization of column effluent at atmospheric pressure have also
opened the possibility of widespread use of mass spectrometry as a detector with
liquid chromatographic systems. Analysis of amphetamines using liquid chro-
matography refers here to high-performance liquid chromatography (HPLC),
an analytical tool used for analysis of many compounds, ranging from small
molecules such as the amphetamines to large biomolecules such as intact pro-
teins and nucleic acids. HPLC methods employ a wide variety of detectors, each
using different chemical principles imparting varying degrees of specificity.
Among the detectors commonly used with HPLC are ultraviolet (UV) at single
or multiple wavelengths, photodiode array (PDA), fluorescence, electrochemi-
cal (EC) and mass spectrometers (MS) using several different ionization tech-
niques. Each of these detectors has its advantages and limitations.

Although a number of methods have been described for the analysis of
amphetamines by HPLC without derivatization, amphetamines are not strong
UV absorbers and have no native fluorescence. They are also not strongly elec-
tronegative and therefore do not lend themselves to electrochemical detection.
As a result, these detectors are of limited use. Despite these limitations, a
number of successful procedures have been described on the analysis of
amphetamines using HPLC without derivatization (Garrett et al., 1991; Hartley
et al., 1993; Michel et al., 1993; Helmlin et al., 1996; Katagi et al., 1996; Bogusz
et al., 1997; Li et al., 1997). Although these are viable methods, because of low
absorbances, detection of low concentrations is often difficult. Derviatization
does enhance the chromatographic behavior of the amphetamines, although
they typically demonstrate better chromatographic behavior in HPLC than 
they do on GC. In addition, sensitivity can also be greatly increased when using
a derivatizing reagent. Amphetamines exhibit their own, albeit weak, UV
absorbance that can be used for their detection. Derivatives are available,
however, that impart stronger UV absorbance, thus increasing the signal, which
increases the ability to detect the compounds. Other derivatives can be used to
impart fluorescent or electrochemical characteristics that provide a strong
signal with the appropriate detector.

A method has been described for the analysis of MDA, MDMA, MDEA, and
N-methyl-benzodioxazolylbutanamine (MBDB) from urine, serum, saliva, and
powdered samples using HPLC with fluorescence detection (Mancinelli et al.,
1999). The method did not employ extraction of the analytes from the sample.
Instead, the samples (100mL) were diluted with 900mL “reagent 1” (Cat. No.
ECT-LC0050; Bracco, Milan, Italy) and vortex mixed, and 50mL were injected
into the HPLC. Samples with drug concentrations of less than 50ng/mL were
analyzed without dilution. The analytical column (LiChrocart-LiCrospher 100
RP-18; 250 ¥ 4mm; Merck) was protected by a guard column (LiChrocart-
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LiCrospher 100 RP-18; 4 ¥ 4mm), which was changed every 30 injections when
using undiluted samples and every 50 injections when using diluted samples.
Fluorescence detection was accomplished at an excitation wavelength of 290
nm, and emission was monitored at 320nm. Detection limits were 10ng/mL
using sample dilution and 2ng/mL without dilution. The method was shown
to be linear to 10,000ng/mL using standard solutions but only to 1000ng/mL
in biological matrices. Because there was no extraction, recovery of the method
was excellent, with the lowest reported as 97%. The relative standard deviations
were 5% and 8%, respectively, for within-run and between-run for all analytes.
Solid tablets were analyzed for MBDB by first pulverizing the tablets and adding
the powder to 1mL of methanol. An aliquot of this was diluted with water to
10-6 and injected into the HPLC. Quantitation was accomplished by com-
paring peak areas of unknowns against three-point calibration curves made 
at 250, 500, and 1000ng/mL in water, urine, serum, and saliva. Related com-
pounds, 4-bromo-2,5-dimethoxyamphetamine, 4-bromo-2,5-dimethoxy-b-
phenethylamine, and 2,5-dimethoxy-4-methylamphetamine, were not tested by
this method since these drugs do not exhibit native fluorescence and are there-
fore undetectable. Another procedure for the analysis of amphetamine and
methamphetamine using HPLC with fluorescence detection has been de-
scribed (Al-Dirbashi et al., 2000b). This procedure improved on a method 
previously described by the same authors (Al-Dirbashi et al., 1998b) by scaling
the procedure down to use a semi-micro HPLC column (250 ¥ 1.5-mm i.d.;
Capsell Pak C18 UG 120 S5; Shiseido) for quantitation and a Chiralcel OD-RH
column (150 ¥ 2-mm i.d.; Diacel) for analysis of amphetamine and metham-
phetamine enantiomers.

Another method using fluorescence detection of MDMA and MDEA and
their metabolites 3-hydroxy-4-methoxymethylamphetamine (HMMA) and 3-
hydroxy-4-methoxyethylamphetamine (HMEA) was used to study enantio-
selective metabolism. The procedure described the analysis from blood, urine,
and brain following solid-phase extraction of the samples. Samples were
hydrolyzed with b-glucuronidase/arylsulfatase and protein precipitated using
1mL of polyethylene glycol (PEG 6000). Because of the use of fluorescence
detection, internal standards that gave a different retention time from the
analyte of interest were required. In this case, N-propyl-3,4-methylene-
dioxyphenethylamine and N-ethyl-3,4-methylenedioxybenzylamine were used
as internal standards. The mobile phase was 20 mM phosphate buffer, 
50mM sodium EDTA, and 8% methanol (MDMA) or 7% isopropanol (MDEA)
at a flow rate of 0.7mL/minute. Fluorescence was measured with an emission
wavelength of 322 nm and extinction wavelength of 286 nm (Meyer, A. et al.,
2002).
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Another HPLC method for the identification of amphetamines, including
amphetamine, methamphetamine, MDA, MDMA, MDEA, ephedrine, and
phenylpropanolamine, used dimethylamine as internal standard (Talwar et 
al., 1999). This procedure employed precolumn derivatization with sodium
napthaquinone-4-sulphonate. Detection of the compounds was based on mon-
itoring in the UV at 260nm and in the visible at 450nm. Each of the analytes
absorbed at both wavelengths and each exhibited a different ratio between the
two absorbances, thus adding confidence to the identification of the com-
pounds of interest. Quantitation was accomplished with the internal standard
method using the absorbance at 450nm. While the absorbance at 260 was twice
the intensity as was seen at 450nm, it was deemed to be less specific. Detection
limits using 450-nm absorbances were 90 ng/mL for methamphetamine, 
105 ng/mL for amphetamine, 120 ng/mL for MDMA, and MDEA, and 
135ng/mL for MDA. Quantitation limits were 210ng/mL for methamphet-
amine, 230ng/mL for amphetamine, 250ng/mL for MDMA, 270ng/mL for
MDEA, and 330ng/mL for MDA. The limit of quantitation was defined as the
concentration of analyte that gave a signal-to-noise ratio of 10. Identification 
of the drugs was based on the ratio of absorbances as compared to the average
ratio obtained from analysis of controls containing the drugs at known con-
centrations. The criteria for identification of a compound required the ratio 
of an unknown sample be within two standard deviations of the ratio of the
controls. The authors noted this method to be more specific and sensitive 
than thin-layer chromatography as a confirmation method for immunoassay
positive samples. The viability of the assay is, however, dependent on the level
of sensitivity of the assay. Using a cutoff concentration of 500ng/mL, assuming
the need for control samples at lower concentrations, the method is adequate.
At lower concentrations, however, the method may not have adequate 
sensitivity using the 450-nm wavelength.

Santagati et al. (2002) described an HPLC method for the analysis of amphet-
amine and 4-hydroxynorephedrine. The method used electrochemical detec-
tion of the 2,5-dihydroxybenzaldehyde derivatives of the analytes on a
borohydride exchange resin. The analysis was performed on a 5-micron Hyper-
sil ODS RP-18, 15CM reversed phase column, using a methanol-sodium phos-
phate buffer (50mM, pH 5.5) (30:70 v/v) containing triethylamine (0.5% v/v)
mobile phase with the electrode set to an oxidation potential of +0.6V. The
assay proved linear from 10–40nm/mL.

A method describing the analysis of amphetamine, methamphetamine,
MDA, MDMA, MDEA, and eight other sympathomimetic amines by HPLC 
utilized UV at 250nm, photodiode array, and atmospheric pressure chemical
ionization (APCI) for detection of the analytes (Bogusz et al., 1997). The
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method produced viable results with each of the detection techniques,
although the detection limits were substantially lower using selected ion mon-
itoring APCI, which gave limits of detection of 1ng/mL for methamphetamine,
MDMA, and MDEA and 5ng/mL for amphetamine and MDA, compared to
levels ranging from 50 to 100ng/mL using single-wavelength UV and 10–
30ng/mL with PDA.

Fitzgerald et al. (1999) described use of a REMEDi HS (Bio-Rad Diagnos-
tics) coupled with an ion trap mass spectrometer using an electrospray inter-
face. The ion trap had the capability of MS-MS analysis. The REMEDi has the
advantage of having a series of columns built, which allows injection of samples
directly into the system. Seventeen different basic drugs were evaluated using
this system without any evidence of interference. The method was used for qual-
itative analysis, with the exception of benzoylecgonine, which was evaluated
quantitatively. Another study used the REMEDi system to analyze amphetamine
and related compounds (Felscher and Schulz, 2000). This study compared the
results of the analysis of amphetamine, methamphetamine, MDMA, MDA,
MDE, MBDB (N-methyl-1-(3,4-methylenedioxyphenyl)-2-butanamine), BDB
(3,4-(methylenedioxyphenyl)-2-butanamine), PMA (4-methoxyamphetamine),
DOM (2,5-dimethyloxy-4-methylamphetamine), DOB (4-bromo-2,5-dimethy-
loxyamphetamine), amphetaminil, pholedrine, fenfluramine, and amfepra-
mone. The REMEDi assay gave detection limits of 100ng/mL for all except
d,l-methamphetamine (500ng/mL), MDMA and BDB (300ng/mL), and fen-
fluramine (200ng/mL). These are contrasted to substantially higher levels
required for the Triage and, for most analytes, the FPIA assays. Another method
using tandem mass spectrometry for the analysis of drugs from urine and serum
was described by Weinmann and Svoboda (1998). The procedure used solid
phase extraction of the samples and direct injection of the extract into the LC-
MS without a column to separate the analytes. MS-MS capability was used to
isolate parent ions of the drugs of interest and their deuterated analogues. After
isolation of the ions at a single m/z the ions were collisionally dissociated to
produce product ions to provide increased confidence in the identification.
This process is very selective and sensitive with applicability to a wide variety of
analytes. Eliminating the chromatography significantly decreases the analysis
time. Another method using tandem mass spectrometry for the analysis of drugs
from urine and serum was described by Weinmann and Svoboda (1998). The
procedure used solid-phase extraction of the samples and direct injection of
the extract into the LC-MS without a column to separate the analytes. MS-MS
capability was used to isolate parent ions of the drugs of interest and their
deuterated analogs. After isolation of the ions at a single m/z, the ions were 
collisionally dissociated to produce product ions to provide increased con-
fidence in the identification. This process is very selective and sensitive, with
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applicability to a wide variety of analytes. Eliminating the chromatography 
significantly decreases the analysis time.

Analysis of amphetamines in hair using liquid chromatography has been
described by a number of investigators. One method used HPLC with fluores-
cence detection to assay segmented hair for amphetamine and methampheta-
mine. The hair samples were extracted into acidified methanol and derivatized
with 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoyl chloride. Chromatography was
accomplished using TRIS buffer (pH 7.0):methanol (30:70 v/v) through a 
C-18 column (250 ¥ 4.5-mm i.d.) at 35°C and fluorescence detection using 
an excitation wavelength of 330nm and an emission wavelength of 440nm. 
The method had detection limits (S:N = 3:1) of 51.4 and 74.6pg/mg of hair
for amphetamine and methamphetamine, respectively (Al-Dirbashi et al.,
1999a). HPLC with fluorescence detection was used in another procedure 
for the analysis of MDA, MDMA, and MDEA in hair (Tagliaro et al., 1999). 
Hair samples (100mg) were incubated overnight in 1ml of 0.25M HCl at 45°C.
After extraction, the dried extract was reconstituted in 500mL of 0.05M 
phosphate buffer (pH 5.2) and injected into a poly(styrene-divinylbenzene)
column (250 ¥ 4.6-mm i.d.) and chromatographed with a mobile phase of 
0.1M potassium phosphate (pH 3) :acetonitrile (82 :18 v/v). Fluorometric 
detection was accomplished with an excitation wavelength of 285nm and 
emission at 320nm. Total run time was approximately 30 minutes. The limit of
detection (S:N = 5:1) was less than 1ng/mL, allowing a cutoff of 0.1ng/mg in
the hair. Relative standard deviations were 1–3% at low concentrations but
decreased to 0.52–0.88% at concentrations of 10–100ng/mL. Potential inter-
ference was evaluated using nearly 100 samples, and none was detected in 
any of the samples.

Amphetamine and methamphetamine were detected in hair by an HPLC
method using chemiluminescence detection (Takayama et al., 1997). The
method described the use of a single human hair sample that was washed with
water and methanol, cut into pieces and extracted with ultrasonication in a
methanol and hydrochloric acid solution for 1 hour, and then allowed to stand
at room temperature overnight. After evaporation, 0.1mL of carbonate buffer
and 0.1mL of dansyl chloride solution were added and the solution heated at
45°C for 1 hour, followed by injection into the HPLC. The postcolumn reagents
bis(2,4,6-trichlorophenyl)oxalate and hydrogen peroxide were used for detec-
tion. The detection limit was approximately 2pg/20mL injected and about 
20pg in a single hair sample, which represents lower levels than seen with 
GC-MS analysis.

A method to analyze the methylenedioxy analogs MDA, MDMA, and MDEA
in blood, serum, urine, and vitreous humor using HPLC with fluorescence
detection of the underivatized compounds has been described. The method
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also used liquid chromatography–quadrupole orthogonal acceleration time-
of-flight mass spectrometry–mass spectrometry to analyze the samples. The
authors synthesized an MDMA analog, methylenedioxymethylpropylamphet-
amine (MDMPA), to use as an internal standard. This compound was selected
because it was chromatographically separated from the other analytes, a
requirement for use with fluorescence detection. Another important factor in
its selection was its unique structure. The authors noted that poorly conducted
illicit synthesis of the methylenedioxy analogs might produce the monopropyl,
monobutyl, dimethyl, or diethyl forms of MDA, thus making their use as an
internal standard potentially problematic. Deuterated isotopomers could be
used for quantitative analysis using mass spectral analysis but not with fluores-
cence detection. The procedure involved extraction of 250mL of sample by
addition of 1mL of water and internal standard and pH adjustment to 9.5 with
carbonate buffer. Hexane:ethyl acetate (7:3 v/v) was used to extract the drugs,
and the organic phase was evaporated after addition of 50mL of methanolic
HCl to prevent evaporative losses. The dried extract was reconstituted in mobile
phase (100mL for blood, serum, and vitreous humor, 250mL for urine) and
injected into the liquid chromatograph. Detection was accomplished using flu-
orescence and mass spectral analysis. The procedure used a gradient elution
through a Hypercil BDS C-18 column (100 ¥ 2.1mm; Alltech), giving retention
times of 13.1–17.1 for the drugs and internal standard. The methylenedioxy
amphetamines have natural fluorescence, which was monitored with excitation
at 288nm and emission at 324nm. Electrospray ionization mass spectral analy-
sis showed M + H+ ions at 180.1, 194.1, 208.1, and 236.1 for MDA, MDMA,
MDEA, and MDMPA, respectively. Collisionally induced product ion spectra
showed a single fragment ion at m/z 163.1 in each of these spectra. The assay
was linear over the range of 2–1000ng/mL for blood, serum, and vitreous
humor and 0.1–5.0mg/mL for urine. Relative standard deviations across the
linear range for all analytes ranged from 2.5% to 19%, with the greatest vari-
ability seen at 2ng/mL with blood, serum, and vitreous humor. Higher drug
concentrations showed much lower variability. The detection limits for the assay
were 0.8ng/mL for each of the analytes in blood, serum, and vitreous humor
and 2.5ng/mL in urine. The quantitation limit was defined as the lowest con-
centration on the calibration curves (2ng/mL for each of the analytes with
blood, serum, and vitreous humor and 0.1mg/mL in urine).

Chiral analysis of amphetamines using liquid chromatography has been
described by a number of investigators. Various derivatives have been used 
for the analysis, including precolumn derivatization using Marfey’s reagent (1-
fluoro-2,4-dinitrophenyl-5-l-aniline amide) with fluorescence detection (Foster
et al., 1998). Results using this derivative were compared with (-)-1-(9-fluo-
renyl)ethyl chloroformate (FLEC) and both were determined to produce com-

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S408



parable results. Other procedures utilizing derivatized amphetamines include
(-)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride (MTPA) (Miller et al.,
1984; Shin and Donike, 1996; Fallon et al., 1999), R-(+)-1-phenylethylisocyanate
(PEIC), 2,3,4-tri-O-acetyl-a-d-arabinopyranosyl isothiocyanate (AITC) (Miller 
et al., 1984), 2,3,4,6-tetra-O-acetyl-b-d-glucopyranosyl isothiocyanate (GITC)
(Miller et al., 1984; Noggle and Clark, 1986), 4-nitrophenylsulfonyl-l-prolyl chlo-
ride (NPSP) (Barksdale and Clark, 1985), (-)-1-(9-fluorenyl)ethyl chlorofor-
mate (FLEC) (Bourque and Krull, 1994; Hutchaleelaha et al., 1994; La Croix
et al., 1994; Sukbuntherng et al., 1995; Herraez-Hernandez et al., 1996; Foster
et al., 1998), 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoyl chloride (DIB-Cl) (Al-
Dirbashi et al., 1998a, 1998b, 1999a, 1999b, 2000a), and fluorenylmethyl-
chloroformate-l-prolyl chloride (FMOC) (Gao and Krull, 1989). Enantiomeric
separation has also been accomplished by using o-phthaldialdehyde and an opti-
cally active thiol (Spahn-Langguth et al., 1992; Desai and Gal, 1993). Three dif-
ferent derivatives (1,2-naphthoquinone-4-sulfonate, o-phthaldialdehyde, and
9-fluorenylmethyl chloroformate) were evaluated using precolumn derivatiza-
tion and column switching. The derivatization was accomplished in a precol-
umn packed with unmodified ODS stationary phase into which the derivatives
were injected, followed by separation of the derivatized analytes on an analyti-
cal column (Herraez-Hernandez et al., 1996).

The chiral derivative 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoyl chloride (DIB-
Cl) was used for the separation of enantiomers of amphetamine, metham-
phetamine, and 4-hydroxymethamphetamine. The extract was derivatized for
10 minutes at room temperature, followed by chromatography through an ODS
column and fluorescence detection with excitation at 330nm and emission at
440nm. The detection capability of the assay was at least comparable to, and in
some cases better than, most published procedures, owing to the strong fluo-
rescent properties of this derivative. The same investigators evaluated a chiral
column (Chiralcel OD-R) to separate the enantiomers but found it to be infe-
rior to derivatization because it was not able to separate the d-enantiomers of
amphetamine and methamphetamine (Al-Dirbashi et al., 1998a, 1998b).

Enantiomer analysis of amphetamine, methamphetamine, and p-hydroxy-
methamphetamine using both HPLC and LC-MS has been described. The 
procedure used solid-phase extraction of urine samples followed by chroma-
tography on a beta-cyclodextrin phenylcarbamate-bonded silica column. The
mobile phase used for HPLC analysis was acetonitrile:methanol:50mM po-
tassium phosphate buffer (10:30:60 v/v/v) at a flow rate of 1mL per minute.
Detection limits were 50ng/mL for d-amphetamine, l-amphetamine, and 
d-methamphetamine enantiomers and 100ng/mL for l-methamphetamine.
The linear range of the assay was 200–20,000ng/mL, with relative standard devi-
ations of less than 2.5% at 2000ng/mL for each analyte. The mobile phase used
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for thermospray LC-MS analysis was acetonitrile:methanol:100mM ammonium
acetate (10:30:60 v/v/v). The detection limits for this assay were 10–20ng/mL
using full-scan mode and 0.5–1ng/mL using selected ion monitoring, sub-
stantially more sensitive than the HPLC method (Katagi et al., 1996).

The advent of LC/MS/MS with its ability to handle samples with a minimum
of processing before analysis was described as an alternative for immunoassay
screening. Although immunoassays are relatively rapid and inexpensive, they
require different reagents for each drug class and the availability for some drug
classes is limited and often within a class, no differentiation of the specific 
analytes can be made. One study evaluated the use of LC/MS/MS for the
screening of samples for amphetamines. The procedure was compared with 
the Roche Online Amphetamines immunoassay with GC/MS confirmation.
The LC/MS/MS procedure was able to identify nearly four times as many
samples as containing MDMA and MDA as was the immunoassay, leading the
authors to suggest the procedure could be used as an alternative to immunoas-
says in drugs-of-abuse screening (Nordgren and Beck, 2003).

Several studies have described the use of HPLC to analyze the enantiomers
of amphetamine and methamphetamine in hair samples. One group (Nagai et
al., 1988) described the separation of amphetamine and methamphetamine
enantiomers at various concentrations and enantiomer proportions and with
different column conditions. The authors reported that chromatography at
40°C produced optimal separation of the analytes. The relative standard devi-
ations seen using this method were less than 4% (1000ng of d,l-methampheta-
mine and d,l-amphetamine added to five hair samples). Analysis of several
authentic hair samples from drug users by these investigators revealed only the
d-enantiomer was present. More recently, another group (Al-Dirbashi et al.,
1999b) used HPLC with fluorescence detection after derivatization with 4-(4,5-
diphenyl-1H-imidazol-2-yl)-benzoyl chloride for enantiomer determination of
amphetamine, methamphetamine, and the metabolite 4-hydroxymethamphet-
amine in hair and urine samples. The HPLC method was compared with an
established GC-NPD method and showed reasonably good correlation (r =
0.901). Another study described the analysis of amphetamine and metham-
phetamine from samples of a single hair, including separation of the drug enan-
tiomers (Al-Dirbashi et al., 2000a). The procedure described for quantitative
analysis involved extraction of the drugs into 5% trifluoroacetic acid in
methanol followed by derivatization with 4-(4,5-diphenyl-1H-imidazol-2-yl)-
benzoyl chloride to impart strong fluorescence properties.

Chromatography was with a C-18 column (250 ¥ 1.5-mm i.d.) and was able
to easily resolve the compounds from each other and potential interference.
Enantiomer separation was accomplished using an OD-RH column (150 ¥
2-mm i.d.), which readily separated the drug enantiomers from each other.

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S410



Within-run and between-run relative standard deviations for both methods were
less than 9%. Detection limits (S:N = 3:1) were in the range of 1.0–4.7fmol/
5mL injection for both methods; however, the achiral method was the more 
sensitive of the two. These low detection limits allowed accurate analysis of 
only a single strand of hair. These authors reported analysis of enan-
tiomers from samples obtained from abusers and found all to contain only the
d-enantiomer.

Direct enantiomer separation has been reported by a number of investiga-
tors. Aboul-Enein and Serignese described a direct, isocratic method, the 
enantiomeric resolution of cathinone, amphetamine, norephedrine, and 
norphenylephrine on an S-18-crown-6-ether chiral stationary phase (Aboul-
Enein and Serignese, 1997). Use of chiralcel OB and chiralcel OJ columns in
series was used by Nagai and Kamiyama (1991) for the enantiomeric separa-
tion of amphetamine, methamphetamine, and hydroxy metabolites of samples
of the drug confiscated on the street and from the urine of users. Using the
combination of l-TPC and a chiral column (N-3,5-(dinitrobenzoyl)phenyl-
glycine) to separate the enantiomers of amphetamine and methamphetamine
proved unsuccessful, in that the d- and l-enantiomers of methamphetamine
were not completely separated by this method (Hayes et al., 1987). Another
method for the analysis of enantiomers of amphetamine and methampheta-
mine in hair samples of abusers of confiscated drug material used two chiral
columns (Chiralcel OB and Chiralcel OJ) connected in series. The drugs were
extracted and their acetyl derivatives chromatographed at 50°C using hex-
ane:isopropanol (9:1, v/v) as the mobile phase, with monitoring at 220nm.
Other direct separation methods have also been described (Nagai and
Kamiyama, 1990; Nagai et al., 1995; Makino et al., 1999).

Polarimetry has also been used to study the stereoselective disposition of
MDA, MDMA, and MDEA. In this case, HPLC with UV detection was used to
identify the analytes, and polarimetry was used to discern the optically active
forms of these drugs by monitoring the rotation of light (Matsushima et al.,
1998a). This simple method requires only the availability of the detector, since
the optical activity of the compounds is an inherent chemical property and
requires no special column or derivatization.

Although most solid-phase microextraction (SPME) procedures are used to
prepare samples for GC analysis, a procedure for the analysis of amphetamine,
methamphetamine, and their methylenedioxy analogs MDA, MDMA and
MDEA using SPME followed by LC-MS analysis has been described (Kataoka et
al., 2000). This procedure used the direct immersion of the open tubular fiber
into the sample, with 15 cycles of drawing 15mL of the sample matrix into the
capillary followed by ejection of the sample. Desorption of the analytes in this
case was accomplished by the mobile phase. This method resulted in linear
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ranges of 2–100ng/mL for each of the analytes and recoveries of greater than
81%, allowing detection limits (S:N = 3:1) ranging from 0.38 to 0.82ng/mL
using electrospray mass spectral analysis. Methamphetamine was used as the
prototype basic drug in an examination of SPME and its application to gas chro-
matography, capillary electrophoresis, and HPLC (Rasmussen et al., 2000).
These investigators found that a two-phase system worked well for preparation
of samples for GC analysis and a three-phase system worked well with capillary
electrophoresis and HPLC with detection limits (S :N = 2:1) of 2ng/mL of
plasma using GC, 3ng/mL using capillary electrophoresis, and 700pg/mL 
with HPLC. Detectors used in this study were NPD for the GC, UV at 200nm,
and fluorescence (excitation 249nm; emission 302nm) detection for the 
HPLC.

Capillary electrophoresis as a separation technique has grown significantly
over the past few years, particularly in the area of forensic toxicology. One of
the first uses of capillary electrophoresis in the analysis of drugs of forensic
interest was described not long ago (Weinbeger and Lurie, 1991). Capillary
electrophoresis uses either electrophoretic or electrokinetic separation or both.
Some advantages of capillary electrophoresis include analysis of analytes from
various matrices, with relatively little sample preparation and often no require-
ment for derivatization, a feature in common with liquid chromatography. 
Capillary zone electrophoresis (CZE) and micellar electrokinetic capillary chro-
matography (MECC) are the two most commonly used methods of capillary
electrophoresis. Critical evaluation of fundamental parameters such as pH, stir-
ring, temperature, addition of salts, and selection of sorbents has led to signif-
icant improvements of this technique over the past several years. A significant
advantage of capillary electrophoresis is its simplicity and low sample volume
requirements. Because of the small size of the capillary, typically 20–100mM i.d.,
and 20–100cm in length, only small amounts of sample are needed. Conse-
quently, sample volumes of less than 0.1mL are common. As a consequence, 
in the forensic environment where sample volume can be a significant limita-
tion, this technique offers some advantages. Analysis time is the drawback of
this technique as is the difficulty of combining this technique with mass spec-
trometry. Advances in nanospray interfaces and sample stacking techniques
should make this a mainstream analytical tool. Several reviews of the technique
and its application have been published (Lloyd, 1996; Bojarski and Aboul-
Enein, 1997; Leveque et al., 1997; Tagliaro et al., 1997; von Heeren and 
Thormann, 1997; Brunner and DiPiro, 1998; Shihabi, 1998; Thormann and
Caslavska, 1998; Thormann et al., 1998, 1999; Manetto et al., 2000; Zaugg 
and Thormann, 2000).

Detection of amphetamine, methamphetamine, 2-phenethylamine, 4-
hydroxyamphetamine, and 4-hydroxymethamphetamine in urine using 1-
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phenethylamine as the internal standard has been described using both CZE
and MECC (Kuroda et al., 1998). These authors employed both UV and 
fluorescence detection. Using UV, the detection limits were in the low 
femtomole-per-injection range when using a 50-mL sample. Detection limits in
the low to mid-attomole-per-injection range was obtained using laser-induced
fluorescence detection. Since amphetamines do not exhibit native fluores-
cence, derivatization with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) was
used to facilitate fluorescence detection.

Amphetamine, methamphetamine, MDA, MDMA, and methadone and its
metabolite were analyzed from urine samples using capillary electrophoresis
with multiple-wavelength (rapid scanning from 195 to 320nm) detection.
Amphetamine, methamphetamine, MDA, and MDMA could be detected at
microgram-per-milliliter concentrations by directly injecting the urine sample.
Using a simple liquid–liquid extraction procedure, detection limits between
100 and 200ng/mL were achieved. Electrospray ionization (ESI) mass spectral
analysis was also described in this study. The ESI-MS procedure used a 70-cm
capillary, which was longer than the 60cm (55.4cm to the detector) for the UV
detection; differences in buffer, injection procedure, and applied voltage
resulted in shorted analysis time, with all analytes eluting in less than 3.6
minutes. The selectivity of mass spectrometry allowed this rapid analysis 
even though not all peaks were baseline separated. Identification of the ana-
lytes was made by monitoring their M + H+ ions, which allowed selective iden-
tification of peaks even when not chromatographically separated. Further
confirmation of the identity of the analytes was accomplished by evaluation of
the product ion spectra of these analytes, significantly adding to the confidence
of identification. Amphetamine was monitored by the transition from m/z 136.1
to m/z 119.1, methamphetamine from m/z 150.1 to m/z 119.1, MDA from m/z
180.1 to m/z 163.1, and MDMA from m/z 194.1 to m/z 163.1 (Ramseier et al.,
2000).

Chinaka et al. (2000) described a capillary electrophoresis method for 
the analysis of amphetamine, methamphetamine, dimethylamphetamine,
ephedrine, norephedrine, methylephedrine, MDA, MDMA, and MDEA enan-
tiomers in urine using a mixture of beta-cyclodextrin and heptakis(2,6-di-O-
methyl)-beta-cyclodextrin added to the electrolyte. Detection limits for all
enantiomers were 100ng/mL and linear ranges for ephedrine and metham-
phetamine were 0.2–500mg/mL. Another capillary electrophoresis method for
the analysis of enantiomers of MDMA, its metabolites MDA, and HMMA has
been described using (2-hydroxy)propyl-beta-cyclodextrin at 10 and 50mM in
50mM phosphate buffer (pH 2.5) to separate the enantiomers. The method
was linear from 125–2000, 50–1000, and 125–1500ng/mL for each enantiomer
of MDMA, MDA, and HMMA, respectively (Pizarro et al., 2002).
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The use of capillary electrophoresis for the analysis of hair samples is also
gaining momentum, and several investigators have published procedures for a
variety of drugs, including the amphetamines. A review of hair analysis, includ-
ing a discussion of capillary electrophoresis applications, has been published
and noted this technique to hold significant promise (Tagliaro et al., 1997).
Hair analysis using RIA, HPLC, and capillary electrophoresis for evaluation of
chronic exposure to heroin, cocaine, or MDMA has been described. Using a
field-amplified sample stacking described earlier by this group (Tagliaro et al.,
1998b), the authors obtained head-column concentration factors of over 100.
This gave sufficient sensitivity to allow use of capillary electrophoresis with UV
detection (Tagliaro et al., 2000). The use of capillary zone electrophoresis with
field-amplified sample stacking was described by Tagliaro et al. as a method for
the analysis of hair samples for the presence of morphine, cocaine, and MDMA
(Tagliaro et al., 1998b). Electrophoresis was accomplished using a 100mM phos-
phate running buffer (pH 2.5) with an applied potential of 10kV at 20°C. Detec-
tion was by monitoring UV absorption at 200nm or between 190 and 400nm.
Dried hair extracts were reconstituted in 0.1mM formic acid, the injection end
of the capillary was then dipped in water for five seconds, a plug of 0.1mM
phosphoric acid was loaded by applying 0.5psi for 10 seconds, and the sample
was electrokinetically injected at 10kV for 10 seconds. Using this technique, the
limit of detection (S:N = 5:1) for MDMA was 2ng/ml.

Chiral analysis of amphetamines can also be accomplished using capillary
electrophoresis. An example of chiral analysis of the enantiomers of amphet-
amine, methamphetamine, MDA, MDMA, MDEA, and ephedrine using beta-
cyclodextrin as the chiral agent has been described. In this case, an uncoated
capillary (45cm ¥ 50-mm i.d.) was used at a potential of 10kV with pH 2.5 phos-
phate buffer. Detection of the drugs was accomplished by monitoring at 
200nm or by scanning from 190 to 400nm. This procedure proved successful
for analysis of urine with a simple liquid–liquid extraction. Analysis of hair
samples was also accomplished but required field-amplified sample stacking to
obtain the sensitivity necessary to detect the levels of MDA, MDMA and 
MDEA typically seen in the hair of abusers (Tagliaro et al., 1998a). Another 
method described the chiral separation of amphetamine, methamphet-
amine, ephedrine, pseudoephedrine, norephedrine, and norpseudoephedrine
using capillary electrophoresis and found it to be better than a standard 
HPLC procedure (Lurie, 1992). This method provided baseline separation for
each of the drugs studied, with the exception of (-)-ephedrine and (+)-
pseudoephedrine.

(2-Hydroxypropyl)-b-cyclodextrin was used as the chiral selector to separate
the enantiomers of amphetamine, methamphetamine, and MDMA as well as
methadone and its metabolites (Ramseier et al., 1999). Following a simple
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extraction procedure, sample extracts were analyzed by capillary electrophore-
sis with UV determination at either a single (200nm) or multiple wavelengths
(195 and 320nm). Achiral analysis was accomplished using the same method
without addition of the chiral selector. This procedure was used to assist in dif-
ferentiation of the use of methamphetamine from that of a Vicks inhaler or an
anti-Parkinson drug (deprenyl) based on the enantiomeric characteristics of
the analytes.

Scarcella et al. (1997) described the chiral analysis of amphetamine,
methamphetamine, and ephedrine using b-cyclodextrin in urine and hair
samples. Various experimental conditions, such as the type and concentration
of cyclodextrin, voltage, temperature, buffer concentration, and pH were eval-
uated. The authors determined that the optimal conditions were obtained
using a bare fused-silica capillary (40cm ¥ 50 microns i.d.), 150mM phosphate
buffer (pH = 2.5), 15mM b-cyclodextrin at 10kV with the temperature set at
17.5°C. Detection was accomplished using UV absorption at 200nm. Under
these conditions, amphetamine, methamphetamine, and ephedrine were easily
separated, with baseline resolution of the respective enantiomers. Sensitivity was
reported to be better than 300ng/mL. Other methods for the chiral analysis
of amphetamines using capillary electrophoresis have been described by a
number of investigators (Guttman, 1995; Sevcik et al., 1996; Lanz et al., 1997;
Scarcella et al., 1997; Varesio et al., 1997; Lurie et al., 1998).

7.5 COMPARATIVE ANALYSIS AND PROFILING

Identification of the source of amphetamine and/or methamphetamine can be
a difficult task. There is much, however, that can be determined by evaluation
of the drug and its metabolites, potential precursors, and impurities. Pharma-
ceutical amphetamine and methamphetamine are high-purity drugs that can
often be separated from illicitly produced drugs that typically are not purified
to the high degree seen in the legitimate pharmaceutical industry. In addition,
depending on the reaction pathway used in the manufacturer of the drug, char-
acteristic profiles of precursors and reaction by-products can be used to deter-
mine if the material is consistent with legitimate manufacture. Profiling of
contaminants found in the illicit preparation of methamphetamine as a means
of identification of the source of the drug as not being from a legitimate source
has been reported and is described later in this chapter. The profiling of drugs
seized by law enforcement has long been used to associate illicit material with
the synthetic mechanism, precursors used, matching material to a single “lab”
or even batch of material. Analysis of some of these impurities and their
metabolites has also been used to investigate that identification of illicit 
material in biological samples.
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Analytical data from the analysis of biological samples can provide a great
deal of information useful to the interpretation of the source of the drug, not
only from looking at an impurity from illicit synthesis, as mentioned earlier, but
also to differentiating several potential sources of the drugs. From the most 
fundamental evaluation of a sample that contained methamphetamine and
amphetamine, it can unequivocally be said that the findings were not the result
of the administration of amphetamine, for there is no methylation of amphet-
amine to methamphetamine in the body. Similarly, there is no racemization of
the amphetamines. Therefore the presence of d-enantiomer in a biological
sample could not have come from administration of the l-enantiomer. It is often
not possible with these simple facts to determine if the use was from a legiti-
mate medical source. It is, however, sometimes possible to exclude a legitimate
source, depending on the circumstances. As an example, the presence of d-
methamphetamine in a sample alleged to be the result of Vicks inhaler use
would demonstrate the allegation to be false because the Vicks inhaler contains
only the l-enantiomer. Oftentimes, unfortunately, results are not so easily inter-
preted. There are, however, substantial scientific data to evaluate results from
the analysis of biological samples to assist in determining if the source of the
drug in the biological samples was from use of a legitimate medical produce or
not. One of the challenges in this interpretation is the fact that, in addition to
prescription forms of amphetamine and methamphetamine, methampheta-
mine is found in the Vicks inhaler distributed in the United States. In addition,
a number of other drugs are metabolized by the body to methamphetamine
and/or amphetamine. While it is not possible to easily differentiate all of the
drugs from other sources, it is possible to differentiate some of them with rel-
ative ease. This section of the chapter illustrates the use of analytical data to
differentiate the source of drug material and help assess its origin.

7.5.1 ILLICIT MATERIAL

The process of examination of solid drug material can provide important infor-
mation. Both strategic and tactical information can be gained from examina-
tion of the compounds found in the material in addition to the drug itself.
From determination of the synthetic origin of the drug to assessment of
whether or not two or more samples (exhibits) came from the identical source
(i.e., same laboratory, same batch, etc.), this information can be invaluable to
law enforcement activities in both prevention and prosecution. Drugs of phar-
maceutical origin have a high degree of purity and well-defined additives used
in the production of the dosage form (pill, capsule, etc.). Drugs of illicit origin
are commonly encountered and analyzed using a process referred to as profil-
ing to identify and characterize the materials found in the exhibit. The analy-
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sis identifies precursors, intermediates, impurities, and reaction by-products
that provide useful information regarding the synthetic route and origin of the
drug. Different synthetic routes are used by illicit chemists for a variety of
reasons, including the starting materials available and equipment available for
the synthesis. Each synthetic scheme gives rise to characteristic profiles that
help to define the route and, to some extent, the reaction parameters used in
the synthesis. Identification of route-specific markers can specifically identify
the synthetic method used. To date, the synthetic routes of amphetamine and
related drugs have been studied and described by various investigators.
Although a well-established technique to find links between confiscated drugs,
the actual process of comparison of the profiles can be a time-consuming task
when comparing a large number of profiles. Application of computer capabil-
ities to this task makes such comparisons manageable and far less laborious
(Jonson and Stromberg, 1993).

Analysis of seized-drug material has been described by a number of investi-
gators. The profiling of amphetamine using the Leuckart method was initially
described in a report by Stromberg et al. (1983). Since that time, many other
descriptions of illicit synthetic methods have been reported, including details
of the compounds found that can be used to uniquely identify the source.
Various methods have been used to profile the illicit material, including thin-
layer chromatography, gas chromatography with various detectors, and several
spectrographic methods. In addition, direct visual examination of the material
using optical crystallographic and microcrystalline nature of these compounds
is commonly used. In order to identify small differences between minor con-
stituents or differences in the proportion of specific by-products, more sophis-
ticated methods must be employed. In many cases, the material is simply
dissolved in a suitable solvent and analyzed by one of a number of instrumen-
tal methods. Some minor constituents, however, require isolation of the con-
stituents from the sample and concentration to accurately assess their presence
and amount.

A simple profiling procedure for the identification of illicit amphetamine
powders using direct injection of the dissolved material into an HPLC showed
the process to be viable and rapid, with analytical results available within 30
minutes (Lambrechts et al., 1986). The illicit material was dissolved in aceto-
nitrile:citrate buffer (pH 3.0) (2:8 v/v) and injected with on-line enrichment
using a C-8 extraction column (15mm ¥ 3.2-mm i.d.) and column switching.
After washing the column with water, acetonitrile:0.2M butylamine in water 
(pH 8.0) was used to elute the impurities from the extraction column onto a
C-18 analytical column (Spheri 5; 100mm ¥ 4.6-mm i.d.). Compounds were
monitored using UV at 220 and 254nm. This method allowed determina-
tion of the presence and amounts of amphetamine, N-formylamphetamine, 

A M P H E TA M I N E S :  M E T H O D S  O F  F O R E N S I C  A N A L Y S I S 417



4-methyl-5phenylpurimidine, N,N-di-(b-phenylisopropyl)formamide, N,N-di-(b-
phenylisopropyl)amine, and N,N-di-(b-phenylisopropyl)methylamine. Quanti-
tation was accomplished via comparison of peak height ratios, and relative
standard deviations seen with the method were less than 4% for the measured
compounds.

Often the solid material encountered is not the pure drug but rather a com-
bination of the drug and a diluent. Common materials used for this purpose
include various sugars and caffeine. One procedure for the analysis of confis-
cated drug derivatized the amphetamine with acetic anhydride, which served
to enhance the chromatographic peak shape and mass spectrum. Using UV
detection, the authors also noted that monitoring at 260nm gave greater sen-
sitivity and more selectivity than the 220nm commonly used for amphetamine.
They also reported that the typical additives did not negatively affect the deriva-
tization of amphetamine under the conditions described. Results from this 
procedure were compared to those obtained from a reverse-phase ion-pairing
HPLC method following acidic aqueous extraction of amphetamine from the
powered material and showed no statistical difference (Veress, 2000). Derivati-
zation was accomplished in an autosampler vial with 1mL acetonitrile, 40mL of
triethylamine, and 10mL of acetic anhydride. The triethylamine was used to
eliminate the adverse effect of the acetic acid on the column. The authors used
acetonitrile:tetrahydrofuran:0.1% triethylamine in water (15:15:70v/v/v). It
was noted that the 0.1% triethylamine in water was not required for the analy-
sis of amphetamine, but analysis of other drugs, including MDMA, MDEA,
cocaine, LSD, and heroin, could be carried out successfully under the same
conditions.

Evaluation of the synthesis of amphetamine, 4-methoxyamphetamine 
and 4-methylthioamphetamine used headspace and immersion solid-phase
microextraction (SPME) to identify specific markers of the Leuckart reac-
tion mechanism. Examination of reaction products showed the presence 
of 4-methyl-5-arylpyrimidines and 4-arylpyrimidines. Synthesis of amphet-
amine resulted in the identification of 4-benzylpyrimidine and 4-methyl-5-
phenylpyrimidine. Following the synthesis of 4-methoxyamphetamine, 4-(4-
methoxybenzyl)pyrimidine and 4-methyl-5-(4-methoxyphenyl)pyrimidine were
identified in the reaction mixture. In each case, the 4-methyl-5-arylpyrimidines
were found in a ratio of 5:1 to the 4-arylpyrimidines. Examination of tablets
containing 4-methylthioamphetamine did not reveal the presence of 4-(4-
methylthiobenzyl)pyrimidine or 4-methyl-5-(4-methylthiophenyl)pyrimidine,
indicating its synthesis was not through the Leuckart reaction. Use of SPME
showed excellent response to the compounds of interest without the problem
of large peaks from the drug or other excipients, making identification of the
low-concentration markers much easier as compared to that seen with liquid
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extractions. The GC-MS analysis showed relatively clean chromatograms and,
with the conditions described, easy identification of the marker compounds
(Kirkbride et al., 2001).

A systematic approach to the profiling of illicit amphetamine was described
using an automated system for characterization of the components. The ana-
lytical procedure used was gas chromatography with flame ionization detection.
The study emphasized the chromatographic retention parameters, preprocess-
ing of data using normalization and quantitation, and the effect of drying on
the analysis. This study showed that infrared drying of samples could consid-
erably decrease the time required for analysis. Quantitation based on normal-
ized peak areas was found to be more accurate as compared to using an internal
standard. Use of an automated peak-selection algorithm allowed for rapid and
consistent recognition of the peaks found in samples, which, when combined
with the parameters described, allowed for rapid and consistent automated 
profiling of illicit amphetamine samples (Pikkarainen, 1996). Another study 
utilizing gas chromatography for profiling illicit tablets was conducted by 
Palhol et al. (2002). This study examined seized MDMA tablets and char-
acterized approximately 30 different compounds including not only the drugs
but their precursors, intermediates, and by-products as well. Samples were
extracted with methylene chloride and analyzed by GC.

Methamphetamine is illicitly synthesized in a number of different ways. Basi-
cally, its synthesis begins with an achiral precursor such as phenyl-2-propanone
or by reduction of its corresponding alpha-hydroxy precursor, such as
ephedrine or pseudoephedrine. The product from the achiral precursor
phenyl-2-propanone yields racemic methamphetamine. The enantiomeric com-
position of methamphetamine from ephedrine and pseudoephedrine is depen-
dent on the chiral nature of the starting material (e.g., l-ephedrine gives rise
to d-methamphetamine). The most common synthetic mechanism used in the
United States is the hydriodic acid/red phosphorus reduction of ephedrine or
pseudoephedrine to methamphetamine. Other common, though less used,
methods include the so-called dry reduction method using hydriodic acid/red
phosphorus with very little water, hypophosphorus acid reduction, sodium-
ammonium reduction, and mercury aluminum amalgam reduction. Each of
these methods generates a characteristic set of compounds that can be used to
identify the synthetic route.

A procedure for profiling impurities from the hydriodic acid/red phospho-
rous reduction method for synthesis of illicit methamphetamine has been
detailed using HPLC with photodiode array, UV and fluorescence detection,
and capillary electrochromatography with laser-induced fluorescence detection
(Lurie et al., 2000). The major impurities 1,3-dimethyl-2-phenylnaphthalene
and 1-benzyl-3-methylnaphthalene were characterized, along with several other
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structurally related trace-level impurities. The authors noted that fluorescence
detection gave as much as a 60-fold increase in sensitivity when compared with
UV detection. The method employed a rapidly scanning fluorescence detec-
tion system that dynamically adjusted excitation and emission wavelengths.
Based on the information gained from the resulting contour plots, it was 
possible to optimize the excitation and emission wavelengths to increase 
sensitivity and to decrease interference with the measurements. Capillary 
electrochromatography provided superior chromatographic results when 
compared with the HPLC method. The combination of the separation effi-
ciency of capillary electrophoresis with the selectivity of HPLC makes this an
attractive technique. Laser-induced fluorescence detection provided easy detec-
tion of the compounds even at low nanogram-per-milliliter concentrations.

Another study evaluating impurities commonly found in illicit metham-
phetamine samples, including their enantiomeric properties, has been
described using capillary electrophoresis (Lurie et al., 1998). In this study, 10
anionic chiral selectors were evaluated to assess their ability to separate six
chiral phenethylamines and three achiral impurities in samples. Assays were
carried out with untreated capillaries at pH 8 using 25mM chiral surfactant or
10mM charged cyclodextrin. Sulfated(XIII)-b-cyclodextrin had the best overall
enantiomeric selectivity, and all 15 solutes related to methamphetamine are
simultaneously separated using sulfobutyl(VII)-ether-b-cyclodextrin. Several
other investigators used capillary electrophoresis to analyze the composition of
ceased illicit material. Huang et al. (2003) evaluated several electrophoretic
parameters, including the concentration of beta-cyclodextrin and the amount
of organic solvents required for the separation to analyze the enantiomers of
MDMA in tablets. The authors also used the procedure for the analysis of
MDMA and MDA in urine samples. Cheng and coworkers (2002) used beta-
cyclodextrin to separate the enantiomers of ephedrine, pseudoephedrine, and
methamphetamine by capillary electrophoresis. The authors evaluated the
effects of the buffer pH, phosphate concentration, beta-cyclodextrin concen-
tration, voltage, and temperature on the peak resolution. They found the com-
bination of 15mM beta-cyclodextrin, 300mM NaH2PO4 (pH 2.5) using an
uncoated capillary (64.5cm ¥ 50 micron), at 20kV and with the temperature
controlled at 30°C. Detection at 200nm measured by a diode array detector
allowed highly reproducible migration times in a single analytical run. Capil-
lary zone electrophoresis was also used for the analysis of amphetamine,
methamphetamine, MDA, MDMA, MDEA, MBDB in illicit samples. The authors
reported using a buffer 0.1M phosphoric acid adjusted to pH 3.0 with tri-
ethanolamine. The triethanolamine adsorbed to the capillary wall causing the
electroosmotic flow to reverse, thus giving peaks that demonstrated good sym-
metry, high efficiency, and reproducible migration times. Detection was accom-

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S420



plished using a diode array detector scanning from 190–350nm. The procedure
proved to allow detection of the compounds in an eight-minute run without
suffering interference from adulterants commonly found in illicit powders
(Piette and Parmentier, 2002). Lurie et al. (2001) described a procedure for
the analysis of methamphetamine, amphetamine, MDA, MDMA, MDEA, and
cocaine using capillary electrophoresis in illicit samples. The method used a
32cm ¥ 50 micron capillary with a commercially available buffer kit and diode
array detection. Dynamic coating of the capillary surface gave a relatively high
and stable electroosmotic flow. The authors used a 75mM phosphate buffer at
pH 2.5 as the background electrolyte resulting in baseline separation of all ana-
lytes and internal standard in a run of less than five minutes. No interference
was seen with any of the commonly encountered substances found in illicit
samples. They also reported the system allowed screening of basic, acidic, and
neutral adulterants in drug seizures using an automated UV library search for
identification.

K.A. Moore, et al. (1996a) identified a-benzyl-N-methylphenethylamine
(BNMPA) as an impurity of illicitly synthesized methamphetamine and noted
that it, like most impurities in illicit samples, has not been studied in vivo and
that limited information exists concerning their pharmacology/toxicology.
Evaluation of the compound’s metabolism and excretion was undertaken and
demonstrated that BNMPA could be detected in the urine of users (Moore,
K.A., and Poklis, 1995; Moore, K.A., et al., 1995a, 1996b). The authors deter-
mined that since impurities can be characteristic of a particular synthetic
method, their presence in seized samples or their detection in biological
samples can be used to monitor sales of precursor chemicals, group seized
compounds to common sources of illicit production, or provide links between
manufacturers, dealers, and users. Monitoring of BNMPA in confiscated mate-
rial or BNMPA and its metabolites in biological samples was shown to be a viable
tool (Moore, K.A., and Poklis, 1995).

An extensive review of impurities in illicit preparations of MDA and MDMA
described characteristic compounds found following several synthetic routes,
including reductive amination, Leuckart reaction, and both the nitropropene
and bromopropane methods (Verweij, 1992). This author summarizes the 
data from the electron ionization mass spectral analysis of the various 
reaction impurities, allowing identification of the route of synthesis as well as
“signature” analysis of samples enabling the identification of the origin of the
drugs. Another group recently evaluated extraction conditions for the chemi-
cal profiling of MDMA tablets (Gimeno et al., 2003). The study revealed, of five
solvents studied, the optimum results were obtained with diethyl ether from a
solution buffered to pH 11.5. The study also showed that mixing the sample
for at least 10 minutes was important, but found no difference in stopping the
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evaporation process just before dryness than after the sample had completely
dried.

One nondestructive method for the analysis for amphetamines is Raman
spectroscopy. Use of Raman spectroscopy to identify drugs and other compo-
nents found in illicit materials has previously been hampered by the cost of the
instrumentation and the complexity of its use. Recently instruments using far-
red excitation have been introduced. This longer wavelength eliminates the
interference from many different compounds that luminesce when excited by
shorter wavelengths. Rapid analysis of amphetamine, MDA, MDMA, MBDB,
and 4-bromo-2,5-dimethoxyphenethylamine has been described using excita-
tion at 745nm (far-red) (Bell et al., 2000b). This study was able to identify not
only the drug present but also materials added to the drug. Using relatively
simple substraction routines, elimination of spectra from components of tablets
such as sorbitol, lactose, and cellulose made comparison to drug standards a
relatively simple task. In addition, spectral differences between varying degrees
of hydration were also characterized. This research group further studied the
utility of Raman spectroscopy in the profiling of ecstasy tablets (Bell et al.,
2000a). In this case, the seized tablets were analyzed by GC-MS and shown to
contain MDMA. Raman spectroscopy showed vibrational bands associated with
the drug and excipient materials used in the tablets. Comparing the band
heights allowed for ratio determination of the compounds. Comparison of drug
excipient ratio and degree of hydration was used to characterize the batches of
drugs and allowed identification of the source. The ability to analyze up to 50
samples per hour was also a positive factor for the use of this methodology. The
importance of evaluating a large number of samples from a single seizure was
demonstrated when it was found that samples differed from each other in ways
that were not easily determined by other methods.

Following derivatization with 5-nitrobarbituric acid, the optical crystallo-
graphic and microcrystalline nature of nine different amphetamine-related
compounds has been described ( Julian, 1990). These visual methods are com-
monly used for the identification of the drug either initially or as confirmation
of another analytical procedure. Because these are visual physical methods, they
are limited to major components and do not lend themselves well to identifi-
cation of minor reaction products.

In an evaluation of the enantiomer analysis of methamphetamine and
amphetamine in urine samples, a number of different confiscated-drug 
materials was also analyzed. The analysis was accomplished by HPLC using a
combination of UV detection at 220nm for identification of the drug and 
quantitative analysis at 450nm using an optical rotation detector following sep-
aration on a Chiralcel OB-H column (25cm ¥ 4.5mm i.d.) at 50°C. Interest-
ingly, these investigators found two of the five confiscated samples contained

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S422



only the d-enantiomer. Two others contained both enantiomers, one 98% and
the other approximately 4% l-enantiomer. The fifth sample contained only l-
methamphetamine. Since l-methamphetamine has only a fraction of the central
nervous system activity of the d-enantiomer, it is seldom abused. Sources 
of l-methamphetamine in the United States include the Vicks inhaler and 
the metabolism of the precursor drug deprenyl. Since this study was con-
ducted in Japan, where neither of these sources is available, it appears the 
l-methamphetamine was specifically for illicit use (Nagai et al., 2000).

7.5.2 BIOLOGICAL SAMPLES

Comparative analysis and profiling in terms of biological samples is a different
process than is used for illicit materials. There has been some work done to
evaluate the possibility of using biological samples to identify synthetic reaction
precursors and products to help establish the source of the illicit drug. This is,
however, not a widely used technique. More commonly, the evaluation of bio-
logical samples is best described as determination of the origin of the drug or
interpretation of such parameters as how much drug was used, when, and how
often. In this case, the source of the drug is usually limited to evaluation of
whether or not the drug was from a licit or illicit source, not which illicit source
(i.e., specific clandestine laboratory).

Some determination of illicit versus licit drug use can be based on a simple
analytical procedure. Determination of the enantiomeric form of the drug can
provide clear evidence in some cases. For example, if methamphetamine were
used and there was a question of whether or not it was the prescription form
of the drug, finding the l-enantiomer in the sample would not be consistent
with the use of the prescription form of methamphetamine (Desoxyn) that 
is the d-enantiomer only. Likewise the presence of d-methamphetamine 
would demonstrate that the methamphetamine present was not the result of
using a Vicks inhaler (an over-the-counter product that contains 50mg of 
l-methamphetamine, which is exempted for control).

Identification of pyrolysis products of smoked methamphetamine was under-
taken to allow the detection of markers associated with this route of adminis-
tration (Lee et al., 1999). Pyrolysis products of smoked methamphetamine were
extracted by placing a C-8 column in line with a pump that drew in the smoke.
Both mainstream and sidestream smoke were collected for this study. The
column was eluted with 3mL of methanol, and the eluent was brought to
dryness and then reconstituted in a small amount of methanol. The extract was
analyzed using a high-resolution double-focusing GC-MS-MS instrument. The
pyrolysis of dimethylamphetamine was studied by GC-MS, headspace GC-MS,
and LC-MS using electrospray ionization (Sato, Hida, and Nagase, 2001). This
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study showed that amphetamine and methamphetamine were produced by
demethylation at 358°C and 386°C.

Analysis of urine samples to evaluate the potential presence of impuri-
ties associated with illicitly manufactured methamphetamine was described 
by Moore et al. (Moore, K.A., and Poklis, 1995; Moore, K.A., et al., 1995a, 
1995b, 1996b). The compound of interest, a-benzyl-N-methylphenethylamine
(BNMPA), was identified as an impurity of illicit methamphetamine synthe-
sis. Investigation was carried out to determine if BNMPA could be identi-
fied in urine samples following administration of the drug. A procedure was
developed to identify the presence of the compound and probable metab-
olites (Moore, K.A., et al., 1995b). Urine samples were hydrolyzed using 
b-glucuronidase or acid hydrolysis followed by liquid–liquid extraction and
derivatization with heptafluorobutyric anhydride. GC-MS analysis of BNMPA,
N-demethyl-a-benzyl-N-methylphenethylamine, 1,3-diphenyl-2-propanone, and 
1,3-diphenyl-2-propanol gave limits of detection of 2.5ng/mL and limits of
quantitation of 25ng/mL for all four compounds. The procedure was linear
from 25 to 500ng/mL. Analysis of urine samples collected following ingestion
of 5mg of BNMPA by a single volunteer showed the drug and its N-demethyl
metabolites were found at 2–4 hours postingestion. 1,3-Diphenyl-2-propanone
concentration peaked at 2 hours postingestion. Other metabolites were
detected for up to 21 hours postingestion. Analysis of 80 urine specimens col-
lected at drug rehabilitation programs that were previously shown to be posi-
tive for methamphetamine was completed using this method. Two of those
urine specimens contained detectable amounts of BNMPA and/or its metabo-
lites. One contained detectable (greater than the limit of detection but less than
the limit of quantitation) amounts of N-demethyl-BNMPA and 1,3-diphenyl-2-
propanone as well as 0.04mg/mL p-hydroxy-N-demethyl-BNMPA. The other
sample contained detectable amounts of BNMPA, p-hydroxy-BNMPA, and 
p-hydroxy-N-demethyl-BNMPA and measurable amounts (mg/mL) of N-
demethyl-BNMPA (Moore, K.A., et al., 1996b). Samples taken from a mixed
drug fatality showed the presence of p-hydroxy-BNMPA in urine (Moore, K.A.,
and Poklis, 1995). Based on the results of these studies, the authors suggest 
that the detection of the impurity and/or its metabolites is indicative of 
ingestion of the compound within the previous 24 hours (Moore, K.A., et al.,
1995a).

Another potential source for methamphetamine and/or amphetamine in
biological samples is the precursor drugs. Precursor in this case refers to com-
pounds that are metabolically converted to methamphetamine and/or am-
phetamine by the body. These drugs have been described and reviewed in
several publications (Cody, 1993, 1995, 2002; Kraemer and Maurer, 1998, 2002).
Many of these drugs are available by prescription, in which case a valid medical
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prescription would help to confirm, although it must be remembered that pre-
scription drugs are often abused. Some of these drugs, depending on the
country, are available over the counter. Drugs that are metabolic precursors to
amphetamine or methamphetamine include: Amphetaminil (Remberg et al.,
1972; Honecker, 1975), benzphetamine (Beckett et al., 1967; Marsel et al., 1972;
Budd and Jain, 1978; Brooks et al., 1982; Niwaguchi et al., 1982; Inoue et al.,
1983; Akintonwa, 1986; Inoue and Suzuki, 1986; Kikura and Nakahara, 1995b;
Nakahara, 1995; Nakahara et al., 1995, 1998; Spatzenegger and Jaeger, 1995;
Herraez-Hernandez et al., 1996; Nakahara and Kikura, 1996; Cloyd, 1997; 
Shiiyama et al., 1997; Cody and Valtier, 1998; Fujinami et al., 1998a, 1998b;
Teter, 1999; Sato, Mitsui, and Nagase, 2001), clobenzorex (Glasson et al., 1971;
Tarver, 1994; Nakahara and Kikura, 1996; Maurer et al., 1997; Baden et al.,
1999; Cody and Valtier, 1999, 2001; Valtier and Cody, 1999a, 1999b, 2000),
deprenyl (selegiline)(Reynolds, et al., 1978b; Robinson, 1985; Kalasz et al.,
1990, 1999; Maurer and Kraemer, 1992; Shin and Park, 1993; Heinonen et al.,
1994, 1997; Kikura and Nakahara, 1995a; Nakahara, 1995; Nakahara et al., 1995;
Romberg et al., 1995; Szebeni et al., 1995; Barrett et al., 1996; Lajtha et al.,
1996; Sevcik et al., 1996; Rohatagi et al., 1997; Shin, 1997a; Kupiec, T.C. and
Chaturvedi, 1999, Reynolds et al., 1978; Philips, 1981; Elsworth et al., 1982;
Karoum et al., 1982; Heinonen et al., 1989; Meeker and Reynolds, 1990; Reimer
et al., 1993; Lengyel et al., 1997; Mascher et al., 1997; Tarjanyi et al., 1998;
Hasegawa et al., 1999; Melega et al., 1999; Pichini et al., 1999; Szoko et al., 1999;
Bach et al., 2000; Laine et al., 2000; Sato et al., 2002), dimethylamphetamine
(Beckett et al., 1967; Beckett and Al-Sarraj, 1972; Blume, 1981; Inoue and
Suzuki, 1987; Takahashi et al., 1987; Witkin et al., 1990; Myung et al., 1998;
Nakahara et al., 1998; Katagi et al., 2000, Sato et al., 2002), ethylamphetamine
(Beckett et al., 1967, 1969, 1972; Beckett and Shenoy, 1973; Williams et al.,
1973; Beckett and Haya, 1977, 1978; Delbeke and Debackere, 1986; Makino et
al., 1989; Nagai et al., 1995, 1997; Matsushima et al., 1998b; Yamada et al., 1998;
Bach et al., 1999), famprofazone (Mrongovius et al., 1984; Neugebauer, 1984;
Oh et al., 1992; Shin and Park, 1993; Shin et al., 1994, 1997, 1998; Yoo et al.,
1994; Cody, 1996; Neugebauer et al., 1997; Shin, 1997b; Musshoff and Kraemer,
1998), fencamine (Mallol et al., 1974), fenethylline (Ellison et al., 1970; Iffland,
1982; Goenechea and Brzezinka, 1984; Kristen et al., 1986; Nickel et al., 1986;
Rucker et al., 1988; Yoshimura et al., 1988; Kikura and Nakahara, 1997; Yamada
et al., 1998), fenproporex (Berry et al., 1971; Beckett et al., 1972; Tognoni et
al., 1972; Sznelwar, 1975; Nazarali et al., 1983; Nakahara, 1995; Cody and Valtier,
1996; Cody et al., 1999; Kraemer et al., 2000; Bell, R.R. et al., 2001), furfenorex
(Beckett et al., 1967; Boissier et al., 1968; Marsel et al., 1972; Inoue and Suzuki,
1986; Inoue et al., 1986; Nakahara and Kikura, 1996), mefenorex (Blum, 1969;
Williams et al., 1973; Nazarali et al., 1983; Engel et al., 1986; Rendic et al., 1994;
Nakahara, 1995; Kraemer et al., 1997), mesocarb (Polgar et al., 1979; Seredenin
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and Rybina, 1985; Ventura et al., 1993; Pyo et al., 1996), and prenylamine (Palm
et al., 1969; Dengler et al., 1970; Remberg et al., 1977; Gietl et al., 1988, 1989,
1990; Paar et al., 1990; Nakahara and Kikura, 1996; Kraemer et al., 2003).

Several of these drugs are available directly in the United States or in adjoin-
ing countries (i.e., Mexico) or over the counter. Several of these drugs are dis-
cussed in this section of the chapter to illustrate the interpretation of laboratory
data with regard to the involvement of these drugs as the source of a positive
result for amphetamines. The drugs described are selected because of their like-
lihood of being encountered in the United States. Two of these drugs are avail-
able by prescription in the United States. Benzphetamine (Didrex) is a diet pill
used for weight loss, and selegiline (Deprenyl) is an anti-Parkinson drug.
Several others that are encountered include clobenzorex (Asenlix) and fen-
proporex (Fenisec). Although not distributed in the United States, they are
available by prescription in Mexico. Clobenzorex has been documented to be
one of the most common legal drugs brought back into the United States by
persons visiting Mexico (McKeithan and Shepherd, 1996; Garza and Landeck,
1999). Clobenzorex is also available as an over-the-counter medication in
Panama. Both clobenzorex and fenproporex are anorexic drugs used for weight
loss, making them popular drugs. In addition to the availability of these drugs
through “stone and mortar” pharmacies, access to ordering drugs over the
Internet has made many of these drugs available to virtually anyone with access
to the Internet.

Consideration of the interpretation of involvement of these precursor drugs
in positive laboratory findings must be considered in the context of the drugs
available on the legal and illicit markets. Methamphetamine is available by 
prescription in the United States for a number of clinical indications. The 
enantiomeric form of the drug is the d-enantiomer. Illicit synthesis of 
methamphetamine produces either d-methamphetamine or a mixture of d- and
l-methamphetamine. The l-enantiomer can be synthesized and abused, but that
is not common, since this enantiomer has far less central activity than the d-
enantiomer. Prescription amphetamine in the United States is either the d-
enantiomer or a mixture of both isomers. Illicit amphetamine is also found in
these two forms as well.

Benzphetamine is metabolized by the body to amphetamine and metham-
phetamine (Beckett et al., 1967; Marsel et al., 1972; Budd and Jain, 1978;
Niwaguchi et al., 1982; Inoue et al., 1983; Inoue and Suzuki, 1986; Kikura and
Nakahara, 1995b; Swanson, 1996; Cody and Valtier, 1998; Fujinami et al., 1998b;
Kraemer and Maurer, 1998). The drug is prescribed as an adjunct to a weight
loss program (Silverstone, 1986, 1992; Bray, 1993; Anon., 2000) and is a 
scheduled drug due to its abuse potential. The amphetamine and metham-
phetamine produced by metabolism of benzphetamine are d-enantiomers
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(Cody and Valtier, 1998). This eliminates samples containing all or some l-
methamphetamine as being the consequence of benzphetamine use. While
helpful, since most illicit methamphetamine in the United States is the 
d-enantiomer, enantiomeric composition alone does not allow differentiation
from prescription or most illicit methamphetamine abuse. Examination of the
proportion of amphetamine and methamphetamine can be a powerful tool in
differentiation of source, however. The metabolic pathway for amphetamine
and methamphetamine has been studied for many years (Beckett and Rowland,
1965a, 1965b, 1965c; Caldwell et al., 1972). Studies have established that pH
and enantiomeric composition have striking effects on the metabolism and
excretion of these drugs (Beckett and Rowland, 1964, 1965c; Beckett et al.,
1965, 1969, 1972; Davis et al., 1971; Beckett and Shenoy, 1973; Beckett and
Haya, 1978; Wan et al., 1978; Vree and Henderson, 1980). The d-enantiomers
of amphetamine and methamphetamine are metabolized rapidly compared to
the l-enantiomers; thus the ratio of d- to l-enantiomer changes over time. These
facts are useful in the interpretation of laboratory results.

The concentration of methamphetamine and amphetamine found after
administration of benzphetamine is low compared to peak levels seen with
methamphetamine abuse. More useful, however, is the proportion of amphet-
amine to methamphetamine. After administration of methamphetamine, both
methamphetamine and its metabolite amphetamine can be seen. The amount
of amphetamine found, however, is substantially less than that of metham-
phetamine. The amphetamine-to-methamphetamine ratio from methamphet-
amine abuse would be expected to be 0.20 or less (Hornbeck and Czarny, 1993;
Kim et al., 2000). Following benzphetamine administration, the amount of
amphetamine commonly exceeds that of methamphetamine. Several studies
have demonstrated the use of benzphetamine results in amphetamine con-
centrations exceeding that of methamphetamine, including 10 of 10 subjects
in one study (Swanson, 1996), two of two (Kikura and Nakahara, 1995b), and
eight of ten in a third study (Cody and Valtier, 1998). In the study where two
subjects had methamphetamine concentrations greater than those of amphet-
amine, the ratio of the two drugs was far higher than seen with methampheta-
mine use, which is consistent with another study of a single subject that had
amphetamine at a concentration less than that of methamphetamine but
higher than expected (Budd and Jain, 1978). Overall concentrations seen even
after multiple doses of benzphetamine gave peak concentrations of ampheta-
mine and methamphetamine at 5.01mg/mL and 0.35mg/mL, respectively
(Kikura and Nakahara, 1995b).

In addition to the enantiomer data and the ratio of amphetamine to
methamphetamine, benzphetamine use can be assessed by evaluation of the
parent or unique metabolites of the drug. The parent drug has been detected
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in urine samples following administration in several studies, but only at 
low concentrations and for a short period of time (Beckett et al., 1967; Inoue
and Suzuki, 1986; Kikura and Nakahara, 1995b; Cody and Valtier, 1998; 
Fujinami et al., 1998b). Several compounds have been identified including 
4-hydroxybenzphetamine, 4-hydroxynorbenzphetamine (Inoue and Suzuki,
1986; Fujinami et al., 1998a, 1998b), 3-hydroxynorbenzphetamine, and 3-
methoxy-4-hydroxynorbenzphetamine as unique metabolites of benzpheta-
mine (Inoue and Suzuki, 1986). Following administration of 30mg per day for
5 days, norbenzphetamine was detected for up to 12 hours and the other
metabolites were detected for longer periods (Fujinami et al., 1998b). Other
investigators have utilized electrospray LC-MS to determine benzphetamine
and its metabolites following administration of benzphetamine in the rat (Sato,
Mitsui, and Nagase, 2001). The authors reported identification and quantita-
tion of benzphetamine, 4-hydroxybenzphetamine, norbenzphetamine, 4-
hydroxynorbenzphetamine, methamphetamine, and amphetamine using 1mL
of urine. Their results suggest 4-hydroxybenzphetamine as a sensitive marker
of benzphetamine use in the rat. Incorporation of benzphetamine and metabo-
lites in hair has been studied and shows benzphetamine and norbenzphetamine
were readily incorporated into hair, but the hydroxy metabolite incorporation
was relatively low. The authors concluded from this study that hair analysis
could be used to distinguish methamphetamine from use by analysis of the hair
samples for benzphetamine and/or norbenzphetamine (Kikura and Nakahara,
1995b).

Deprenyl (Selegiline) is a monoamine oxidase inhibitor frequently used in
conjunction with l-dopa in the treatment of Parkinson disease (Anon., 2000).
It is a prescription drug available in the United States and is one of the few 
precursor compounds that is not a diet pill. From an interpretation stand-
point, the single most telling characteristic point regarding the metabolism 
of deprenyl is that the product amphetamine and methamphetamine are the
l-enantiomers. While it is possible for l-methamphetamine to be abused, the
incidence is rare, due to the low activity of this enantiomer compared to the d-
form of the drug. In the United States, the most common source of l-metham-
phetamine is the Vicks inhaler. Since that is an exempted product, results of
the presence of this form of the drug are usually not reported. Deprenyl is
metabolized to several metabolites, including desmethyldeprenyl, which is a
unique metabolite, and its presence can help demonstrate the use of deprenyl.
Several investigators have studied the metabolism of deprenyl to amphetamine
and methamphetamine (Reynolds et al., 1978a; Elsworth et al., 1982; Liebowitz
et al., 1985). Romberg et al. (1995) measured amphetamine and metham-
phetamine concentration of urine samples taken from patients taking deprenyl.
Of the samples tested by immunoassay, only one screened positive for metham-
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phetamine. GC-MS analysis showed concentrations of 1895ng/mL and 4690
ng/mL of amphetamine and methamphetamine, respectively, in that sample.
Other specimens showed amphetamine concentrations of 342–915ng/mL and
829–2490 ng/mL for methamphetamine. Several other studies have also
described the metabolism of deprenyl (Karoum et al., 1982; Reimer et al., 1993;
Tarjanyi et al., 1998a, 1998b; Kim et al., 2000; Laine et al., 2000; Katagi et al.,
2002; Slawson et al., 2002).

The ratio of amphetamine to methamphetamine can also be used in evalu-
ation of deprenyl versus methamphetamine use. Studies evaluating the ratio of
amphetamine and methamphetamine ranged from approximately 0.33 to 0.47
(Karoum et al., 1982; Reimer et al., 1993; Kim et al., 2000). These ratios are
higher than expected following methamphetamine use (Hornbeck and Czarny,
1993; Kim et al., 2000). Kim et al. (2000) showed desmethyldeprenyl reached
peak concentrations 0–3 hours postdose and could be detected for up to 9
hours. Amphetamine and methamphetamine reached peak concentrations 3–6
hours postdose and could be detected up to 12–24 hours. Another study
reported amphetamine and methamphetamine could be detected for 96 hours
after the last of five daily 15-mg doses of deprenyl (Kikura and Nakahara,
1995a). Deprenyl was detected up to 36 hours and desmethyldeprenyl for 72
hours. In a postmortem case involving deprenyl, femoral blood levels for
amphetamine and methamphetamine were 70 and 170ng/mL, respectively
(Meeker and Reynolds, 1990).

Other investigators have examined the excretion of unique metabolites of
deprenyl as well as amphetamine and methamphetamine. One study examined
the deprenyl, desmethyldeprenyl, methamphetamine, and amphetamine in
human plasma using atmospheric pressure chemical ionization LC-MS-MS. The
assay showed a dynamic range of 0.1–20ng/mL for deprenyl and desmethylde-
prenyl and 0.2–20ng/mL for methamphetamine and amphetamine. The limit
of quantitation for the analytes were 0.1ng/mL for deprenyl and desmethylde-
prenyl, and 0.2ng/mL for methamphetamine and amphetamine (Slawson et
al., 2002). Another study evaluated the excretion of deprenyl, desmethylde-
prenyl, deprenyl-N-oxide, methamphetamine, and amphetamine in urine using
electrospray ionization LC-MS (Katagi et al., 2002). This study showed the
amount of deprenyl-N-oxide excreted in the first 8–12 hours post administra-
tion was comparable to the amount of methamphetamine excreted. In the first
72 hours post dose, the amount of deprenyl-N-oxide was twice to nearly eight
times greater than desmethyldeprenyl, demonstrating this to be a viable
metabolite to monitor deprenyl versus methamphetamine use.

Hair analysis has been described for the differentiation of deprenyl versus
methamphetamine use (Kikura and Nakahara, 1995a; Nakahara, 1995, 1999;
Nakahara et al., 1995; Nakahara and Kikura, 1996). Deprenyl and desmethylde-
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prenyl were shown to have a low incorporation rate in hair compared to
methamphetamine and amphetamine (Kikura and Nakahara, 1995a; Nakahara
and Kikura, 1996). Evaluation of the drug and metabolite concentrations
showed that methamphetamine was found at the highest concentration with
decreasing levels of amphetamine and desmethyldeprenyl and only trace
amounts of deprenyl in scalp hair (Kikura and Nakahara, 1995a).

Clobenzorex (Asenlix) is an anorexic drug used in the treatment of obesity
(Schlesser, 1991; Parfitt, 1999). This drug is not sold in the United States;
however, it is available in several countries. Clobenzorex is available over the
counter in Panama and by prescription in Mexico. Obtaining a prescription 
for this drug is relatively easy for individuals (Valdez and Sifaneck, 1997).
Amphetamine produced from the metabolism of clobenzorex has been shown
to be the d-enantiomer only (Valtier and Cody, 1999a), important information
for the correct interpretation of laboratory results. One study reported a peak
concentration of amphetamine of 1365ng/mL after administration of a 30-mg
dose. In that study, only four samples were collected, the last at 7 hours post-
dose, and it was that sample that contained the highest concentration of
amphetamine (Tarver, 1994). In another study, administration of a single 
30-mg dose to five subjects resulted in a peak urine amphetamine concentra-
tion of 2474ng/mL. The parent drug was detected in some samples at low con-
centrations for up to 29 hours after administration. Of 22 amphetamine-positive
(amphetamine concentrations equal to or greater than 500ng/mL) samples
found during that study, only half contained detectable levels of clobenzorex.
Samples were positive for amphetamine for 7.5–46.5 hours after administration
of the drug (Valtier and Cody, 1999a). Another study evaluating samples 
following multiple administration of the drug showed that as many as 75% of
the samples positive for amphetamine did not contain detectable levels of 
parent drug (Baden et al., 1999). Peak amphetamine concentration reached as
high as 4700ng/mL and was detected in one subject for up to 53 hours after
the last dose was administered. Although 4700ng/mL is nearly 10 times the
cutoff concentration for amphetamine, it is much lower than is commonly seen
with abuse of amphetamine. The enantiomer composition is also helpful for
interpretation, but it is most useful in excluding inconsistent results because
both medicinal and illicit amphetamine may be encountered as the d-form of
the drug.

Maurer et al. (1997) demonstrated the presence of seven metabolites 
following the administration of 60mg of clobenzorex. Two different hydroxy
metabolites of clobenzorex were identified, and one had detection times com-
parable to that of amphetamine. Later studies investigated the excretion profile
of 4-hydroxyclobenzorex and showed that all samples that were positive for
amphetamine contained detectable levels of this metabolite (Valtier and Cody,
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2000; Cody and Valtier, 2001). Collectively, these studies show that the detec-
tion of 4-HO-clobenzorex can establish the involvement of clobenzorex. In an
evaluation of the incorporation rates of various drugs in hair, Nakahara and
Kikura (1996) showed clobenzorex to be typical of drugs containing a benzene
or furan ring at the N-position as having a much higher incorporation rate 
than amphetamine or methamphetamine. In fact, the chlorine on the 
benzene ring led to greater incorporation than the ring by itself. Presence of
a hydroxy group on the benzene ring, however, apparently decreased the 
incorporation rate, implying the hydroxy metabolites would be less likely to be
incorporated.

Another drug used in the treatment of obesity is fenproporex (Harris, 1986;
Schlesser, 1991; Parfitt, 1999; Halpern and Mancini, 2003). It is marketed in a
number of countries including Mexico as a prescription drug where it is often
obtained and brought back into the United States. It is also available in a
number of other countries and over the Internet, making it readily available.
Fenproporex metabolism has been studied by a number of different investiga-
tors (Beckett et al., 1972; Tognoni et al., 1972; Sznelwar, 1975; Cody, 1993, 1994,
1995; Cody and Valtier, 1996; Cody et al., 1999; Kraemer et al., 2000). 

Peak concentrations of amphetamine following administration of a single 
10-mg dose of fenproporex were seen at 5:50–20:20 hours at concentrations of
up to 2099ng/mL. Fenproporex itself was measured at concentrations as high
as 706ng/mL and was detected in all samples positive for amphetamine using
a 500ng/mL cutoff (Cody and Valtier, 1996). The amphetamine produced from
the metabolism of fenproporex was found to be made up of both d- and l-enan-
tiomers. Following multiple doses of the drug (one capsule daily for seven days),
the peak concentration of amphetamine reached 4150ng/mL and the parent
was measured at levels as high as 3032ng/mL (Cody et al., 1999). In this study,
urine samples were positive for amphetamine for approximately 40 hours fol-
lowing the last administered dose and, as seen with the single dose study, the
parent was detectable in all positive samples. Enantiomer distribution of
amphetamine was near 50% shortly after administration of the drug followed
by a rise in the d-enantiomer for a short period of time after which there was
a gradual increase in the proportion of l-enantiomer. This pattern repeated
until administration of the drug was discontinued (Cody et al., 1999).

Metabolism of fenproporex produces a number of metabolites, in-
cluding several unique to fenproporex, including two different isomers of
hydroxyfenproporex, dihydroxyfenproporex, hydroxy-methoxy-fenproporex,
desamino-oxo-fenproporex, desamino-oxo-hydroxyfenproporex, desamino-
oxo-dihydroxyfenproporex, and desamino-oxo-hydroxy-methoxy-fenproporex
(Kraemer et al., 2000). In this study, fenproporex was detected for up to 16
hours postdose, and one of the two isomers of hydroxyfenproporex could be
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detected for up to 28 hours. Amphetamine, however, was detected up to 60
hours postdose. Given this information it is reasonable to assume that using a
cutoff of 500ng/mL should yield samples that contain the parent drug.
However, if the concentration of amphetamine present is below that, some
samples will not contain the parent drug. Even using the metabolites as
described by Kraemer et al. (2000) may result in samples that contain am-
phetamine but no unique metabolites.

Evaluating the incorporation of 32 amphetamine analogs into hair, investi-
gators discovered that the presence of triple bonds on the N-substituent
decreased the rate of incorporation. This was also shown to be true when a
hydroxy group was present on the benzene ring. Together these characteristics
of fenproporex and its metabolites lead to the finding of low rates of incor-
poration into hair (Nakahara and Kikura, 1996).

7.6 CONCLUSION

Amphetamines are a group of compounds with a variety of legitimate uses, but
they have a high abuse potential. In addition to those amphetamines that have
a legitimate use, there are a number of illicit amphetamines that have been
abused over the years, and their abuse continues. Many of the illicit analogs,
particularly the methylenedioxy compounds such as MDMA, are being abused
at an increasing rate. In addition to the compounds that have been around for
many years, newly developed compounds, such as methylthioamphetamine and
N-ethyl-4-methoxyamphetamine are also being abused. These facts demonstrate
the continuous need to be vigilant of the amphetamines and their applications,
both licit and illicit. While the use and abuse patterns differ slightly through-
out the world, one thing remains constant: Abuse of amphetamines is univer-
sal and those chemists and toxicologists who work in the area must constantly
be aware of the state of the science in order to meet the ever-increasing chal-
lenges posed by these drugs.

Analysis of amphetamines can be accomplished using a variety of different
analytical methods. The sheer number of different analytical procedures
employing various hydrolysis, extraction, derivatization, and instrumental
methods shows the diversity and complexity of analyzing for these drugs,
whether in the form of the drug material itself or for the drug and/or its
metabolites in biological matrices. Improvement of established procedures is a
hallmark of this area, made interesting by the advances in instrumentation and
automation as well as the challenges of evaluation of various nontraditional
samples that will allow for significant advances in the near future. Collectively
these circumstances make the amphetamines one of the most dynamic and
intriguing drug classes with which to be involved.
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8.1 RANGE OF OPERATIONS IN CLANDESTINE
LABORATORIES

The vast majority of illicit laboratories are involved in the production of
methamphetamine. However, this is not the only activity known to occur in a
clandestine lab. Many other drugs have been manufactured illegally, as have
explosives and even chemical and biological warfare agents. The focus of this
chapter is the illicit synthesis of drugs, specifically methamphetamine, so other
substances, such as explosives and agents of chemical and biological terrorism,
will not receive further mention. A brief list of some other illicitly synthesized
drugs is presented in the first section of this chapter, prior to entering a much
more detailed discussion of illegal methamphetamine synthesis. The following
should not be construed as a comprehensive list of illicitly prepared drugs, nor
are the lists of synthetic routes to any given substance exhaustive. The purpose
of this section is to provide the forensic scientist with an idea of the diversity of
illegal drug substances and the range of complexity of the illegal syntheses that
have been attempted.

Drugs are produced in clandestine laboratories as a method for supplying
drug abusers. As such, drugs devoid of abuse potential (e.g., antibiotics, 

Handbook of Forensic Drug Analysis Copyright © 2005, Elsevier, Inc.
Frederick P. Smith, Editor All rights reserved.



over-the-counter analgesics) are generally not targets of interest to clandes-
tine chemists. Synthetic routes used in the illicit preparation of opioids 
(heroin, methadone, meperidine, fentanyl derivatives), sedatives (gamma-
hydroxybutyrate [GHB], phencyclidine [PCP], methaqualone), hallucinogens
(lysergic acid diethylamide [LSD], dimethyltryptamine [DMT]), and non-
methamphetamine stimulants (3,4-methylenedioxyamphetamine [MDA, Eve],
3,4-methylenedioxymethamphetamine [MDMA, Ecstasy, Adam], 4-methyl-
aminorex [U4EUh]) are presented. It must, however, be reiterated that despite
the diversity of pharmacological classes represented in this list, the preparation
of methamphetamine and its congeners (e.g., MDMA) is by far the most sig-
nificant problem.

8.1.1 ILLICIT MANUFACTURE OF OPIOIDS

Opium is essentially the raw sap isolated from the opium poppy (Papaver som-
niferum). The Ebers Papyrus mentioned opium as a medicinally significant agent
in 1500 bc (Mann, 1995). Morphine, thebaine, and codeine are all components
of opium. The concentrations of opiate alkaloids contained in opium vary 
considerably by growing region, but raw opium typically contains at least 10%
morphine (Kalant, 1997). Though opium has been used as a therapeutic agent
(e.g., laudanum, paregoric), more purified single-compound preparations are
more commonly used in contemporary clinical practice.

As already stated, morphine is a natural product isolated from the opium
poppy. Some of the opioid drugs are semisynthetic (i.e., prepared by chemical
treatment of natural products as starting material). For example, treatment 
of the natural product morphine with palladium in hydrochloric acid provides
the active semisynthetic opioid hydromorphone (Figure 8.1). Other opioids,
including meperidine and fentanyl, do not require natural products as starting
material and are completely man-made and therefore classified as fully syn-
thetic opioids. Compounds that are isolated from the opium poppy and bind
the opioid receptor are classified as opiates, while any compound (natural, semi-
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synthetic, or fully synthetic) that binds the same receptor is classified as an
opioid. The most common illicitly synthesized opioid is the semisynthetic drug
heroin (3,6-diacetylmorphine).

Heroin is a DEA schedule I drug that is prepared by the direct acetylation
of morphine (Figure 8.2). Typically, this is accomplished by treatment of 
morphine with either acetic anhydride or acetyl chloride. The conversion can
be performed either on bulk scale for preparation of heroin or distribution or
on a single-dose basis immediately prior to use. In situations where imported
heroin has become difficult for users to obtain, single-dose preparation, called
home baking, has become popular (Sibley, 1996). “Home bake” cooks often use
morphine provided by demethylation of codeine that has been extracted from
pharmaceutical sources as a starting material. The use of raw opium as well 
as crushed tablets of regular and slow-release morphine sulfate have been
reported as sources of morphine starting material for this process. The “home-
bake” cook simply treats the morphine with a few milliliters of acetyl chloride
over a small heat source, such as a lighter or alcohol lamp. One report indi-
cates that the home-bake approach to heroin can result in significant amounts
of monoacetylated product (6-monoacetylmorphine, 6-MAM) rather than the
diacetylated heroin, which may make interpretation of postmortem toxicology
results more complicated than usual (Sibley, 1996).

Not all illicitly prepared opioids are DEA schedule I. Many synthetic opioids,
especially those of the phenylpiperidine class, also have clinical utility. This is
due to their increased potency relative to morphine (e.g., fentanyl) as well as
to lower-incidence side effects such as histamine release when compared to
morphine (e.g., meperidine and fentanyl). As expected, these compounds have
also found their way into the battery of drugs clandestine chemists have
attempted to prepare.

Fentanyl is a fully synthetic opioid analgesic, available for clinical use in the
United States since 1968. Its potency (roughly 100–300 times that of morphine)
and short duration of action (usually less than 30 minutes) make it an excel-
lent agent for surgical analgesia as well as for abuse (Buchanan and Brown,
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1988; Wax et al., 2003). A number of fentanyl derivatives are also used clini-
cally, including alfentanyl (20–30 times the potency of morphine), sufentanyl
(4500 times the potency of morphine), and remifentanyl (220 times the
potency of morphine) (Figure 8.3) (Wax et al., 2003). Carfentanyl is approxi-
mately 10,000 times more potent than morphine (Wax et al., 2003). Most often,
carfentanyl (Wildnil) is used as an incapacitating agent for large wild animals,
including elephants, rhinoceroses, polar bears, wood bison, and elk (Haigh 
et al., 1983; Wax et al., 2003). Carfentanyl is not approved for use in humans
(Shaw et al., 1995). This drug was also implicated as a component of the “toxic
gas,” which likely also included an inhaled anesthetic such as halothane,
released by Russian military special forces in the Moscow Dubrovka Theater
Center occupied by Chechen rebel forces on October 26, 2002, where over 120
poisoning victims died (Wax et al., 2003).

At least nine fentanyl homologs have been reportedly used illicitly since the
late 1970s (Buchanan and Brown, 1988). Some of these compounds are not
used in medical practice and only appear in the illicit drug trade, including 
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a-methylfentanyl and 3-methylfentanyl. Benzyl fentanyl has also been found in
illicit-drug samples, though this compound is devoid of opioid activity and is
likely present as a synthetic by-product or residual synthetic intermediate from
the preparation of other fentanyl derivatives (Fritschi and Klein, 1995).

In the late 1970s and early 1980s, a decline in the availability of heroin in
the United States fueled the illicit manufacture of derivatives of fentanyl
(Buchanan and Brown, 1988). These compounds were most often a-
methylfentanyl and 3-methylfentanyl mixed with an inactive adulterant to
increase bulk and decrease drug concentration. Sometimes these fentanyl deriv-
atives were sold as heroin, while at other times they went by street monikers
such as “synthetic heroin” and “China white,” which is the same term used for
high-quality southeast Asian heroin (Buchanan and Brown, 1988). Illicit prepa-
ration and the use of fentanyl derivatives is blamed for at least 100 deaths along
the west coast of the United States in 1986 (Henderson, 1988). However, with
heroin once again readily available in the United States, it is presently unusual
to encounter illicitly produced fentanyl analogs.

The synthesis of fentanyl is a multistep procedure that requires some famil-
iarity with synthetic organic chemistry. However, at least for fentanyl itself, the
reactions are typically run at room temperature, proceed in high yield, and
require little purification beyond extraction and occasional recrystallization
prior to the next step in the synthesis.

A common synthetic scheme for the illicit production of fentanyl begins with
the preparation of the precursor, N-phenethylpiperidone (NPP) from the SN

2

condensation of piperidone and 1-bromo-2-phenylethane (Figure 8.4). The
NPP is then reacted with aniline over molecular sieves to form the imine, which
can be reduced in situ with NaBH4 to form 4-anilino-N-phenethylpiperidine (4-
ANPP). Reaction of 4-ANPP with propinonyl chloride yields fentanyl, which is
often then converted to the hydrochloride salt by bubbling HCl gas through a
solution of the free base of the drug in an organic solvent and collecting the
precipitate. The hydrochloride salt is often diluted (“cut”) before sale and use
with an inactive bulk solid such as lactose. Minor variations in reagents, reac-
tion, and purification conditions can produce other fentanyl derivatives. For
example, use of 1-phenyl-2-bromopropane in place of 1-bromo-2-phenylethane
in the first step yields the a-methyl derivative of NPP. This compound is then
used instead of NPP to prepare the potent a-methylfentanyl. Likewise, sub-
stitution of para-fluoroaniline for plain aniline results in the production of 
para-fluorofentanyl.

Though another phenylpiperidine derivative, meperidine, has been illicitly
prepared, it was a botched synthesis of a derivative of this compound that 
captured the attention of the country in the early 1980s (Figure 8.5). In a widely
publicized episode, a clandestine chemist in San Jose, California, attempted to
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produce 1-methyl-4-phenyl-4-propionoxypiperidine (MPPP), a potent reverse
ester of meperidine, which was sold as “new heroin” (Perrine, 1996). Analysis
of this material at Stanford University revealed that it was composed of 96%
inert material (street drug “cutting” agent), 3.2% 1-methyl-4-phenyl-1,2,5,6-
tetrahydropyridine (MPTP), and only about 0.3% of the intended MPPP
product (Langston et al., 1983a). Unfortunately, the MPTP contaminant is a
potent neurotoxin. It has been suggested that MPTP was produced when either
the incorrect esterification process was used or excess sulfuric acid was present
and the reaction mixture was overheated (Perrine, 1996). The MPTP contam-
ination of the drugs led to a reported “epidemic” of Parkinsonism within the
Bay Area intravenous drug–using population (Langston et al., 1983). Other
clandestine chemists have also inadvertently produced MPPP contaminated



with MPTP, by at least two different synthetic routes (MMWR, 1984). Cases of
MPTP-induced Parkinsonism have been reported not only in California but also
in Maryland and Vancouver, British Columbia (MMWR, 1984).

It is estimated that hundreds of intravenous drug users may have developed
some degree of Parkinsonism as a result of MPTP exposure. Seven severe cases
were studied during the epidemic, and at least two deaths were attributed
directly to MPTP, though this number dramatically underrepresents the actual
number of deaths. There is utility for MPTP as a synthetic intermediate, and it
is sold by some chemical companies for this purpose. However, at least three
non-drug-abusing industrial chemists whose job it was to synthesize MPTP have
reportedly developed symptoms of Parkinsonism (Langston and Ballard, 1983;
Perrine, 1996).

The neurologic damage associated with MPTP poisoning is a result of the
oxidative metabolic conversion of MPTP by monoamine oxidase B (MAO-B),
which is widely distributed in the mammalian brain (Figure 8.6) (Langston 
et al., 1984; Perrine, 1996). This transformation produces the 1-methyl-4-
pyridinium ion (MPP+), which selectively destroys the zona compacta of the 
substantia nigra (Langston et al., 1983, 1984). Pretreatment with the drug
selegiline or pargyline, both of which are specific MAO-B inhibitors, is protec-
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tive against the neurologic damage caused by MPTP in some models (Langston
et al., 1984; Buchanan and Brown, 1988; Perrine, 1996; Kupsch et al., 2001).
So potent, predictable, and specific is the neurotoxicity of MPTP that it is now
frequently used to induce Parkinsonism in experimental animal models of the
condition.

Methadone (amidone) is commonly used to assist in the management of
opiate addiction and also has clinical utility in the management of severe
chronic pain. It is active at opioid receptors and has an analgesic potency
approximately 1.5–4 times that of morphine (Perrine, 1996; Wax et al., 2003).
Synthetic routes to methadone and its congeners have been reported in the
chemical literature (Cusic, 1949; Cheney, 1949). One method used to syntheti-
cally prepare methadone begins with diphenylacetonitrile, which is reacted 
with the hydrochloride salt of 2-chloro-N,N-dimethylpropylamine under basic
conditions in dimethylformamide (DMF) (Figure 8.7). Under these conditions,
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the amine cyclizes to form an intermediate aziridinium ion, which is 
attacked by the anion formed by the concomitant deprotonation of the
diphenylacetonitrile. Since both carbons of the aziridinium ring are subject to
nucleophilic attack, two isomeric nitriles are formed. The 2,2-diphenyl-
4-dimethylaminovaleronitrile is the desired intermediate for the syn-
thesis of methadone; the simultaneously formed 2,2-diphenyl-3-methyl-4-
dimethylaminobutyronitrile is unwanted. The slight steric hindrance of one of
the aziridinium ring carbons caused by the methyl group, along with the use
of DMF as a solvent, produces a slight excess of the desired nitrile (Cusic, 1949).
The desired nitrile can be isolated from the unwanted product through recrys-
tallization from hexane. Reacting the 2,2-diphenyl-4-dimethylaminovaleroni-
trile with ethyl magnesium bromide (ethyl Grignard) yields an imine, which,
when treated with aqueous acid, provides methadone. Despite the fact that this
and other synthetic routes to methadone are known, illicitly used methadone
is more likely to have been diverted from legitimate medical sources than syn-
thesized in a clandestine laboratory.

Illicit attempts at the preparation of other opioids are also known. However,
many of these procedures, such as the conversion of codeine to oxycodone, are
more complicated and require specialized training, equipment, facilities, or
reagents that are not easy for the clandestine chemist to acquire. That said,
however, there is always a chance that a simple and efficient scheme for these
conversions will be developed and put to use for the manufacture of street
drugs.

8.1.2 ILLICIT MANUFACTURE OF SEDATIVES

Many abused agents are sedatives with anesthetic-like effects that may or 
may not give way to agitation in a dose-dependent fashion. Among these 
drugs are ketamine, phencyclidine (PCP), gamma hydroxybutyrate (GHB),
methaqualone, and toluene (usually from huffing of spray paints or solvents).
The most common drugs in this group that are illicitly prepared are the 
GABA agonist, GHB, the arylcyclohexylamine, PCP, and the quinazolinone,
methaqualone.

Gamma hydroxybutyrate, the sodium salt of which is also known as sodium
oxybate, is a GABA-active general anesthetic that has found widespread use in
the illicit drug market. Use of GHB as an induction agent for general anesthesia
has been common in Europe since the 1960s (Marnell, 1999). It is an in-
expensive and readily available compound. Unfortunately, the precise dose
needed is difficult to titrate, and patients in whom this drug is used have a
propensity to display myoclonic jerking. These difficulties led to its being aban-
doned as an anesthesia induction agent in the United States. Nonetheless,
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sodium oxybate has recently gained FDA approval and is marketed as Xyrem®

for the treatment of cataplexy associated with narcolepsy.
In the mid-1990s, GHB gained popularity as a drug of abuse. It was used prin-

cipally by weightlifters, under claims that it would increase lean muscle mass
while the user slept (Lee, 2002). The exact origin of these claims is unclear,
though it is likely due to animal studies in which rats treated with GHB demon-
strated a statistically significant (though likely not clinically significant) increase
in growth hormone secretion. A more nefarious use of GHB is as a “date rape
drug.” Claims exist touting GHB as an aphrodisiac. There is a dose dependence
on sexual stimulation effects versus sedation from the drug. With the difficulty
in controlling the dose of GHB and its pronounced sedative effects, it is diffi-
cult to see any great utility for the drug as a true aphrodisiac. More commonly,
its use in a sexual context is simply as a sedative for the facilitation of sexual
assault. Derivatives of GHB, including gamma-butyrolactone (GBL), gamma-
valerolactone (GVL), gamma-hydroxyvaleric acid (GHV), 1,4-butanediol diac-
etate (BDDA), trans-4-hydroxycrotonic acid (T-HCA), and 1,4-butandiol (BD),
are also abused, for essentially the same reasons as GHB (Figure 8.8).

The synthesis of GHB is chemically very easy (Figure 8.9). Most often, simple
saponification of the lactone, gamma-butyrolactone (GBL), is the selected syn-
thetic route. The source of GBL is often floor-stripping products. The treat-
ment of GBL with a strong base such as sodium or potassium hydroxide opens
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the lactone ring and provides the corresponding salt of GHB in nearly quanti-
tative yield. The pH of the solution must then be adjusted, to neutralize the
excess base, and the salt collected. The compound is occasionally distributed
as a solid, but more commonly it is dissolved in a small amount of water or
other aqueous liquid. The route of administration is most often ingestion. In-
adequate neutralization of excess base following saponification of GBL has
resulted in caustic injury when the substance was swallowed (Dyer and Reed,
1997).

Phencyclidine (1-(1-phenylcyclohexyl)piperidine; PCP) is a psychoactive
arylhexylamine investigated by Parke-Davis as a possible surgical adjuvant in
humans (Shulgin and MacLean, 1976). Initial trials demonstrated that com-
plete analgesia was achieved within minutes after intravenous administration of
doses of approximately 20mg. However, doses of roughly four times this amount
were needed for surgical anesthesia (Greifenstein et al., 1958; Shulgin and
MacLean, 1976). At these higher doses, a significant state of excitation requir-
ing barbiturate sedation for control was observed. Other untoward side effects
of the drug, including trancelike ecstatic states, mania, dizziness, euphoria,
visual distortions, and hallucinations, led to abandonment of this drug as a clini-
cal agent in 1965. However, it is likely that word of these very effects also fos-
tered the beginnings of the street use of this compound. Despite the clinical
failure of phencyclidine, it is the lead compound for the development of a
variety of derivatives, including ketamine, which is currently used in both
human and veterinary anesthesia.

Illicit preparation of PCP has been commonplace since the late 1960s and
early 1970s. Shulgin and MacLean (1976) reviewed illicit synthetic methods 
for PCP and several of its derivatives in 1976. They concluded that for an illicit
synthesis of PCP or its congeners, at least one representative from each of the
following five groups must be present in addition to the usual chemical acces-
sories, such as drying agents and solvents: (1) an aliphatic amine (e.g., piperi-
dine, ethylamine); (2) an aliphatic ketone (usually cyclohexanone); (3) an
aromatic halide (e.g., bromobenzene, bromotoluene, bromothiophene); (4) a
leaving group intermediate (e.g., potassium cyanide, hydrogen bromide, p-
toluenesulfonic acid); and (5) a metal (e.g., magnesium, lithium). It must be
noted, however, that working with many of these reagents in clandestine labo-
ratory facilities as well as the drug itself may contribute to a potentially toxic
environment.
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One report of a hazardous situation associated with illicit preparation of PCP
in open cooking pots was published in 1980 (Aniline et al., 1980). In this case,
a 62-year-old woman occupied an apartment that, unbeknownst to her, was
immediately above a working clandestine PCP lab in which the drug was pre-
pared in open vats. She was evaluated in the hospital emergency department,
where she reported that every Wednesday when she went into the lavatory in
her apartment, the smell from the apartment below caused her to become dizzy
and fall. Due to her past history of recurrent psychotic depressions super-
imposed on milder depressive illness, she was also evaluated by the psychiatry
service at the hospital. An incidental analysis of her blood revealed a serum
PCP concentration of 8 ng/mL. This finding, combined with a cited commu-
nication from the chief laboratory chemist at the Los Angeles County Sheriff’s
Department indicating that illicit PCP synthesis usually takes about a week to
perform, led the authors to conclude that the patient’s statement of experi-
encing symptoms on Wednesdays may have been completely rational.

The syntheses of PCP and its derivatives can be classified into three groups:
those employing the nitrile compound 1-piperidinocyclohexane carbonitrile
(PCC), those that depend on intermediate formation of an imine (Schiff’s
base), and those that use an enamine compound (Maddox et al., 1965; Shulgin
and MacLean, 1976). The most frequent approach is the first (Figure 8.10).
Facile removal of the nitrile moiety by an aryl Grignard reagent is easily accom-
plished, and a known reaction for a number of aryl Grignards.

Therefore, the illicit preparation of PCP and its derivatives begins with the
preparation of the PCC starting material. This can be accomplished through
the addition of cyclohexanone and KCN to an aqueous solution of piperidine
HCl. Once the nitrile compound is synthesized, reaction with the selected aro-
matic Grignard is performed, followed by treatment with HBr or NH4Cl to give
PCP. Attempts to use phenyllithium rather than phenylmagnesium bromide
were not successful because they resulted in addition to the nitrile rather than
its displacement (Shulgin and MacLean, 1976).

Due to the great variability in the skill of those performing the synthesis of
PCP, it is common to find unreacted PCC starting material in the final product
(Buchanan and Brown, 1988; Shulgin and MacLean, 1976). In fact, concen-
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trations of PCC ranging from 10% to 70% of the bulk drug have been reported
(Buchanan and Brown, 1988; Shulgin and MacLean, 1976). One concern about
the use of PCP with high levels of PCC contamination was whether or not
cyanide was released upon heating of the compound. It was suggested by Soine
that smoking large amounts of drug contaminated with PCC might release
enough cyanide to produce toxicity, but this has not been demonstrated exper-
imentally (Soine et al., 1979). The pharmacology and toxicology of PCC have
not been thoroughly studied.

By varying the reagents used slightly, a variety of PCP homologs can be pre-
pared (Figure 8.11). For example, using ethylamine or pyrrolidine rather than
piperidine as the aliphatic amine provides the N-ethyl PCP derivative (PCE)
and the pyrrolidine PCP derivative (PHP), respectively. Substituting thiophene
for phenyl in the final step creates TCP, the thiophene analog of PCP.

Laboratory evaluation of the pyrrolidine analog found this compound to be
qualitatively and quantitatively similar to PCP when given to mice and primates
(Kalir et al., 1969; Shulgin and MacLean, 1976). However, street-level users
found that the compound caused a degree of sedation akin to that seen with
barbiturates, and street use was largely abandoned (Shulgin and MacLean,
1976; Buchanan and Brown, 1988). The potencies of both PCE and TCP are
greater than that of PCP, though the qualitative effects of TCP are similar 
to those of PCP (Shulgin and MacLean, 1976; Buchanan and Brown, 1988).
Phenylcyclohexyl-4-methylpiperidine is synthesized when 4-methylpiperidine 
is used in place of piperidine. This compound was identified in a sample of
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alleged PCP, and it was presumed that it was prepared in order to circumvent
laws at the time that restricted the availability of piperidine but not 4-
methylpiperidine (Shulgin and MacLean, 1976; Soine et al., 1982; Buchanan
and Brown, 1988). Animal data indicate that the 4-methylpiperidine derivative
is approximately 12% as potent as PCP but 1.4 times less toxic (Buchanan and
Brown, 1988; Soine et al., 1982). In other words, the doses required to obtain
psychotropic effects similar to those of PCP would more likely produce toxic
effects.

In South Africa, the sedative methaqualone is a drug of choice for abuse and
therefore for illicit manufacture (van Zyl, 2001). This drug was originally mar-
keted in the mid-1960s in a nonbarbiturate nonaddictive sedative-hypnotic
under the trade name “Quaalude.” However, in reality, abuse of methaqualone
gives rise to a barbiturate-like dependence (van Zyl, 2001). This effect became
quickly apparent, and most member countries of the United Nations (UN)
banned its sale and use. Since its removal from the legal pharmaceutical market,
methaqualone and several structural relatives of the drug have been prepared
in illicit laboratories (Angelos and Meyers, 1985; van Zyl, 2001). In South Africa,
methaqualone is usually smoked in a “witpyp” (i.e., white pipe) mixed with
Cannabis (van Zyl, 2001).

Numerous synthetic routes to methaqualone and other 2,3-disubstituted-
4(3H)-quinazolinones have been reported (Kacker and Zaheer, 1951; Soliman
and Soliman, 1979; Dal Cason et al., 1981; van Zyl, 2001). However, there are
two primary routes used for illegal production, because both involve only
simple one- or two-step reaction sequences that are easily adapted to the clan-
destine laboratory environment (Angelos and Meyers, 1985; van Zyl, 2001). The
one-step method is performed by simply refluxing anthranilic anhydride with
acetic acid or acetic anhydride and o-toluidine (Figure 8.12a). Polyphosphoric
acid is often added to remove residual water, providing methaqualone in 
reasonable yield though likely in need of some form of purification. In the 
two-step method, N-acetylanthranilic acid is isolated after being produced by
reacting anthranilic acid with acetic anhydride (Figure 8.12b). This acetamide
intermediate is then condensed with o-toluidine in the presence of phos-
phorus trichloride to give methaqualone. Additional synthetic routes to
methaqualone and related compounds have been reviewed (van Zyl, 2001).

8.1.3 ILLICIT MANUFACTURE OF HALLUCINOGENS

Hallucinogens alter the perception of the brain to external stimuli. Other terms
used for this class of drugs include pychotomimetics and psychedelics. The 1970
Controlled Substance Act uses the term hallucinogen and places all compounds
of this general description into DEA schedule I (Perine, 1996). That is, all of
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these agents have a high potential for abuse and lack accepted medical use or
safety. Listed within this category are Cannabis, lysergic acid diethylamide (LSD)
and its derivatives, psilocybine, mescaline, and a variety of tryptamine analogs,
among many others. In truth, none of the compounds in this classification
causes hallucinations (Perrine, 1996). The use of the different terms in refer-
ring to these compounds is largely semantic, in that many people have a posi-
tive association with the term psychedelic, but negative connotations are
expressed when the term hallucinogen is used—even when both cases are
making reference to the same compound. Though many of these compounds
can cause bizarre behavior and conflicting accounts exist of “flashbacks,” espe-
cially with LSD use, acute intoxication with hallucinogens rarely produces direct
life-threatening effects. Deaths from LSD are typically due to trauma while the
patient is experiencing altered perceptions as a result of drug intoxication
(Ellenhorn and Barceloux, 1988).

Lysergic acid diethylamide (LSD), usually a semisynthetic hallucinogenic
agent, has numerous street names, including “acid,” “paper,” “ticket,” “stamps,”
and “blotter,” among others (Figure 8.13). It is extremely potent, with effective
doses measured in the tens of micrograms, and is well absorbed through the
mucous membranes and gastrointestinal tract and percutaneously (Perrine,
1996; Marnell, 1999). It is, however, a heat-labile compound, so smoking is not
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a viable method of delivery (Marnell, 1999). Most often, LSD is taken by placing
a square of blotter paper (discussed later) on the tongue, allowing absorption
of the drug through the mucosal surfaces of the mouth.

The usual starting material for the preparation of LSD is lysergic acid. Korn-
feld and Woodward published the first successful synthesis of lysergic acid in
1956, starting from indole 3-propionic acid (Kornfeld et al., 1956). Several
other researchers have reported different synthetic routes to lysergic acid.
Rebek published a total synthesis of lysergic acid starting from its biosynthetic
precursor, tryptophan, in 1984 (Rebek, Tai, and Shue, 1984). It must be noted
that the total synthesis of lysergic acid is quite complicated. Therefore, it is
much simpler and more economical to isolate lysergic acid from pharmaceuti-
cal or plant or fungal sources. Hydrolysis of the antimigraine medication ergo-

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S468

OH-

N

N

H

CH3

HO

O

H H

Paspalic
Acid

N

N

H

CH3

H
OH

O

Isolysergic
Acid

N

N

H

CH3

H
N

O
H

CH2OH

CH3

H

Ergonovine

N

N

CH3

CH3

H
N

O
H

CH2OH

CH2CH3

H

Methysergide

KOH
EtOH
H2O

H2NNH2

Produces
Racemate

Ba(OH)2

N

N

H

CH3

H
OH

O

Lysergic
Acid

N

N

H

CH3

H
NH2

O

Lysergamide

OH-

OH-

OH-

N

N

H

CH3

H
N

O
N

N

O

O O
H

OHH3C

H

Ergotamine

10

9
8 7 6

5

Produces
N-methyl Lysergic Acid

Figure 8.13

Some sources of
ergotamine



tamine tartrate provides lysergic acid (Figure 8.13). Alternatively, ergonovine
or methylergonivine, both of which are used medically to stimulate uterine con-
tractions, could also be utilized (Figure 8.13). Chemical transformation of
methysergide or dihydroergotamine could potentially yield lysergic acid,
though this has not been reported in illicit laboratories (Figure 8.13) (Perrine,
1996). Methysergide, the N-methyl analog of methylergonovine, could be used
to produce N-methyl LSD, which is approximately 10% as potent a hallucino-
gen as LSD (Perrine, 1996).

Ergotamine can also be isolated from natural sources, including the seeds of
the Hawaiian woodrose, morning glory, and stipa robusta plants (Perrine, 1996;
Shulgin and Shulgin, 1997; Marnell, 1999). Fungal cultures of Claviceps paspali
produce abundant quantities of paspalic acid when raised under saprophytic
conditions in fermenters (Perrine, 1996). Paspalic acid can be isomerized to
the thermodynamically preferable lysergic acid by treatment with a base (Figure
8.13) (Perrine, 1996). The use of C. pupurea has also been suggested, though
cultures of this fungus are reportedly difficult to raise except directly on grain
growing in fields (Perrine, 1996). Other fungal cultures, including Aspergillus
clavatus, are also possible sources of lysergic acid or its derivatives. Though
morning glory plants are readily available and raising fungal cultures for lyser-
gic acid production is not much more difficult than culturing yogurt, diversion
of pharmaceutical ergotamine tartrate is probably the most economically fea-
sible method for illicit production of LSD (Perrine, 1996; Marnell, 1999). Since
ergotamine tartrate is tightly controlled in the United States, it is likely that
much of the compound used in the illegal production of LSD is smuggled into
the United States from foreign sources where fewer restrictions on its sale exist
(Marnell, 1999).

Lysergic acid is produced by refluxing ergotamine tartrate with potassium
hydroxide and hydrazine in a solvent of alcohol–water. It is estimated that in
order to satisfy the annual use of pure LSD in the United States (approximately
11 pounds), 60 pounds of ergotamine tartrate is required (Marnell, 1999).
Once the lysergic acid is prepared, one of four methods is probably used to
convert it to LSD (Figure 8.14). First, the lysergic acid may be treated with
lithium hydroxide to produce the lithium salt, which is reacted with sulfur tri-
oxide, dimethylformamide, and diethylamine to produce LSD. The second pos-
sible method involves the reaction of lysergic acid with N,N-carbonyldiimidazole
followed by treatment with diethylamine. The third method involves the reac-
tion of lysergic acid with trifluoroacetic anhydride followed by subsequent 
reaction with diethylamine. Finally, the lysergic acid and diethylamine can 
be combined in chloroform and refluxed. After this, POCl3 is added and the
solution allowed to return to room temperature. It is suggested that the POCl3

method is preferred today because it is the cleanest and most efficient method

S Y N T H E T I C  M E T H O D S  A N D  L AW  E N F O R C E M E N T  C O N C E R N S 469



for producing a wide variety of lysergamide derivatives (Shulgin and Shulgin,
1997).

In all cases, the crude LSD must be purified prior to distribution and use
(Marnell, 1999). This can be accomplished through a series of acid–base extrac-
tions, recrystallizations from benzene or methanol, preparation of the tartaric
acid salt of LSD, or alumina column chromatography. A very pure dry LSD salt
will reportedly emit flashes of white light when shaken in a dark room (Shulgin
and Shulgin, 1997).

The most common form of distribution of LSD is on blotter paper. To
prepare the blotters, the chemist dips blotter paper in an alcoholic solution of
LSD. The blotter paper is perforated into squares for distribution (100 squares
per sheet, with 10 sheets per book) (Marnell, 1999). The squares of blotter
paper are often printed with a logo or design as a trademark of the distributor.
A single square of blotter paper contains one dose of LSD (typically, 20–80mg).
Doses of LSD used in the 1960s and 1970s were frequently as high as 100–
300mg (Perrine, 1996; Marnell, 1999). The average lethal dose of LSD in a
human is estimated to be between 0.2 and 1mg/kg (Hoffer, 1965; Leiken et al.,
1989). One report of an LSD-overdose death details a case of an individual
injecting an estimated 320mg of LSD intravenously (i.e., ~6400 times the typical
oral dose) (Griggs, 1977). A bull elephant was reportedly killed with a single
intramuscular injection of 300mg of LSD, which was a dose of approximately 
1mg/kg (West et al., 1962).
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There are two positions on LSD that are notoriously chemically unstable
(Shulgin and Shulgin, 1997). These are the stereochemistry of the 8-
carboxamide, which is rapidly epimerized to the inactive iso-lysergic acid 
diethylamide with exposure to pH above neutral, and the olefin between the
8-position and the aromatic ring, to which water and alcohol can readily add,
especially in the presence of UV rays from sunlight. The product of water addi-
tion to the olefin, lumi-LSD, is also inactive in man. Chlorine, even the small
amounts found in tap water, will rapidly degrade LSD (Shulgin and Shulgin,
1997). Because degradation of LSD is rapid upon exposure to light, blotter
paper is impregnated with LSD shortly before distribution, and the impreg-
nated blotter paper squares are kept tightly sealed, often in opaque photo-
graphic film canisters (Marnell, 1999). Other methods of distribution of LSD
include placement on sugar cubes or toothpicks, as tablets and capsules, on
thin gelatin squares, and in liquid form, though the blotter paper method is by
far the most prevalent (Marnell, 1999).

Numerous other derivatives of lysergic acid exist, including ololiuqui, lyser-
gic acid amide (lysergamide), ergonovine, and several alkylamide congeners
(Figure 8.15). Investigations of the structure–activity relationships (SARs) of
some of these compounds have been published (Hoffmann and Nichols, 1985;
Perrine, 1996). However, these compounds are not common in the current U.S.
illicit drug trade. As such, discussion of the synthetic methods and SARs of these
drug substances is beyond the scope of the current chapter.

The syntheses of numerous tryptamine derivatives have been reported. 
The book TIHKAL (Tryptamines I Have Known and Loved): The Continuation, 
by the husband and wife team Alexander and Ann Shulgin (Shulgin and
Shulgin, 1997), details the syntheses of over 50 such compounds. A num-
ber of tryptamine derivatives, including bufotenine and N,N,-dimethyl-5-
methoxytryptamine, which are isolated from the venoms of two species of toads,
have been subjected to some form of pharmacologic assessment (Perrine,
1996). However, probably the most prominent member of this group in terms
of illicit synthesis and use is N,N-dimethyltryptamine (DMT).

Many hallucinogenic snuffs and drinks used by the indigenous peoples of
the Amazon and the Caribbean contain DMT (Perrine, 1996). This observa-
tion, combined with the fact that the relatively simple structure of DMT is
present in both LSD and psilocybin, led to the investigation of the intrinsic hal-
lucinogenic properties of DMT during the 1950s (Perrine, 1996). Though DMT
is inactive if taken orally, reportedly as a result of degradation by monoamine
oxidase (MAO) in the gastrointestinal tract, DMT is active if insufflated or taken
parenterally (Perrine, 1996). The reason hallucinogenic activity is maintained
in cases of ingestion of DMT-containing drinks is hypothesized to be the result
of inhibition of gastric MAO by harmaline alkaloids also present in the solu-
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tion (Figure 8.16) (Perrine, 1996). Intramuscular doses of 30mg DMT provided
pharmacologic effects similar to those of LSD, though with an exceptionally
rapid onset (within seconds of administration and peaking within 15 minutes)
and short duration of action (complete resolution of effects within less than 
1 hour (Perrine, 1996).

The brief duration of the psychedelic experience popularized the use of
DMT in the 1960s, when it became known as “businessman’s LSD.” However,
DMT also developed a reputation of causing “bad trips” (negative psychedelic
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experiences) and, as a result, has never attained the popularity of some other
illicit hallucinogens. In recent years, however, a renewed interest has been
shown in DMT. It is suggested that the basis for this resurgence in popularity
is likely the result of legal issues. Specifically, though DMT is a DEA schedule I
compound and its synthesis is illegal, possession of the plants that contain it is
not regulated. Therefore, many of the DMT-containing plants are used for a
“legal high” (Marnell, 1999).

The synthesis of DMT is not difficult, though apparatus for an inert atmo-
sphere is required. Though DMT can be prepared from indole through a
lengthy series of reactions, it is far simper to begin with tryptamine (Figure
8.17). Shulgin reports preparation of DMT by first obtaining the quaternary
ammonium salt, N,N,N-trimethyltryptammonium iodide, by the treatment of
tryptamine with excess methyl iodide (Shulgin and Shulgin, 1997). This salt is
then demethylated with triethyllithium borohydride (LiEt3BH) in tetrahydro-
furan under an inert atmosphere. A combination of acid–base extractions and
distillations is used to purify the product.

The subjective effects of a series of doses of DMT administered by a variety
of routes (oral, smoking, intramuscular, and intravenous) were reported by
Shulgin and Shulgin (1997). Depending upon dose and route, a range of expe-
riences from pleasant to frightening was reported.

8.1.4 ILLICIT MANUFACTURE OF NONMETHAMPHETAMINE STIMULANTS

Though methamphetamine is the most common illegally synthesized stimulant,
numerous other active phenethylamine derivatives have been illicitly prepared.
Some of the more common illicitly prepared stimulants include 3,4-methyl-
enedioxyamphetamine (MDA, Eve), 3,4-methylenedioxymethamphetamine
(MDMA, ecstasy), 4-methylaminorex (U4EUh), and p-methoxymethamphet-
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amine. Often, MDMA is classified as a hallucinogen at commonly used doses,
and sympathomimetic effects appear with higher doses (Buchanan and Brown,
1988). However, due to the structural relationship of MDMA with the amphet-
amines, it is included in the stimulants section of this chapter.

The methylenedioxy derivatives of amphetamine and methamphetamine
(MDA and MDMA, respectively) are frequently abused. At lower doses of
MDMA, serotonergic effects, including feelings of empathy and, in some cases,
hallucinations, predominate. With increasing doses, sympathomimetic effects
similar to those seen with methamphetamine become apparent. Due to the 
similarity in the names of the compounds, some early reports confused MDMA
with the neurotoxin MPTP, which was produced as a result of a botched meperi-
dine analog synthesis (vide infra) (Baggott et al., 1999). In these cases, MDMA
was reported to be responsible for the development of Parkinsonism. Though
neurotoxicity associated with the use of MDMA has been reported, the toxic
effects are vastly different from those attributed to MPTP (Schmidt et al., 1986;
Buchanan and Brown, 1988).

Synthesis of the methylenedioxy compounds usually begins with either isosaf-
role or piperonal (Figure 8.18) (Shulgin and Shulgin, 1992). From these start-
ing materials, the key intermediate, 3,4-methylenedioxyphenylacetone, can be
prepared. To accomplish this goal, isosafrole is treated with 30% hydrogen per-
oxide and 80% formic acid in acetone for 16 hours at a modest temperature.
Removal of the solvent and treatment of the deep red residue with acidified
methanol over a steam bath followed by extraction from aqueous base and
vacuum distillation provides 3,4-methylenedioxyphenylacetone as a pale yellow
oil.
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The same aromatic ketone can also be prepared from piperonal. In 
this scheme, piperonal is reacted with nitroethane in cyclohexylamine and
glacial acetic acid, which gives 1-(3,4-methylenedioxyphenyl)-2-nitropropene.
This intermediate is then treated in a solution of electrolytic iron in 
glacial acetic acid. When the reaction is complete, the mixture is diluted with
water and extracted with methylene chloride. The organic layers are washed
with base and concentrated, and the residue is vacuum distilled to give 3,4-
methylenedioxyphenylacetone.

Once the 3,4-methylenedioxyphenylacetone is prepared, it can be used as a
common starting material for both 3,4-methylenedioxyamphetamine (MDA,
Eve) and 3,4-methylenedioxymethamphetamine (MDMA, ecstasy, Adam). To
convert 3,4-methylenedioxyphenylacetone to MDA, the ketone is reacted with
anhydrous ammonium acetate, forming an intermediate imine (Figure 8.19).
The imine is then reduced, using an agent such as sodium cyanoboro-
hydride, to give MDA as an oil. This oil is easily converted to the solid MDA
hydrochloride salt using hydrogen chloride in anhydrous diethyl ether. 
An alternative synthetic route to MDA is the simple reduction of 1-(3,4-
methylenedioxyphenyl)-2-nitropropene with a stronger reducing agent, such 
as lithium aluminum hydride (LAH), in an anhydrous solvent like tetrahydro-
furan (THF). Acid–base extraction followed by treatment of the MDA oil with
hydrogen chloride in anhydrous diethyl ether yields the solid MDA hydrochlo-
ride salt.

The more commonly abused methylenedioxy derivative of methampheta-
mine is 3,4-methylenedioxymethamphetamine (MDMA, ecstasy). This drug can
also be prepared in a variety of ways. Most often, MDMA is synthesized either
by N-methylation of MDA or through a series of transformations beginning with
3,4-methylenedioxyphenylacetone (Figure 8.20).

If MDA is selected as a precursor, the N-methylation is accomplished by the
reaction of MDA with formic acid in benzene under dehydrating conditions
(e.g., using a Dean–Stark trap). The resultant N-formyl-MDA is then reduced
using LAH in anhydrous THF. Acid–base extraction, removal of the solvent,
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and distillation of the residue provides MDMA as an oil. This oil is converted
to the solid hydrochloride salt by using hydrogen chloride in anhydrous diethyl
ether.

Alternatively, MDMA can be prepared from 3,4-methylenedioxyphenylace-
tone. In this scheme, an amalgam is formed from aluminum (usually small
pieces of aluminum foil) and mercuric chloride in water. This reagent is then
isolated and an aqueous solution of methylamine hydrochloride, isopropyl
alcohol, sodium hydroxide, and 3,4-methylenedioxyphenylacetone is added
with stirring. When the reaction is complete, it is extracted, purified, and con-
verted to the salt as described earlier.

A group of related compounds have been purported to be cognition- and
memory-enhancing drugs. The most common member of this class is the
phenyl oxazoline, 4-methylaminorex (U4EUh, ice, intellex) is a structural rel-
ative of pemoline, a compound investigated in the 1960s as an appetite sup-
pressant but later abandoned (Figure 8.21). At the typical doses preferred by
recreational users of the drug (15–30mg as the free base), 4-methylaminorex
reportedly causes increased awareness of the user’s body, vivid imagery, and
bizarre ideation along with moderate stimulant effects (Strassman and Qualls,
1994a, 1994b). Stimulant effects on heart rate, blood pressure, and body tem-
perature, as well as blood levels of some circulating hormones, increased in a
dose-dependent fashion (Strassman and Qualls, 1994a, 1994b).

4-Methylaminorex (U4EUh) is prepared by reacting phenylpropanolamine
with cyanogen bromide (CNBr) and sodium acetate (Henderson et al., 1995).
The synthesis of CNBr is accomplished by the slow addition of an aqueous solu-
tion of sodium cyanide on top of a stirred aqueous solution of bromine (Br2)
while the reaction temperature is kept near ambient (Figure 8.22). The CNBr
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is distilled from the reaction mixture and the product then distilled a second
time from CaCl2 to give the CNBr as a low-melting-point solid that is stored in
the freezer. Sodium acetate is prepared by combining equimolar amounts of
sodium hydroxide and glacial acetic acid and drying the resulting solid. Phenyl-
propanolamine can be extracted from over-the-counter cold and appetite-
suppressant medications using ethanol and water followed by ether extraction
of an aqueous base solution of the drug, though this has become somewhat
more difficult since the U.S. Food and Drug Administration recommended
removal of phenylpropanolamine from the market in 2000 due to an apparent
increase in hemorrhagic stroke associated with its use (FDA, 2000).

The preparation of 4-methylaminorex is then accomplished by combining
the isolated phenylpropanolamine with sodium acetate in methanol at 0°C
(Figure 8.22). Next, chilled CNBr in methanol is added and the reaction
allowed to proceed at 0°C. The methanol is distilled away and the residue dis-
solved in water. The solid 4-methylaminorex base produced is precipitated by
the addition of aqueous sodium carbonate. This solid is filtered, washed with
ice cold water, and dried. The free base can then be recrystallized and the
hydrochloride salt prepared in the usual fashion.

Though these compounds are well known to appear on the illicit drug
market, their popularity is still significantly less than that of methamphetamine
and MDMA. It is also known within the circles of clandestine chemists that the
preparation and use of cyanogen bromide is dangerous, in that some popular
Internet sites actually recommend that the preparation of cyanogen bromide
be performed outside on a breezy day.

Numerous other illicitly prepared phenethylamine derivatives are known 
in the illegal drug market, including 4-methoxyamphetamine (para-
methoxyamphetamine, PMA), 4-methylthioamphetamine (4-MTA), 4-methyl-
2,5-dimethoxyamphetamine (DOM), 4-bromo-2,5-dimethoxyamphetamine
(DOB), and many others (Figure 8.23). Though these compounds are illicitly
prepared, their syntheses are somewhat more complicated than those for
methamphetamine; therefore, their popularity seems to be correspondingly
lower. Nonetheless, deaths attributed to abuse of illicitly manufactured DOB,
PMA, and 4-MTA have been reported (Cimbura, 1974; Bohn, 1981; Winek 
et al., 1981; Elliott, 2000; Johansen et al., 2003).
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Methamphetamine is by far the most prevalent of the drugs illicitly synthe-
sized in clandestine laboratories. Numerous synthetic routes, both realistic and
unrealistic, to produce methamphetamine have been reported. The remainder
of this chapter will focus primarily on the clandestine production of metham-
phetamine. The forensic scientist must keep in mind, however, that a wide array
of drugs has been and may be produced in clandestine laboratories, as is illus-
trated in the previous sections of this chapter.

8.2 MANUFACTURE OF METHAMPHETAMINE

8.2.1 ILLICIT MANUFACTURE OF METHAMPHETAMINE

8.2.1.1 Structure–Activity Relationships of Phenethylamines
The word amphetamine is an abbreviation for alpha-methyl-phenethylamine
(Nichols, 1994). The class of CNS stimulant drugs to which amphetamine
belongs is known as the phenethylamines. The basic structural motif of this
group of drugs is composed of an aromatic ring (“phen,” for phenyl) attached
to a two-carbon chain (“ethyl”) bearing a basic nitrogen at the distal end of the
carbon chain (“amine”) (Figure 8.24). One of the first phenethylamines
(amphetamine) was prepared in 1887; shortly thereafter, in 1919, its N-methyl
derivative, methamphetamine, was synthesized (Baselt, 2000).

Prior to discussing the various synthetic routes to methamphetamine, it is
reasonable to closely examine the pharmacologic reasons why this compound
and its derivatives are desired. Though primarily regarded as CNS stimulants,
substitution of the fundamental phenethylamine nucleus can result in effects
ranging from sedation to stimulation to hallucination induction (Nichols,
1994). The large number of derivatives that have been prepared containing the
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phenethylamine nucleus allowed detailed study of the structure–activity rela-
tionships (SARs) of this series of compounds (Nichols, 1994; Shulgin and
Shulgin, 1992). Based on the results of the SAR investigations, some general
inferences can be made about the pharmacologic effects of a given phenethyl-
amine derivative from its chemical structure. It must be noted that this section
is meant to provide the reader with a general treatment of the SAR features of
this class of compounds, with specific reference to methamphetamine; it is not
designed to be an all-inclusive review of the available studies.

Adrenergically active compounds are classed as either direct acting (those
that bind directly to the adrenergic receptor) or indirect acting (those that
induce release of neurotransmitters) (Hoffman and Lefkowitz, 1996). Cate-
cholamines such as epinephrine and norepinephrine are direct-acting agents,
while amphetamine and methamphetamine are primarily indirect-acting
agents. The principal neurotransmitters affected by phenethylamine derivatives
are norepinephrine, epinephrine, dopamine, and serotonin (Hoffman and
Lefkowitz, 1996). The specific chemical structure of the agent has significant
effects on which neurotransmitter is principally affected.

There are essentially four sites on the phenethylamine on which substitution
will affect the overall pharmacology of the compound. These are: the amino
nitrogen, the carbons of the “ethyl chain” a and b to the nitrogen, and the 
aromatic ring, as illustrated in Figure 8.25. Each of these sites is examined next.
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Allowable substitution on the amino nitrogen is quite restrictive. A single
methyl group approximately doubles potency, as seen when comparing
methamphetamine to amphetamine (Nichols, 1994). However, when amphet-
amine is substituted with an ethyl or propyl group, activity of the substituted 
compounds drops to approximately one-half that of amphetamine (Van der
Schoot et al., 1961). The central effects of amphetamine are diminished 
relative to methamphetamine, while amphetamine causes more pronounced
peripheral actions than methamphetamine. Single alkyl N-substituents larger
than methyl also cause a decrease in excitatory properties, though anorexiant
effects are retained (Baselt, 2000). This observation has been exploited in the
development of antiobesity agents, such as benzphetamine and diethylpropion,
which have diminished abuse potential relative to the amphetamines. Disub-
stitution of the nitrogen to form a tertiary amine significantly reduces activity.
For example, N,N-dimethylamphetamine has only about 20% of the activity of
amphetamine (Nichols, 1994). It is noteworthy that N,N-dimethylamphetamine
can be metabolically dealkylated to give the potent methamphetamine. Disub-
stitution of the nitrogen with alkyl groups larger than methyl frequently reduces
activity to the point of abolition (Nichols, 1994).

Monosubstitution of the nitrogen on hallucinogenic (e.g., ring substituted
compounds such as 4-bromo-2,5-dimethoxyamphetamine, DOB) amphetamine
derivatives results in significant attenuation of hallucinogenic effects (Shulgin,
1981; Shulgin and Shulgin, 1992). Disubstitution or substitution with an alkyl
group larger than methyl on the nitrogen or incorporation of the nitrogen into
a heterocycle in these compounds eliminates hallucinogenic activity completely
(Nichols, 1994; Wolters et al., 1974). Substitution with an N-methyl group does
not significantly affect a given compound’s ability to cause release of endoge-
nous neuronal amines (Nichols, 1994).

Substitution of the carbon a to the nitrogen (henceforth referred to as the
a-carbon) with a methyl group causes the agent to have central nervous system
stimulant and anorexic effects (Glennon, 1989). Larger substituents at this posi-
tion reduce stimulant and cardiovascular effects, but anorectic properties are
retained (Battaglia and DeSouza, 1989; Glennon, 1989). The lack of significant
central effects of compounds not substituted in the a-position (e.g., b-
phenethylamine) is apparently due largely to their facile degradation by
monoamine oxidase (MAO) (Nichols, 1994). The metabolic products of MAO
do not penetrate the central nervous system (CNS) to an appreciable degree.
Compounds with an a-methyl substituent (e.g., amphetamine) are poor sub-
strates for MAO and therefore readily penetrate the CNS (Nichols, 1994).
Increasing the length of the a-substituent to anything larger than a methyl
group in amphetamine-like compounds results in a compound with a dramat-
ically diminished ability to release dopamine. For example, though metham-

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S480



phetamine is approximately twice as potent as amphetamine, the a-ethyl analog
of methamphetamine is only about one-tenth as potent when compared to
amphetamine (Nichols, 1994). Interestingly, substitution of an ethyl moiety for
a methyl group in serotonergic compounds such as MDMA results in com-
pounds that largely retain their ability to release neuronal serotonin and actu-
ally increases serotonin selectivity, presumably through diminished effects at
other neuronic sites; a-alkyl groups longer than ethyl are inactive (Nichols,
1986, 1994). Incorporation of the a-subtituent into a carbocyclic ring fused with
the aromatic ring results in compounds somewhat less potent than ampheta-
mine. Both the five-membered carbocyclic 2-aminoindan and the seven-mem-
bered ring derivatives are less potent than the six-membered 2-aminotetralin
(Glennon et al., 1984a; Oberlender and Nichols, 1991). One study reported
the 2-aminotetralin to be approximately 30% as potent as (+)-amphetamine
(Glennon et al., 1984a), while another assessment indicated the potency of the
same compound to be approximately one-eighth that of amphetamine (Ober-
lender and Nichols, 1991).

Branching at the a-carbon induces chirality in the phenethylamines. One
must take great care to remember the conventions of organic chemistry when
examining the different enantiomers. The absolute stereochemistry designa-
tions R- and S- can be assigned directly from a three-dimensional structure using
Hughes–Ingold–Prelog priority assigments. The R- and S-designations are syn-
onymous with d and l, respectively. However, the designations (+) and (-) and
their respective synonyms, d- and l-, can only be assigned using experimental
determination of plane polarized light rotation; these designations cannot be
empirically assigned. Therefore, d-/l- is not interchangeable with d-/l-. When
dealing with pharmacologic and forensic data of amphetamines, most investi-
gators use the d-/l- or (+)/(-) designations for the isomers. This convention
will be followed herein as well.

With specific respect to the absolute configuration of amphetamine, two
isomers exist: S-(+), dextro (d) and R-(-), levo (l). The pharmacologic profiles
of these two compounds are quite distinct. The alerting activity of the levo(-)-
isomer is only about one-tenth that of the dextro(+)-isomer and about half the
strength of a psychotomimetic (Isaacson, 1998). This stereospecificity is also
apparent with methamphetamine. The l -isomer of methamphetamine (present
in Vick’s® inhalers and listed as “l -desoxyephedrine”) is reported to possess
greater peripheral sympathomimetic and less CNS stimulant activity than the
d -isomer (Baselt, 2000) (Figure 8.26). Note that methamphetamine also has
the d -(+) isomer with the S-absolute configuration and the l -(-) isomer with
the R-absolute configuration. The greater CNS stimulation induced by d-
methamphetamine has made it the preferred agent not only as an illicit stim-
ulant but also as a therapeutically useful antiobesity agent.
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Several compounds oxidized at the b-carbon possess variable degrees of
central activity (e.g., methcathinone, cathinone, ephedrine, and pseudo-
ephedrine). Hydroxylation at the b-position, as in ephedrine and pseu-
doephedrine, does result in a less potent agent than the corresponding
carbonyl agents, such as in methcathinone. For examples, cathinone is reported
to have stimulant effects similar to those of amphetamine (Nichols, 1994). This
is due largely to the diminished ability of the hydroxylated compound to cross
the blood–brain barrier. For example, phenylpropanolamine has only about
one one-hundredth the ability to cross the blood–brain barrier as its nonhy-
droxylated congener, amphetamine (Isaacson, 1998). Ephedrine has markedly
greater central activity than pseudoephedrine due to the stereochemical dif-
ference in the b-hydroxyl. This is due primarily to the greater direct adrener-
gic action of ephedrine as compared to pseudoephedrine (Griffith and
Johnson, 1995).

No substituent can be added to the phenyl ring with complete conservation
of the simple catecholamine-releasing properties of amphetamine. Higgs and
Glennon (1990) investigated substitution of ortho -, meta -, and para -methyl sub-
stituted amphetamine for (+)-amphetamines in a two-lever discrimination test
using rats trained to distinguish (+)-amphetamine from saline. It was discov-
ered that the ortho -methyl group was tolerated and provided complete substi-
tution for (+)-amphetamine, but at doses 10-fold higher than for amphetamine.
The meta - and para-substituted compounds produced only disruption in the rats
at much higher doses. Halogenation of the aromatic ring with F, Cl, or Br
reduces sympathomimetic action; however, other activities (e.g., serotonin-
releasing ability) may be retained or increase (Johnson et al., 1990; Fuller,
1992). For example, p -chloroamphetamine is a potent neurotoxin that has
been shown to destroy serotonergic neurons in experimental animals (Nichols,
1994; Fuller, 1978). Hydroxylation of the aromatic ring also leads to diminished
central activity, presumably due to decreased blood–brain barrier penetration
(Nichols, 1994).

Appending methoxy moieties to the phenyl ring, particularly in the 3,5-, the
2,5-, or the 3,4,5-positions leads to agents with somewhat diminished central
activity but significant hallucinogenic effects (Nichols, 1994). The production

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S482

N
CH3

H

H3C H

N
CH3

H

H CH3

d-Methamphetamine l-Methamphetamine

Figure 8.26

Isomers of
methamphetamine



of these hallucinogenic agents suggests a trophism for dopaminergic (D2)
receptors, though all hallucinogenic compounds have a high affinity for se-
rotonin 5-HT2 receptors (Glennon et al., 1984b; Titeler et al., 1988). How-
ever, it is known that ring-substituted compounds such as 3,4-methylene-
dioxymethamphetamine (MDMA) are weak hallucinogens but potent sero-
tonin-releasing agents (Nichols, 1994). Monosubstitution at the para -position
induces serotronin-releasing properties (Nichols, 1994). A single meta -triflu-
oromethyl group or a 3,4-disubstitution creates an agent that is relatively sero-
tonin selective (Nichols, 1994). This serotonin selectivity is diminished if an
ortho -alkoxy ring is added (Nichols, 1994).

A brief summary of these SAR properties is best demonstrated by example
(Figure 8.25). Mescaline has a 3,4,5-trimethoxy substitution pattern on the
phenyl ring without N-substitution, thereby imparting hallucinogenic proper-
ties. However, it lacks substitution on the a-carbon resulting in an agent with
limited stimulant effects. On the other hand, 3,4-methylenedioxymethamphet-
amine (MDMA) is only a mild hallucinogen (due to the methyl group on the
amino nitrogen) but possesses stimulant and anorexic effects due to the methyl
group on the a-carbon. Examination of the structure of methamphetamine
reveals an agent that should have both stimulant and anorexic properties,
limited serotonin selectivity, and no hallucinogenic properties. All of these 
predictions hold true for methamphetamine.

8.2.1.2 Chemistry
Compounds other than methamphetamine are mentioned for illustrative pur-
poses in the structure–activity relationship (SAR) section of this chapter; the
following section, however, will focus entirely upon the synthetic chemistry used
for illicit production of methamphetamine and its precursors. The synthesis of
serotonergic and hallucinogenic amphetamine derivatives such as MDMA,
MDA, and DOB tend to be somewhat more difficult. Therefore, these drugs
tend to be less commonly prepared illegally, though this is changing. Other
methods that could potentially be used for the synthesis of methamphetamine
and its precursors clearly exist and are available to well-equipped legal research
laboratories. However, these methods are not discussed herein due to the lack
of their use by underground chemists. Further, there are many purported
methods for simple and convenient home synthesis of methamphetamine avail-
able through books and the Internet. Some of these methods are chemically
reasonable, while others are not. The author has made every attempt to be as
comprehensive as possible in the discussion of chemically reasonable synthetic
methods used by clandestine chemists. However, those methods judged by the
author to have little basis in chemical fact or no reasonable chance to produce
methamphetamine or its precursors are not discussed.
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Illicit chemists do not publish their syntheses in scientific journals, though
several books, such as PIHKAL: A Chemical Love Story by Shulgin and Shulgin,
Secrets of Methamphetamine Manufacture by Uncle Fester, and The Construction and
Operation of Clandestine Drug Laboratories by Jack B. Nimble are readily available
(Shulgin and Shulgin, 1992; Fester, 1994; Nimble, 1994). The issue with many
such books is that while much of the information may be essentially correct,
there are also many technical misstatements and inaccuracies that are pre-
sented as fact. These points may be subtle but have crucial bearing on the
outcome of the syntheses. The three books just listed were regularly used for
reference in the preparation of this chapter.

The number of places where forensic scientists report the synthetic methods
used by clandestine chemists is also relatively limited. Some of the more tradi-
tional sources used for this purpose are journals such as the Journal of Clandestine
Laboratory Investigating Chemists and the Journal of Forensic Sciences. These journals
were extensively used in the preparation of this chapter. Professional seminars
on methods of illicit methamphetamine synthesis, such as that given by DEA
senior forensic chemist Roger A. Ely at the American Academy of Forensic Sci-
ences in February of 1998, were also used for information regarding some less
common synthetic routes to methamphetamine and its precursors (Ely, 1998).
The final sources of information for this chapter are professional communica-
tion between the author and other forensic scientists and law enforcement
agents, as well as the author’s own experience within the forensic community.

The illicit synthesis of methamphetamine is not difficult and requires little
or no formal education in synthetic chemistry. The individuals making metham-
phetamine in clandestine laboratories are known as “cooks.” The training, tech-
nical abilities, and facilities used by cooks vary tremendously. For example, in
one case, a former physical chemistry professor from the state of Idaho was
arrested for illegal methamphetamine production (Farnsworth, 2000). In a sep-
arate case, a man that has previously taught chemistry at the UCSF was indicted
on drug charges when the company he owned was investigated for selling 
chemicals to manufacturers of methamphetamine (Harris, 1998). At the other
end of the spectrum, several individuals have stated emphatically on the Inter-
net and to law enforcement that methamphetamine can be extracted from
chicken feed or prepared from gun-bluing salts (Ely, 1990; Massetti, 1996a;
Anonymous, 1999). Both of these situations are chemically impossible. As a
general rule, cooks have little formal education in synthetic organic chemistry
(NNICC, 1998).

Methamphetamine cooks learn the synthetic procedures they use from a
variety of sources, including word of mouth or apprenticeship with another
cook, jailhouse conversation, a wide variety of books, the Internet, and, occa-
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sionally, the primary chemical literature. This, combined with generalized
chemical ignorance and misinformation from the training sources, leads to haz-
ardous conditions within the labs and relatively poor yields of methamphet-
amine, with concomitant production of numerous potentially dangerous
synthetic by-products.

Multiple synthetic routes are employed by “cooks” in the illicit production
of methamphetamine (Figure 8.27). Historically, the preparation of metham-
phetamine centered about derivatization of phenyl-2-propanone (P2P; phenyl-
acetone). Specifically, P2P is condensed with methylamine to form the imine
(Schiff base), which is then reduced to form the amine (methamphetamine).
In more recent years, cooks have favored reduction of the benzyl hydroxyl of
ephedrine or pseudoephedrine to form methamphetamine directly. A 1998
report by the National Narcotics Intelligence Consumers Committee (NNICC)
stated that in 1997, only 1.6% of the labs seized by authorities used P2P methods
of production (NNICC, 1998). The following section describes synthetic routes
used for the illicit production of methamphetamine as well as its precursors,
such as P2P and methylamine. This section is organized by first discussing the
preparation of starting materials, followed by a discussion of routes used to
convert these starting materials into methamphetamine.
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8.2.1.2.1 Preparation of Phenyl-2-Propanone (P2P; Phenylacetone)
With the listing of P2P as a DEA schedule II compound in 1980 and its posi-
tion on List I of the Special Surveillance List, access to this key precursor has
become more difficult for the clandestine chemist. This has created a need for
concealed sources of the compound. In response to this need, several illicit
chemists have begun solely to produce P2P either for their own use or for sale
to other illicit chemists, who then convert this precursor to methamphetamine.
Though they vary in number of steps, yield, technical difficulty, and ease of
acquisition of starting materials, each of the following methods has been used
by clandestine chemists for the production of P2P suitable for subsequent con-
version to methamphetamine.

One of the earliest routes of P2P preparation involved the reaction of phenyl-
acetic acid (PAA) with acetic anhydride (Magidson and Garkusha, 1941; Fester,
1994) (Figure 8.28). In this reaction, refluxing PAA is combined with acetic
anhydride in the presence of a pyridine catalyst and the reaction allowed to
proceed for several hours. The pyridine, excess acetic anhydride, and acetic
acid are then distilled away, leaving behind crude P2P. Simple acid and base
extractions followed by careful vacuum distillation provide P2P suitable for sub-
sequent conversion to methamphetamine.

Books such as Secrets of Methamphetamine Manufacture by Uncle Fester recom-
mend reclamation of the excess pyridine after the reaction is complete (Fester,
1994). This is accomplished via careful fractional distillation of the residue fol-
lowing removal of the P2P. This text further recommends disposal of acetic
anhydride distilled away from the pyridine by dumping it down the drain. Many
clandestine chemists attempt to reuse or recycle chemicals and solvents.
However, the recycling can also be taken to extremes, as is illustrated by a 1996
report in which several gallons of urine were located in a suspect’s home. Inves-
tigators indicated that the suspect, a methamphetamine abuser, intended to
extract the methamphetamine from the urine for reuse (T. Barnes, 1996a).

The “Uncle Fester” text mentions the use of sodium acetate as the catalyst
instead of pyridine but states quite emphatically that this is an unacceptable
catalyst (Fester, 1994). However, sodium acetate has been reported to be effec-
tive as a catalyst for this reaction by Russian investigators (Magidson and
Garkusha, 1941). The key factor is that the sodium acetate must be absolutely
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anhydrous to avoid poisoning of the reaction. It is conceivable that the rigor-
ously dry conditions are simply beyond the capabilities of the typical clandes-
tine laboratory.

P2P production can also proceed through the use of phenylacetyl chloride,
the acid chloride of PAA, which is made by reacting PAA with thionyl chloride
(Fester, 1994) (Figure 8.29). For example, PAA is produced if phenylacetyl chlo-
ride is reacted under anhydrous conditions with a methyl anion source, such
as methyllithium or methyl Grignard (CH3MgCl). This reaction would also be
successful using phenylacetaldehyde with methyl Grignard followed by an acidic
workup.

In the absence of the acid chloride, two molar equivalents of methyllithium
can be reacted with PAA to give P2P (Fester, 1994) (Figure 8.30). The first equiv-
alent of methyl anion abstracts the acidic proton and bubbles off as methane,
leaving behind the lithium salt of PAA. The methyl anion from the second
equivalent of methyllithium attacks the carbonyl carbon, forming a covalent
carbon–carbon bond with a dialkoxide. The lithium salts of the dialkoxides
become geminal hydroxy groups during aqueous acid workup. Geminal diols
(aka hydrates) are well known to undergo facile dehydration to form carbonyls,
in this case P2P. This is a very effective synthetic method associated with high
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product yields. However, the high cost and explosive nature of organolithium
reagents limit its utility in clandestine laboratories (Fester, 1994).

When PAA is reacted with lead(II) acetate under dry distillation conditions,
P2P is produced (Tsutsumi, 1953) (Figure 8.31). In the late 1980s, metham-
phetamine abusers in Oregon presented with elevated lead levels (Alcott et al.,
1987; MMWR, 1988; CDC 1990; Norton et al., 1996). Samples of illicit metham-
phetamine contaminated with lead(II) acetate were found (Alcott et al., 1987).
Lead(II) acetate (aka “sugars of lead”) has been known as a source of lead poi-
soning for centuries. Ancient Romans were known to use lead cooking pots
that, when used with vinegar, gave foods a sweetened taste with the release of
lead(II) acetate. It has been suggested that lead poisoning from this practice
may have played a significant role in the downfall of the Roman Empire. As for
the presence of lead(II) acetate in illicit methamphetamine in Oregon, it was
initially thought it was present due to carryover from the P2P synthesis.
However, it was later discovered that this was not the case; in fact, the lead(II)
acetate had been used as an adulterating agent (Ely, 1998). It is unlikely that
this adulteration was performed to sweeten the taste of the illicit metham-
phetamine. Further, the Oregon methamphetamine trade has certainly not 
suffered the same fate as the Roman Empire.

Production of P2P through these methods is dependent upon an adequate
supply of PAA. The inclusion of PAA on List I of the Attorney General’s Special
Surveillance List has limited the use of this synthetic approach due to increas-
ingly difficult access to the compound. However, it is also reasonably simple to
synthesize PAA. Esters of PAA (i.e., toluic acid esters) are often used in the fra-
grance industry and are not controlled substances (Ely, 1998). Simply hydrolyz-
ing these esters through heating with dilute acid or saponifying them by
treatment with base gives PAA (Figure 8.32). Generally, the base method is pre-
ferred, for this reaction is less readily reversible than is the acid hydrolysis.

Illicit chemists have also used b-keto esters to prepare P2P (Fester, 1994)
(Figure 8.33). According to “Uncle Fester,” the chief advantage of this synthetic
scheme is that it avoids the use of phenylacetic acid, making it less suspicious
to authorities as to what the cook is doing with the chemicals he or she buys
(Fester, 1994). A typical scheme involves reaction of ethylacetoacetate with bro-
mobenzene to form the phenyl-b-ketoester intermediate. This compound is
then subjected to acid-catalyzed ester hydrolysis and subsequent decarboxyla-
tion to form crude P2P. The product is purified by steam distillation. Even
underground chemists acknowledge that the yields of P2P provided by this
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method are low and that significant quantities of dimeric and polymeric by-
products are produced (Fester, 1994). It is possible that this reaction proceeds
via a benzyne intermediate, which may account for the dismal synthetic yield.

Yet another method of P2P production involves combining benzylcyanide
and ethylacetate in the presence of sodium ethoxide (Julian and Oliver, 1943)
(Figure 8.34). The benzyl cyanide is prepared from benzyl chloride and sodium
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cyanide (Adams and Thal, 1932). The benzylcyanide, ethylacetate, and sodium
ethoxide mixture is refluxed to create the sodium salt of a-phenylacetonitrile
intermediate. The salt is isolated and washed with ether and then treated with
acetic acid to isolate the stable free base, a-phenylacetoacetonitrile. The free-
base is subsequently treated with concentrated sulfuric acid to remove the
nitrile, leaving behind the crude P2P. Organic extraction followed by simple
steam distillation is then used to purify the P2P prior to its use in making
methamphetamine. Alternatively, PAA can be produced from the benzyl
cyanide intermediate through reflux in dilute sulfuric acid (Adams and Thal,
1932).

A standard synthetic transformation known as the Knoevenagel reaction has
also been used to prepare P2P (Hass et al., 1950; Gairaud and Lappin, 1953;
Fester, 1994). The classical description of the Knoevenagel reaction involves a
methylene that is either mono- or disubstituted with electron-withdrawing
groups (Mundy and Ellerd, 1988) (Figure 8.35). This methylene is treated with
a base such as an amine to form a methylene carbanion that performs a nucle-
ophilic attack on a carbonyl carbon. The intermediate oxyanion is protonated
to form the tertiary alcohol, and then the second proton from the original
methylene group is abstracted. The resultant carbanion collapses to form a
double bond between the former methylene and former carbonyl carbons, with
elimination of the hydroxy group as water.

In the production of P2P, a Knoevenagel condensation is performed between
benzaldehyde and nitroethane in the presence of a basic catalyst (e.g., n-
butylamine or ammonium acetate) (Hass et al., 1950; Gairaud and Lappin,
1953; Fester, 1994) (Figure 8.36). Though the Knoevenagel condensation
product, 1-phenyl-2-nitropropene, is produced with either catalyst, the reaction
times differ substantially. When n-butylamine is used, the reaction requires a
reflux for 3–4 hours, followed by a period of several days of allowing the reac-
tion to stand in the dark; in contrast, the same reaction using ammonium
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acetate as the catalyst requires only reflux for 2 hours followed by an acetic acid
wash (Hass et al., 1950; Gairaud and Lappin, 1953). Once the nitropropene is
created, it is reduced with iron, FeCl3, and HCl to produce the P2P oxime. The
oxime is subsequently hydrolyzed with water to yield P2P. The reactions are
quite simple and not very sensitive to technique or conditions. One variation
used in clandestine labs to increase the Knoevenagel condensation product
yield uses a Dean–Stark trap, which removes water, thereby diminishing the
back-reaction (Fester, 1994).

Clandestine chemists have also used the nitropropene intermediate in other
ways. For example, direct reduction of the olefin and nitro group of 1-phenyl-
2-nitropropene gives amphetamine (Fester, 1994) (Figure 8.36). This technique
is suggested to be useful in the preparation of substituted phenyl compounds,
such as 3,4-methylenedioxybenzaldehyde (i.e., piperonal), in order to make the
hallucinogen 3,4-methylenedioxyamphetamine (MDA) (Fester, 1994).

In 1987, a patent by Nakai and Enomiya demonstrated that allylbenzene
could be converted directly into P2P (Nakai and Enomiya, 1987). In this
scheme, allylbenzene is reacted with two molar equivalents of methyl or ethyl
nitrite to make 1-phenyl-2,2-dialkoxypropane. Aqueous hydrolysis of this ketal
yields P2P (Figure 8.37). The original reaction conditions called for the rather
expensive catalyst palladium chloride. The patent investigators discovered that
by adding a small amount of cuprous chloride or trimethylamine to the reac-
tion mixture, the required amount of palladium chloride could be dramatically
reduced. It is noteworthy that though this makes the reaction overall less expen-
sive to perform, there is a corresponding decrease in the yield of P2P.
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Obviously, the foregoing reaction schemes are dependent upon ready access
to allylbenzene. This compound is difficult to purchase directly but not diffi-
cult to make. Allylbenzene can be readily prepared from phenylcopper and
allylbromide (Fester, 1994). First, phenyllithium is made by reacting bro-
mobenzene with lithium metal in ether. The phenyllithium is then treated with
cuprous bromide, and the phenylcopper reagent precipitates as a white powder.
This powder is separated and reacted with allylbromide, quenched with water,
and extracted to give allylbenzene (Figure 8.38). This is a fairly expensive reac-
tion, and the lithium reagents require some technical skill for effective manip-
ulation. A less expensive method for the preparation of allylbenzene is to make
the phenyl Grignard reagent from bromobenzene and magnesium. The phenyl
Grignard is then reacted with allylbromide, followed by aqueous quenching and
organic extraction to give allylbenzene (Figure 8.38). It is noteworthy that bro-
mobenzene is difficult to obtain because it is on the Special Surveillance List
[it is also used in the illicit preparation of phencyclidine (PCP)]. In order to
avoid the use of bromobenzene, a direct Friedel–Crafts alkylation between
benzene and allylbromide with an AlBr3 catalyst will also produce allylbenzene
(Figure 8.38). Allylbenzene can undergo a Ritter reaction (a nitrile plus an
alkene to give an amine) with acetonitrile to produce amphetamine directly
(Figure 8.39).

Alkylnitrites such as methylnitrite, ethylnitrite, and t-butyl nitrite are required
for the synthesis of P2P from allylbenzene using the Nakai method (Nakai and
Enomiya, 1987). However, these compounds are difficult for a clandestine
chemist to obtain without arousing suspicion due to their high abuse potential
as “poppers.” Chemically, alkylnitrites are simply nitrous acid esters of alkanes.
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As such, they can be made fairly easily by reacting nitrous acid (generated from
mixing sodium nitrite with excess sulfuric acid) with the corresponding alykl
alcohol in the presence of an acid catalyst (Fester, 1994) (Figure 8.40). A wide
variety of alkylnitrites can be prepared with minor procedural variations by 
substituting different alkyl alcohols.

P2P is also synthetically available through oxidative means (Fester, 1994). 1-
Phenyl-2-propanol can be prepared through the reaction of benzyl Grignard
(benzyl magnesium chloride) with acetaldehyde, followed by aqueous quench-
ing and organic extraction. This alcohol is readily oxidized with acidic sodium
dichromate (Na2Cr2O7/H2SO4) to produce P2P (Figure 8.41).

A slightly more “exotic” reaction employed for P2P production involves the
use of a tube furnace and a thorium oxide (ThO2) catalyst (Herbst and Manske,
1943; Fester, 1994) (Figure 8.42). In this scheme, PAA and acetic acid are added
dropwise through a tube furnace maintained at 430–450°C. Inside the furnace
is a bed of thorium oxide, which acts as a catalyst for the methylation of PAA
to form P2P. The exact chemical mechanism of this reaction is not well under-
stood. Though the yield is fairly good, there are several disadvantages to P2P
production via this method. First, the thorium oxide must be generated. This
is done by first mixing aqueous solutions of thorium nitrate and sodium car-
bonate to produce a precipitate of thorium carbonate. The thorium carbonate
is converted to thorium oxide by the heat of the tube furnace. Production of
P2P is relatively slow, because the furnace system must be maintained at tem-
perature for 12–18 hours prior to beginning the reaction. The reaction is also
quite sensitive to the rate at which the reactants are added to the furnace, and
the tube furnaces themselves are relatively expensive (Fester, 1994). Thorium
is also somewhat difficult to obtain discretely, and thorium dust is a known 
pulmonary toxin (De Vuyst et al., 1990; Ely, 1998).

8.2.1.2.2 Preparation of Methylamine and its Synthetic Equivalents
As previously stated, P2P must be reacted with methylamine to make an inter-
mediate imine, which is reduced to give methamphetamine. One of the limi-
tations of this approach to methamphetamine production is the lack of a
convenient source of methylamine. Methylamine gas can be purchased directly
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from chemical suppliers. However, this is very difficult to do without attracting
attention, because methylamine and its salts appear on List I of the Special 
Surveillance List. Furthermore, because it is a gas, methylamine is more 
difficult to work with than many of the other reagents used in illicit drug 
production. Though it is available as an aqueous solution, the presence of water
in the initial condensation reaction perturbs the imine formation equilibrium
by shifting it back toward starting materials, thereby diminishing yield. A variety
of reaction schemes have been developed to effectively combat these problems.
Some of these schemes use methylamine gas or aqueous solutions of the com-
pound, while others use methylamine “synthons” (synthetic equivalents) to
accomplish the reaction.

One method for making methylamine more amenable to easy manipulation
is to create the hydrochloride salt (Fester, 1994). Methylamine hydrochloride
is prepared by heating a mixture of aqueous formaldehyde and ammonium
chloride; the residual water and the formic acid produced in the reaction are
removed via vacuum distillation. This leaves behind solid methylamine
hydrochloride (Figure 8.43). The solid is then purified by organic extractions
and additional vacuum distillations. Methylamine gas for the reaction with P2P
is generated in situ by heating the hydrochloride salt with sodium hydroxide.
Alternatively, methylamine can be liberated from the hydrochloride with base
and collected in a cold finger or flask immersed in a dry ice bath.

Clandestine chemists have also used a reductive approach to the generation
of methylamine (Fester, 1994). Via this method, nitromethane “dragster fuel”
is reduced using hydrogenation in the presence of a Raney nickel catalyst
(Figure 8.44). This is easily done using a hydrogenation bomb fashioned from
a champagne bottle (Fester, 1994) (Figure 8.45).

Another method to avoid the need for gaseous reactants in the clandestine
laboratory is to use the methylamine synthon N-methylformamide instead of
methylamine. In this reaction, methylamine and formic acid are combined to
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produce N-methylformamide (Figure 8.46). If an aqueous solution of methyl-
amine is used, it is heated such that the methylamine gas is liberated from the
water and piped over and bubbled through a bath of formic acid. If a cylinder
of methylamine gas is used, it is bubbled directly through the formic acid
(Figure 8.47). The N-methylformamide is then purified by distillation.

The Curtius rearrangement can also be used to generate methylamine
(Fester, 1994). In this case, acetyl chloride is reacted with sodium azide. The
resulting azido compound eliminates nitrogen gas and rearranges to a methyl
isocyanate. In the presence of water, the methylisocyanate readily decarboxy-
lates to form methylamine (Figure 8.48). An adaptation of this process involves
the use of acetamide as a starting material. First, acetamide is exposed to
bromine liquid, converting it to N-bromoacetamide. The N-brominated com-
pound then undergoes a facile loss of HBr and Curtius-type rearrangement
(specifically, a Hofmann rearrangement) to form methylisocyanate, which, as
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described earlier, decarboxylates, yielding methylamine (Figure 8.48). It has
also been suggested by at least one clandestine chemistry text that direct treat-
ment of acetamide with Clorox bleach will yield methylamine (Fester, 1994).

Methylamine can also be produced through the reaction of methenamine 
(hexamethylene tetramine) with methyliodide (Fester, 1994). Hexenamine is
readily prepared from ammonia and formaldehyde (Budavari, 1989) (Figure
8.49).

8.2.1.2.3 Preparation of Methamphetamine using Reductive Amination of P2P
A variety of production methods for methamphetamine use P2P as a starting
material. Most of these methods involve preparation of the imine intermediate
through condensation of the phenylacetone with methylamine or one of its syn-
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thetic equivalents to form an imine intermediate. A variety of methods have
been employed by clandestine chemists to perform both the initial condensa-
tion and the final reduction of the imine intermediate to methamphetamine.

One of the early reported methods of illicit reduction of the methylimine
derivative of P2P to methamphetamine used aluminum amalgam (Laboratories
Amido, 1964; Wassink et al., 1974; Fester, 1994) (Figure 8.50). In this reductive
amination scheme, the imine intermediate reacts with aluminum grit and mer-
curic chloride to form methamphetamine. Aluminum grit was often difficult to
obtain, so clandestine chemists simply shredded aluminum foil for this purpose.
The original report of this synthetic method for legitimate purposes employed
a 16-fold molar excess of methylamine (Wassink et al., 1974). Clandestine
chemists, however, typically run the reaction with only a five- to six-fold molar
excess of this reagent (Ely, 1998). The reaction is quite exothermic and has a
reputation of shooting up the condenser. For this reason, the reaction was often
run with the apparatus in a bathtub, ultimately giving rise to the term bathtub
dope (Ely, 1998). Though reports of mercury-contaminated drug samples pre-
pared using this method exist, elevated mercury levels in drug users were not
found (Burton, 1991).

Another reductive amination technique is a derivative of the Leuckart–
Wallach reaction. This is a series of reactions in which the Leuckart portion of
the name makes reference to the use of a salt of a formamide to generate an
amine and the Wallach portion refers to hydrogenolysis of the intermediate
iminium with formic acid (Mundy and Ellerd, 1988) (Figure 8.51). In the most
generic sense, the Leuckart–Wallach reaction series involves, first, the nucle-
ophilic attack of an amine on a carbonyl carbon in the presence of formic acid,
creating an intermediate iminium with the elimination of water. A second
nucleophilic attack may take place between the nitrogen and carbonyl carbon
of formic acid, with elimination of water to provide an N-formylated iminium
product. The Wallach portion of the reaction series then takes place, and the
N-formyl group is reductively removed with formic acid. In modifications of the
Wallach reaction, the final reduction of the iminium can be performed by a
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variety of reducing agents, including sodium borohydride, sodium cyanoboro-
hydride, and catalytic hydrogenation.

With specific respect to the synthesis of methamphetamine, P2P and methyl-
amine are reacted with formic acid to produce the intermediate N-
formylmethamphetamine (Crossley and Moore, 1944) (Figure 8.52). The N-
formylated product is refluxed in dilute aqueous acid, where it readily decar-
boxylates to give methamphetamine. Prior to 1980, this was a very common
method of methamphetamine production in the southeastern United States,
including Texas and Arkansas (Ely, 1998).

Other methods exist for the preparation of methamphetamine from phenyl-
acetone that do not involve the use of methylamine. One such method involves
protecting group chemistry. The term protecting group chemistry refers to a tech-
nique used by organic chemists where functional groups such as carbonyls and
amines are reversibly derivatized to protect them from reaction during trans-
formations of other portions of the molecule (McKibben, 1997). This approach
to synthetic transformations has also been applied to methamphetamine 
production. In a specific example, N-benzylation, a classic protection scheme
for amines, was used to prepare methamphetamine (Skinner, 1993). In 
this scheme, P2P is reacted with N-benzylmethylamine to produce N-
benzylmethamphetamine in good yield. The N-benzyl group is then quantita-
tively removed with a palladium/charcoal-catalyzed hydrogenolysis, yielding
methamphetamine and toluene as the final products (Figure 8.53).
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The use of protecting-group chemistry was also reported in a Dutch case in
which the ethylene glycol ketal of P2P was found in samples seized in a clan-
destine laboratory (Poortman-van der Meer, 2000). The ethylene glycol ketal is
easily prepared and removed (Figure 8.54). Synthetic organic chemists often
use this group to protect carbonyl functionalities. It is not clear from the Dutch
report whether the cooks were using the protecting group in an attempt to cir-
cumvent controlled-substance laws pertaining to P2P or whether the ketal
simply represented an intermediate from an alternative, but undescribed, syn-
thesis of P2P.

Though popular for many years, the use of synthetic methods involving P2P
to produce methamphetamine has declined substantially. The impetus for this
decline is multifactorial but includes reasons such as P2P is now a DEA sched-
ule II compound and the detection of a “P2P lab” is quite easy, since P2P has
a strong odor. The odor of P2P is exceptionally permeating and is very difficult
to remove from the walls and carpets of the facility in which the cooking was
performed as well as the clothing and skin of the cook. Consequently, identi-
fying a P2P cook in a crowded bus or elevator is not difficult. Furthermore,
ephedrine and pseudoephedrine (starting materials for reductive dehydroxy-
lation methods) and the necessary reducing agents are inexpensive and readily
available.

8.2.1.2.4 Preparation of Methamphetamine using Reduction of
Ephedrine/Pseudoephedrine
P2P was scheduled by the DEA in 1980. By about 1990, the restrictions on access
to P2P forced cooks to find an alternate source for illicit methamphetamine.
The result of this search was a shift in methodology to the reductive removal
of the benzylic (b) hydroxy group of ephedrine or pseudoephedrine. This
remains the preferred synthetic approach to illicit methamphetamine today.
Multiple ways exist to effect this synthetic transformation in a well-equipped
synthetic organic laboratory. However, many of the methods that might be used
by a trained organic chemist are difficult or impractical for illicit metham-
phetamine cooks and the primitive facilities in which they work.

It is possible to synthesize ephedrine and pseudoephedrine. However, with
the ready availability of these compounds over the counter, this is rarely done.
Rather, most clandestine chemists extract ephedrine or pseudoephedrine from
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over-the-counter stimulant/bronchodilator or decongestant pills, respectively.
Most illicit chemists prefer the HCl salt to the sulfate salt of the compounds
(Fester, 1994). The drug is removed from the tableting binders by grinding the
tablets into a fine powder, adding water, and passing the mixture through a
coffee filter. The salts of the drugs are more water-soluble than the binders and
will pass through the filter, while the gummy binders will largely remain behind.
The water is then evaporated and crystals of active drug are obtained. If colored
coatings or binders contaminate the extracted drug, acetone or ethanol is
added to the dried crystals and the solution is again filtered. In this case, the
colored coatings dissolve in the solvent and pass through the filter, while the
insoluble salt crystals are filtered off.

One of the early methods of conversion of ephedrine to methamphetamine
involved the initial preparation of chloroephedrine (1-phenyl-1-chloro-2-
methylaminopropane) (Emde, 1929; Ely, 1998; Fester, 1994) (Figure 8.55). A
variety of reagents are known to replace hydroxy groups with chloride atoms.
Among these, thionyl chloride (SOCl2) and phosphorus pentachloride (PCl5)
are the most common. Phosphorus oxychloride (POCl3) and phosphorus
trichloride (PCl3) can also be used. Alternatively, bromoephedrine can be pre-
pared by treatment of ephedrine with phosphorus pentabromide or phospho-
rus tribromide. Though ephedrine is specifically mentioned earlier,
pseudoephedrine is more frequently used. A 1998 NNICC report states that of
the labs seized by authorities in 1997, 85% were using pseudoephedrine and
10% were using ephedrine (NNICC, 1998).

Once the benzyl halide compound is prepared, it is reductively dehalo-
genated to give methamphetamine (Figure 8.55). A wide array of reduction
methods is available to effect this transformation. Some hydrogenation
methods include the use of hydrogen gas on a platinum catalyst or hydrogen
gas with acetic acid and a palladium catalyst containing a barium sulfate poi-
soning agent (Gero, 1951; Ely, 1998; Fester, 1994). Alternatively, calcium
hydride with palladium and hydrochloric acid can be used (Ely, 1998). Other
methods of catalytic reduction include the use of lithium aluminum hydride
(LiAlH4; LAH), which is reported to give good yields but is on the DEA Special
Surveillance List. Others suggest that LAH is ineffective for this reduction (Ely,
2001). Zinc dust and Raney nickel can also be used for the reduction and are
more readily available (Fester, 1994). However, the reduction does require large
amounts of Raney nickel, if this method is selected (Fester, 1994).
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Perhaps the most common method of reductive methamphetamine pro-
duction from ephedrine or pseudoephedrine employs red phosphorus and
hydriodic acid (HI) (Kishi et al., 1983; Skinner, 1990; Fester, 1994; NNICC,
1998) (Figure 8.56). This reaction is very simple. The illicit chemist simply
refluxes red phosphorus, iodine, and ephedrine or pseudoephedrine in water
for 12–72 hours. At the completion of this time, the flask is cooled, more water
added, and the mixture filtered through a coffee filter. The solid red phos-
phorus catalyst may be retained for future use. The solution is then made basic
with sodium hydroxide and extracted with toluene. The final step is the pre-
cipitation and filtration of the hydrochloride salt of the finished methamphet-
amine. In this case, it is not necessary to prepare the benzyl halide derivative
as a separate step. In fact, the benzyl iodo compound is generated in situ and
then reduced to methamphetamine in the same reaction (Cantrell et al., 1988;
Skinner, 1990). Of note is the fact that both red phosphorus and HI are listed
on the Special Surveillance List. Therefore, the cook will often obtain these
chemicals from more discrete or veiled sources.

Red phosphorus is commonly used and can be extracted from matchbook
strikers or road flares. A report from Pocatello, ID, indicated that white phos-
phorus has also been used in the manufacture of methamphetamine (Cutler,
1998). The white phosphorus in this report was presumably acquired from one
of the three large phosphorus plants in the Pocatello area. The HI is produced
in the laboratory by combining the phosphorus and iodine (I2) crystals. The
iodine crystals are often purchased for water purification or from veterinary
supply stores for use in treating thrush in horses. Other methods of producing
HI include the use of hypophosphorous acid or hydrogen sulfide with I2 and
through the reaction of phosphoric acid with sodium iodide (Vallely, 1997a).
Of particular note is the fact that the reduction of ephedrine or pseu-
doephedrine to methamphetamine has been reported to work without the use
of red phosphorus when HI is generated from hypophosphorous acid and I2

(Massetti, 1997). The reactions involved in these syntheses of HI are detailed
in Figure 8.57.

Refluxing red phosphorus during the cooking of methamphetamine can
produce phosphine (PH3) gas. In order to contain this deadly gas as well as
diminish the chemical odors produced by cooking methamphetamine, many
of the reactions will be vented via a vacuum cleaner or clothes drier hose into
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a bag of cat litter. The cat litter absorbs the odors and is believed to offer some
containment of potentially hazardous gases such as PH3 and CN. This bag,
called the “vent bag” or “death bag,” poses a potentially significant risk of toxic
inhalation if opened by an unsuspecting person.

Another common method employed by clandestine chemists for reductive
dehydroxylation of ephedrine or pseudoephedrine involves the use of an alkali
metal such as lithium or sodium in the presence of liquid ammonia (Ely and
McGrath, 1990) (Figure 8.58). The NNICC report indicates that only 18% of
the labs seized in 1997 used the metal/ammonia reduction method (NNICC,
1998). Though currently somewhat less popular than the HI/red phosphorus
method, the popularity of this approach is increasing. This is simply a modi-
fied Birch reduction of ephedrine or pseudoephedrine. As with the HI/red
phosphorus method, this reduction can be performed directly on ephedrine
or pseudoephedrine without first converting the starting material to its benzyl
halide derivative. The Birch reduction proceeds via two separate single-electron
transfers, followed by protonation of the resultant anion. The benzyl hydroxyl
group is eliminated as water, leaving behind methamphetamine.

This reduction may be performed on the freebase or hydrochloride salt of
the ephedrine or pseudoephedrine. The freebase is isolated by dissolving the
hydrochloride salt in hot alcohol and adding NaOH until the hydrochloride is
neutralized. The alcohol is distilled off of the reaction mixture and the free-
base of the starting material is then vacuum-distilled away from the residual
hydroxide. Alternatively, the base can be isolated with extraction into tetrahy-
drofuran. For the reduction, liquid ammonia is added to a container, such as
a thermos bottle. The lithium or sodium metal is then added to the liquid
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ammonia to produce the characteristic brilliant blue “solvated electron” solu-
tion. The ephedrine or pseudoephedrine is then added, possibly as freebase in
tetrahydrofuran (to aid in the solubility of the drug to the solution) or as a salt
that becomes the freebase in the presence of the liquid ammonia. As the reduc-
tion proceeds, the deep blue color shifts to a brown-copper. The reaction typ-
ically goes to completion in approximately 10–15 minutes. Many illicit chemists
simply wait for the ammonia to evaporate overnight and then treat the residue
with either alcohol or very slowly with water to deactivate any excess unreacted
metal (Fester, 1994). Isolation of the methamphetamine is then accomplished
with a simple organic extraction.

Though it is a misnomer, this method of illicit methamphetamine produc-
tion is often referred to as the “Nazi” method. Though phenethylamine-derived
stimulants such as methcathinone were studied by Axis powers during WWII,
this method of synthesis was not among those used (Ely, 1998). Lithium metal
is typically obtained from batteries (Vallely, 1996). In fact, this very issue has
led some stores to put lithium batteries behind the counter. Sodium metal can
be purchased directly, though it does appear on the Special Surveillance List.
Alternatively, sodium metal has been produced through the electrolysis of
molten sodium hydroxide. Clearly, however, this is a very dangerous process.
The ammonia is typically acquired from agrochemical sources (Ely, 1998). A
1999 report indicated that ethylenediamine is a viable reaction medium in place
of ammonia (Barnes, 1999).

The Wolff–Kishner reduction has reportedly also been applied to the syn-
thesis of methamphetamine from ephedrine or pseudoephedrine (Fester,
1994) (Figure 8.59). In the most generic description of this reduction,
hydrazine reacts with a carbonyl to form an intermediate hydrazone, with the
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elimination of water. The hydrazone then decomposes to release nitrogen gas,
leaving behind the fully reduced methylene. With respect to the synthesis of
methamphetamine, hydrazine and ephedrine or pseudoephedrine are com-
bined with a strong base (NaOH or KOH) in hot diethylene glycol and refluxed
and then distilled. The collected distillate is treated with aqueous KOH and
extracted with toluene. Final purification of the methamphetamine freebase is
effected using fractional distillation. The report further suggests the reason this
reduction is effective in this circumstance is through a “masked carbonyl” in
the ephedrine, accessible through tautomerism. This is, however, chemically
impossible. If these conditions do reduce ephedrine to methamphetamine, an
initial oxidation to methcathinone prior to the Wolff–Kishner reduction’s being
performed would be the most likely route. It is possible that there is some neigh-
boring-group effect or other chemical process that takes place. Oxidation of 
a-hydroxy functions has been reported in hydrazine chemistry, as in the 
preparation of osazones (Smith and March, 2001). At present, however, the
mechanism behind this reduction of ephedrine or pseudoephedrine to
methamphetamine is unclear. Assuming this reduction is effective, it has the
reported advantages of being relatively inexpensive and largely free of pungent
odors. The disadvantages of this approach are that it requires the use of the
freebase of the starting material, which are prepared as described earlier, and
the fact that hydrazine is a known carcinogen (Toth, 2000).

As already mentioned, ephedrine and pseudoephedrine can be treated
oxidatively rather than reductively. When the benzyl hydroxy group of
ephedrine or pseudoephedrine is oxidized to form a ketone, the resultant com-
pound is the stimulant methcathinone (Figure 8.60). This oxidation can be per-
formed using a variety of oxidizing agents, including chromium trioxide,
dichromate, and potassium permanganate. Dichromate has been found in illicit
labs synthesizing methcathinone (Kemper, 1996).

Methamphetamine has also been prepared from phenylalanine using pro-
tecting-group chemistry (Repke et al., 1978) (Figure 8.61). The first step in this
method is the reduction of R-(+)-phenylalanine to R-(+)-2-amino-3-phenyl-
propanol using lithium aluminum hydride (LAH, LiAlH4). The amino moiety
of the resultant amino alcohol is then protected using benzylchloroformate.
Next, the hydroxy group is converted to the p-toluenesulfonate with 
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p-toluenesulfonyl chloride. The diderivatized compound is then subjected to a
second reduction with LAH in tetrahydrofuran to remove the derivatizing
groups and leave S-(+)-methamphetamine (i.e., d-methamphetamine). This
method, though not difficult in a well-equipped organic chemistry laboratory,
is somewhat challenging for clandestine chemists. It requires not only several
steps but also inert atmosphere and rigorously dried solvents.

Clandestine chemists use a variety of organic solvents in the preparation of
methamphetamine and its precursors. These solvents serve primarily as organic
extractions of intermediates and products. Many of the organic solvents used
are readily available from retail sources as common household chemicals.
Coleman Fuel® is composed of naphtha (a mixture of hexanes and pentanes).
Diethyl ether is easily obtained from starting fluid and methylene chloride 
from paint strippers. Freon 113 (trichlorotrifluoroethane) is listed on the
Special Surveillance list because of its use in illicit drug production. 
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Dichlorofluoroethane has also been used in the manufacture of methamphet-
amine (Oulton, 1996). Solvents as common as cooking oil have been used to
store sodium metal in clandestine laboratories.

Methamphetamine freebase is an oil. In order to easily distribute it as a solid,
it must be converted to the hydrochloride salt. This is typically done by dis-
solving the oil in a dry organic solvent, such as diethyl ether, and bubbling HCl
gas through the solution. The hydrochloride salt of the methamphetamine pre-
cipitates and is collected by filtration and dried. The HCl gas can be purchased
directly in cylinders, though this is likely to arouse suspicion. Most often it is
generated by combining sulfuric acid and NaCl rock salt in a homemade 
generator (Figure 8.62).

Ice is the street term for the smokable form of methamphetamine hydrochlo-
ride. The term ice, which comes from the appearance of the compound, was
popularized by the media during the late 1980s, when this new dosage form
was being used with increasing regularity in Hawaii. The same substance is also
referred to as crystal, crystal meth, shards, glass, and batu (Filipino for “rock”)
(Miller and Hughes, 1994). Unlike many other salts, methamphetamine
hydrochloride is sufficiently volatile that it can be smoked. Smoking the com-
pound results in rapid systemic uptake and resultant effects similar to those
seen with intravenous administration (Albertson et al., 1998). Ice is prepared
by first rinsing the methamphetamine hydrochloride salt with hot acetone. The
acetone-rinsed solid is then dissolved in hot ethanol to make a supersaturated
solution (Anonymous, 1997). This solution is allowed to cool slowly, and the
methamphetamine hydrochloride forms large, clear, solid crystals having the
characteristic broken-glass or rock-candy appearance. This substance is almost
exclusively the d-isomer of methamphetamine. This is a result of the d-isomer’s
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being the primary constituent of the mixture prior to crystallization; the crys-
tallization further increases the enantiomeric purity.

Illicit chemists have also been known to extract the active ingredient from
Vick’s® inhalers. This ingredient, listed on the label as l-desoxyephedrine, is just
as correctly named l-methamphetamine (Figure 8.62). Obviously, this is 
the “wrong” (i.e., less pharmacologically active) enantiomer. Though some
approaches to reversing the stereochemistry at the a-carbon have been
reported on the Internet, these reactions are not very effective in clandestine
labs and are rarely used for bulk methamphetamine production.

The accessibility of ephedrine and pseudoephedrine starting materials has
become more limited due to legislative attempts to curb illicit methamphet-
amine manufacture. This situation has forced cooks to become ever more 
creative in their search for inexpensive, readily available sources of metham-
phetamine precursors that do not attract the attention of the authorities. To
this end, at least one illicit cook has attempted to use the plant ephedra, also
known as the Chinese herb Ma Huang, as a substitute for ephedrine or pseu-
doephedrine starting material in illicit methamphetamine synthesis (Andrews,
1995).

The stems and leaves of the ephedra plant do contain both d-
pseudoephedrine and l-ephedrine along with many other alkaloids. Spe-
cific analysis of ephedra extracts demonstrates the presence of three pri-
mary sets of ephedra alkaloid pairs (Andrews, 1995) (Figure 8.63). The first
pair, as mentioned earlier, is ephedrine and pseudoephedrine. The other two
pairs are the N-demethylated pair norephedrine and norpseudoephedrine and
the N,N-dimethylated pair, methylephedrine and methylpseudoephedrine. 
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Quantitatively, some ephedra tablets analyzed contain as much of the metham-
phetamine precursor compounds as a synthetic 25-mg ephedrine tablet
(Andrews, 1995).

In a report by Andrews, the viability of using ephedra as a starting material
for methamphetamine production was examined (Andrews, 1995). In this
study, ground ephedra plant material was washed three times with methanol
and the methanol washings collected and evaporated to a greenish brown tar.
This tarry substance was treated with hydriodic acid and red phosphorus and
refluxed for 5 hours. The solution was then filtered, made basic with NaOH,
and extracted with Freon-113. The Freon-113 solution was dried over Na2SO4

and the hydrochloride salts of the products precipitated in the standard
fashion. The reaction products were analyzed using gas chromatography with
infrared and mass spectral detection methods.

Aliquots sampled throughout the progress of this reaction showed the pres-
ence of amphetamine and methamphetamine in addition to some well-known
intermediate contaminants of methamphetamine synthesis, including phenyl-
2-propanone and trans-1,2-dimethyl-3-phenylaziridine. Analysis of the final
hydrochloride salt product, however, showed the presence of amphetamine,
methamphetamine, and N,N-dimethylamphetamine. The largest peak in the
chromatogram is that corresponding to methamphetamine, with the N,N-
dimethylamphetamine peak being approximately half that size. The amphet-
amine peak in the same chromatogram is approximately one-tenth the height
of the methamphetamine peak.

The methamphetamine produced was from the reduction of the ephedrine
and pseudoephedrine in the plant material (Figure 8.63). The source of the
N,N-dimethylamphetamine was reduction of the methylephedrine and methyl-
pseudoephedrine. The amphetamine was produced when the norephedrine
and norpseudoephedrine were reduced. The author points out that the 
relative distributions of the final products are dependent upon the relative 
concentrations of the various alkaloids in the ephedra raw material. It was 
concluded from this study that ephedra does provide a viable alternative for
starting material for the illicit production of methamphetamine. Therefore, an
increase in the use of ephedra as a precursor source would not be completely
unexpected.

8.2.1.2.5 Stereochemistry in Illicit Methamphetamine Synthesis
With specific reference to the differential pharmacological profiles of the d-
and l-isomers of methamphetamine, their synthetic derivations are important.
The P2P method is not a stereospecific synthesis (Figure 8.64a). This is due to
the trigonal planar geometry of the sp2-hybridized imine carbon in the inter-
mediate. The reduction of the imine intermediate to methamphetamine takes
place with equal probability of hydride delivery from either the top or bottom
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face. Therefore, methamphetamine produced by this method is a racemate 
(50:50 d : l mixture).

Naturally occurring and pharmaceutically used ephedrine is the l-isomer
(specifically, the 1R,2S diastereomer), while naturally occurring and pharma-
ceutically used pseudoephedrine is the d-isomer (specifically, the 1S,2S diastere-
omer) (Andrews, 1995) (Figure 8.65). Reduction of either l-ephedrine or
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d-pseudoephedrine via the red phosphorus/HI or the “Nazi” method yields the
more pharmacologically active d-methamphetamine—yet another reason cooks
tend to favor these methods and starting materials (Figure 8.64b). Another way
of stating this is that the reduction is stereospecific, so the (S) absolute 
configuration of the a-carbon in the precursor is retained in the product. The
stereochemical retention in these methods of methamphetamine production
is a result of the reduction involving only the b-hydroxyl moiety and not the 
a-carbon and the absences of a planar sp2 intermediate.

8.2.1.2.6 Synthetic By-Products
Because of the impure starting materials, primitive facilities, chemical igno-
rance, and very nature of the reactions, even when methamphetamine is actu-
ally synthesized, a number of synthetic by-products are concomitantly produced
(Soine, 1986; Tanaka et al., 1992, 1994). These by-products can be structurally
quite diverse and may be present in highly variable amounts in samples of illic-
itly prepared methamphetamine. Several reports exist characterizing various by-
products of the reactions (Cantrell et al., 1988; Skinner, 1990; Tanaka et al.,
1992, 1994; Windahl et al., 1995). The presence of specific by-products provides
some insight into the synthetic methodology that was employed by a given cook
in the preparation of a given sample of an illicit drug.

When the Leuckart–Wallach reaction (i.e., P2P-methylamine condensation)
is used for methamphetamine production, some specific by-products are
created (Figure 8.66). N-Formylmethamphetamine has been positively identi-
fied in samples of illicit methamphetamine (Lambrechts and Rasmussen,
1984). The production of this compound is less a by-product than an inter-
mediate whose presence is reflective of incomplete conversion of the final 
intermediate to methamphetamine. Nonetheless, the presence of N-formyl-
methamphetamine in illicit methamphetamine has been confirmed.

H A N D B O O K  O F  F O R E N S I C  D R U G  A N A L Y S I S510

N

CH3

CH3

O

H CH3

O N

CH3

H

N

CH3

CH3

H3C

Figure 8.66

P2P method by-products



Additional synthetic impurities detected in samples of illicit methamphe-
tamine prepared from P2P include unreacted starting materials, N,a,a¢-
trimethyldiphenethylamine, and a-benzyl-N-methylphenethylamine (Barron 
et al., 1974). The presence of N,a,a¢-trimethyldiphenethylamine is a result of
the reaction of the intermediate N-formylmethamphetamine with another
equivalent of P2P in the presence of formic acid. A tertiary amine such as
N,a,a¢-trimethyldiphenethylamine is an expected side reaction product of a
Leuckart-type synthesis (Smith and March, 2001). It is also possible that this
same side reaction product can be formed in a mixture of P2P and 
methylamine that is catalytically hydrogenated in an attempt to form 
methamphetamine.

The genesis of a-benzyl-N-methylphenethylamine (BNMPA) actually begins
earlier than the Leuckart reaction. In fact, in methamphetamine synthesized
from P2P, the presence of BNMPA is the result of a by-product of P2P synthe-
sis. When phenylacetic acid is in the presence of a dehydrating agent such as
acetic acid or acetic anhydride, dibenzylketone is produced. Treatment of
dibenzylketone with methylamine and formic acid followed by acid reflux as 
in the Leuckart–Wallach reaction provides BNMPA.

N,N-Di(b-phenethylisopropyl)methylamine, the N-desmethyl derivative of
N,a,a¢-trimethyldiphenethylamine, is also produced in the Leuckart reaction.
An additional nine other minor side reaction products and impurities have
been identified in illicit methamphetamine samples prepared from P2P (Kram
and Kreugel, 1977).

Currently, the most common method employed for illicit methamphetamine
synthesis is the reduction of ephedrine or pseudoephedrine with red phos-
phorus and hydriodic acid. Several of the by-products of this reaction have been
identified and characterized.

As is apparent from Figure 8.67, many of the by-products of illicit MA syn-
thesis by the red phosphorus/HI method can be categorized into three 
groups: (1) single-aromatic-ring compounds, (2) nitrogen-containing multiple-
aromatic-ring compounds, and (3) non-nitrogenous substituted naphthalenes.
These organic by-products are produced through a variety of reactions. The
naphthalene derivatives are reported to be a result of Aldol condensation and
dehydration of P2P in the presence of acid (Cantrell et al., 1988). The aziridines
are a result of an intramolecular nucleophilic attack of the amino nitrogen on
the iodinated benzyl carbon intermediate (Cantrell et al., 1988; Skinner, 1990).
The two-ring nitrogenous compounds are the result of a variety of dimerization
reactions (Windahl et al., 1995). It is noteworthy that P2P is also produced as
a by-product in the reduction of ephedrine and pseudoephedrine with red
phosphorus and hydriodic acid (Windahl et al., 1995; Skinner, 1990; Cantrell
et al., 1988). Mechanisms for the formation of some by-products formed in
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illicit methamphetamine production have been proposed but generally not
studied in detail.

The Birch reduction method of methamphetamine production is associated
primarily with one by-product (Valleley, 1997b; Ely, 1998) (Figure 8.68). 
This compound, (S)-1-(1,4-cyclohexadienyl)-2-methylaminopropane, com-
monly known as CMP, is the result of overreduction, which destroys the 
aromatic ring of the methamphetamine. Reduction of aromatic rings using the
Birch reaction is well known (Mundy and Ellerd, 1988).

The reactions used to produce HI also produce by-products (Figure 8.69)
(Ely, 1998). Some of the compounds inadvertently produced, the most notable
of which is phosphine gas, can be lethal (Willers-Russo, 1996, 1999; Wheeler
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and Griffin, 1997). A proposed molecular mechanism for the formation of
phosphine in this reaction series is provided in Figure 8.69 (Willers-Russo,
1999).

Additional impurities that have been noted in samples of illicit metham-
phetamine include N-acetylmethamphetamine, a-phenylethylamine, and N-(2-
hydroxyethyl)amphetamine hydrochloride (Meyer et al., 1995; Conn et al.,
1996; Cyr et al., 1996). Other impurities in illicit-drug samples may be a result
of “carryover” from the synthetic process. One Internet discussion group
attempted to characterize various impurities based on the color of the finished
product. This group stated that if the product is red, pseudoephedrine was used
and the red tablet coating not adequately removed from the drug; if the
product is orange, it is stated that ephedrine sulfate must have been used; 
if the product is green, copper or other metallic salts have been carried 
over into the product; and, if the product is purplish, iodine from the red 
phosphorus/HI reaction has been carried over into the product. Though these
suggestions may not be rigorously accurate, color and color change have been
significant issues in legal cases. Specifically, iodide salts may be white or color-
less; but over time, as the iodide (I-) decomposes to form iodine (I2), the color
of the substance turns first to orange and then to a reddish brown. This has led
to questions of evidence tampering, though this was later proven not to be the
case (Ely, 1998).

The decongestant pseudoephedrine is often available over the counter in
cold-relief preparations. Often, it is in combination with cough suppres-
sants such as dextromethorphan, analgesics such as acetaminophen, and 
antihistamines such as diphenhydramine. With the restrictions placed upon
pseudoephedrine purchases, clandestine chemists have used such common
cold-tablet preparations as starting materials for methamphetamine synthesis.
Since clandestine chemists may not have the skill to effectively separate the 
compounds in mixtures, it is possible that the other drugs present in the cold-
medication mixture may also be transformed under the reaction conditions. In
a 1999 study of this situation, Oulton and Skinner (1999) describe an assess-
ment of the extent to which seven common medications (chlorpheniramine,
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acetaminophen, dextromethorphan, doxylamine, diphenhydramine, guaifen-
esin, and triprolidine) present in cold tablets along with pseudoephedrine react
under HI/red phosphorus reduction conditions. It was found that only
chlopheniramine did not react under the reduction conditions. Reaction prod-
ucts for the other six compounds tested are described. Investigating forensic
chemists may use this information in determining what method and starting
materials cooks were attempting to use. Further, this information may be valu-
able to clinicians treating individuals intoxicated with the contaminated drugs.

Obviously, there is no consumer protection or standardization within the
illicit drug market. In an examination of bulk drug substances sold as metham-
phetamine over 10 years, the Los Angeles Street Drug Identification Program
found that 63% of the time the substances actually contained none of the drug
(Klatt et al., 1986). Instead, substances sold as amphetamines contained 
caffeine, phenylpropanolamine, ephedrine, pseudoephedrine, lidocaine, or
phencyclidine (Klatt et al., 1986; Rasmussen et al., 1989; Morgan, 1992; Lago
and Kosten, 1994). Since illegal drugs are typically sold by weight, they are often
“cut” with something else in order to increase bulk weight and simultaneously
diminish actual drug content. Cutting agents (i.e., adulterants) may be inert
substances, other drugs in an attempt to get a combined effect, or, occasion-
ally, toxins in deliberate attempts to poison users. Dimethylsulfone has been
detected as an adulterant in many samples of illicit methamphetamine
hydrochloride powder as well as in “ice” (Chappell, 1996; Willers-Russo and
Barley, 1996; Anonymous, 1996). It has been suggested that this compound is
used as a cutting agent because it is a white crystalline solid difficult to dis-
tinguish macroscopically from methamphetamine hydrochloride. Other sub-
stances that have been identified as cutting agents include cornstarch, lactose,
maltose, talc, quinine, and even strychnine (Chiang, 1998). Needless to say, 
substitution and cutting agents can significantly complicate the analytical and
toxicological pictures of illicit drug abuse cases.

8.3 LAW ENFORCEMENT

8.3.1 HAZARDS IN CLANDESTINE LABORATORIES

As has been stated previously, though the focus of this chapter is illegal metham-
phetamine laboratories, clandestine laboratories producing a myriad of other
substances have been found. The majority of hazards posed to law enforcement
personnel in a clandestine lab are the same regardless of the specific agent or
agents being produced and include to name a few, explosions; chemical and
thermal burns; slip, trip, and fall hazards; electrical and water diversion; and
chemical incompatibility.
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However, there are also a few item-specific hazards unrelated to metham-
phetamine that deserve mention. Law enforcement personnel entering a lab
where phencyclidine (PCP), lysergic acid diethylamide (LSD), or fentanyl deriv-
atives may be in production are usually advised to wear level-A protection. This
is because these compounds are all potent and can cause effects with small
exposures and are well absorbed through the skin. Percutaneous absorption
may be dramatically increased if a solvent with dermal-penetration-enhancing
capabilities (e.g., dimethylsulfoxide, DMSO) is also contacted. Inhalation of
these compounds may also present some risk, though this has not been ade-
quately studied. Cyanogen bromide is used in the production of 4-methy-
laminorex (Henderson et al., 1995). Inhalation of this compound could
represent a significant toxic exposure.

8.3.1.1 Chemical Hazards
Prior to 1980, illicit methamphetamine was prepared primarily by motorcycle
gangs, such as the Hells Angels, the Gypsy Jokers, and the Nomads, using reduc-
tive amination reactions of phenylacetone (P2P) (Ely, 1998). At that time, P2P
was not controlled. These early labs were fairly simple in their design and,
chemically speaking, were relatively safe, with the only major chemical hazard
being the explosive potential of diethyl ether (Ely, 1998). With the addition of
P2P to the DEA schedule II list in 1980, the face of clandestine laboratories
changed completely. Initially, the P2P reductive amination techniques were still
used to make methamphetamine. However, now the cooks were forced to
prepare their own P2P starting material, which also meant that chemicals not
previously needed were now being used and that significant amounts of haz-
ardous waste were being generated (Ely, 1998). Regulation of key chemicals has
made access to them more difficult. However, with the increase in the number
of labs, it seems apparent that these efforts have done little to actually curb the
problem of illicit methamphetamine synthesis. It is likely that as long there is
a continued and growing demand for methamphetamine, cooks will continue
to look for simple, inexpensive, high-yield methods to produce the substance.
This will involve increasingly more creative efforts on the part of the cooks at
chemical synthesis and construction of lab facilities and apparatus. As an ulti-
mate result, it has been suggested that clandestine methamphetamine labs are
now significantly more dangerous than previously was the case (Ely, 1998).

Almost every illicit drug laboratory has mineral acids, such as HCl and H2SO4,
and strong hydroxide bases, such as NaOH. These substances may cause serious
contact burns. Other chemicals frequently used in clandestine methampheta-
mine synthesis are organic solvents, such as diethyl ether, acetone, and ethanol.
Significant toxicity may result from inhalational exposure to these substances.
Frequently, the acids and bases are improperly stored and may come in contact
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with one another. This can begin a reaction that generates sufficient heat to
cause a fire or explosion within the laboratory. This would likely initiate a chain
reaction and ignite volatile flammable solvents. Thermal burns and blast
injuries may result from this situation.

The metal–ammonia reduction method has both inhalation and chemical
burn hazards associated with it. Concentrated ammonia vapor is a severe pul-
monary irritant and may cause intense difficulty in breathing or lung-tissue
damage. Furthermore, liquid ammonia has a boiling point of -33°C, which can
cause frostbite on contact. Skin contact with sodium or lithium metal can
produce deep burns. Sodium or lithium metal may come in contact with atmo-
spheric moisture or decontamination water, resulting in an explosive or corro-
sive hazard. Red phosphorus also poses a significant ignition hazard. This
typically appears to be the result of friction or striking the phosphorus. Unfor-
tunately, this has been reported during disposal of a 50-gallon metal drum con-
taining red phosphorus as well as when a red phosphorus sample was being
ground with a mortar and pestle for analysis (Massetti, 1996b; Quinn, 2000).
Ignition of red phosphorus has also been reported when a sample from a clan-
destine lab was treated with concentrated nitric acid as part of the phosphate-
ammonium molybdate crystal test for phosphorus (Christian, 1996).

Another dangerous situation associated with clandestine laboratories
includes liquid or solid chemical spills. Containers may have cryptic markings
understood only by the cook or may be completely unmarked or unlabeled.
Containers are often corroded or damaged because they contain substances for
which they are chemically inappropriate. For example, organic solvents may be
stored in plastic soda bottles and mineral acids in metal gas cans. Organic 
solvents and other volatile compounds may also be kept in large buckets or
uncapped containers, creating a potential explosion hazard and a toxic or
oxygen-depleted atmosphere. Inhalation of other toxic gases, including H2S
and phosphine, has caused injury in investigators (Burgess, 2001) and deaths
in occupants of clandestine laboratories (Willers-Russo, 1996, 1999; Anjaria and
Evans, 1997; Wheeler and Griffin, 1997).

Many clandestine laboratories also contain improperly stored gas cylinders,
which may become missiles if tipped over or explode if caught in or near a fire.
Furthermore, cylinders may not be exactly what they appear to be at first glance.
A report exists of a gas cylinder that had been opened and filled with a com-
bination of NaCl rock salt and sulfuric acid. The cylinder was then recapped
and used as an HCl gas generator ( Johnston, 1999). Gas cylinders and tanks
and, in particular, tanks of ammonia are a tremendous safety concern to those
investigating and dismantling clandestine methamphetamine laboratories. This
concern is so great that a report originally published by the Washington State
Department of Ecology on the safe handling of 5-gallon pressurized tanks of
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ammonia was reprinted in a 1996 issue of the Journal of Clandestine Laboratory
Investigating Chemists (Kummerlowe, 1996).

The risk of fire in clandestine laboratories is enormous (Stone, 1996; Hall,
1997; White, 1997). Numerous deaths, including those of three children, and
tremendous property damages, including the burning of a hotel, were the result
of clandestine-laboratory fires (T. Barnes, 1996b; Associated Press, 1997a,
1997b). Certainly these fires can be the result of out-of-control chemical 
reactions. Fire risk is also associated with smoking, exposed wiring, non-
explosion-proof refrigerators, and the lack of spark-free switches and power
tools frequently used in makeshift laboratories. If a fire does occur in a clan-
destine laboratory, traditional suppression methods may be ineffective or even
increase the damage of the blaze. For example, if hydride reducing agents or
phosphorus are present, these substances may react explosively with water from
firefighters or cooks attempting to control the fire.

Chemicals that have nothing to do with the illicit manufacture of metham-
phetamine may also be encountered in a clandestine laboratory. For example,
authorities located hydrofluoric acid (HF) in an illicit methamphetamine lab-
oratory (Lazarus, 1997). The impetus for the presence of HF in a metham-
phetamine laboratory is not clear. Possible reasons include cooks attempting to
use it for some part of the synthetic process, using it in the production of some
other material, using it as a booby trap agent, simply thinking it might be valu-
able but not really knowing why or how, or even legitimate use as a glass-etching
agent.

The chemical risks associated with clandestine laboratories do not simply
cease with the dismantling of the lab and movement away from the lab site.
Chemists must be continually vigilant in dealing with evidence collected from
clandestine laboratories. Incidents illustrating this point include a violent reac-
tion occurring while a flask was being entered into evidence and multiple
reports of ignition of red phosphorus during disposal and analysis (Masetti,
1996b; Christian, 1996; Perkal and White, 1999).

8.3.1.2 Physical Hazards
A clandestine methamphetamine synthetic operation was discovered in a 
large pharmaceutical company (Lawrence, 1997). However, this represents a
very unusual circumstance. Most clandestine laboratories are assembled in
makeshift facilities without due regard for basic safety principles. This makes
the chemical hazards in clandestine laboratories enormous. However, the risk
does not end by solely addressing chemical hazards. Numerous physical hazards
also exist for law enforcement personnel and the general public.

The structures containing the laboratories may themselves be dangerous. 
For example, in order to avoid detection, cooks may elect to operate illicit 
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laboratories in abandoned or condemned buildings. Attempts to conceal 
chemical waste or to dissuade intruders from entering the facility may 
involve poorly excavated pits, further jeopardizing the structural integrity 
of the facility and adding to the falling hazard potential to entering 
personnel.

Another consideration that cannot be overlooked is the hazard of clandes-
tine labs in vehicles. The cooks may simply be moving from one location to
another and have a “boxed lab,” or they may be in full operation in a vehicle
with a power supply, such as a motor home. In either case, significant risk is
associated with the circumstances. Although it has not been specifically studied,
the probability of an accident would seem to be increased if the operator of a
vehicle transporting a lab became impaired due to inhalation of the chemical
vapors. It seems reasonable that this would potentially be compounded if the
vehicle windows were rolled up to prevent others from smelling the chemicals
and if the ambient temperature was high, elevating the temperature of the
vehicle’s interior. In the event of an auto accident involving a lab in transit,
cooks, others involved in the accident, and responding emergency personnel
may all suffer significant chemical or fire-related injuries. Additional concerns
surround police officers who may attempt contact with the occupants of the
vehicles on traffic stops.

Clandestine laboratories are usually cluttered, which creates numerous trip
hazards. The floors may also be covered with chemical spills or residue that is
slippery. Stacked boxes and trash can pose additional hazards if they fall on
responding personnel or cause workers to bump their heads. Furthermore, vis-
ibility is frequently poor, because lighting in clandestine laboratories is often
inadequate. This is not only a result of an effort to conceal the identity of the
laboratory from people outside but also because electrical power sources may
be diverted from lighting to run laboratory equipment, such as hot plates,
heating mantles, and vacuum pumps. The diversion of electricity is not usually
done according to standard electrical code. Circuits are frequently overloaded,
and “jerry-rigged” wiring is often found. This sloppy electrical work not only
heightens the possibility of fires inside the lab but also creates an electrical
shock hazard for emergency responders. Laboratory equipment is also fre-
quently homemade and, as a result, substandard. In one report, light bulbs with
the receptacle end removed were being used as round-bottomed flasks in which
synthetic reactions were being run (Giusto, 1996). Obviously, the propensity 
for this sort of “glassware” to break is much greater than with actual Pyrex 
laboratory glassware.

These situations are particularly dangerous for law enforcement and other
emergency personnel, who may need to work very quickly to subdue a suspect
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or extricate an injured party. In a dark and cluttered lab, both entrance and
emergency egress become quite difficult. The issue of confined space has been
addressed by the Occupational Health and Safety Administration (OSHA)
(Lazarus, 2000). Specific definitions of what constitutes a confined space have
been published (Counts, 1997). Many clandestine laboratories easily fit more
than one of the listed criteria for a dangerously confined space.

Protective clothing is a must for personnel investigating clandestine labora-
tories. Individuals not accustomed to working in full protective clothing and
using self-contained breathing apparatus (SCBA) or respirators may suffer
claustrophobic episodes. Furthermore, with the limited amount of space in the
laboratories and the additional bulk of SCBA packs, the risk of inadvertently
knocking over reactive or dangerous chemicals is heightened. This is particu-
larly relevant if personnel are inexperienced or inadequately trained in the use
of SCBA in confined spaces.

The combination of protective clothing with the physical demands of clan-
destine laboratory investigation also adds the dimension of heat stress to the
list of risks to emergency personnel. Mild heat-related illness may be manifested
by muscle cramps or nausea, while progression through heat exhaustion to heat
stroke is a life-threatening emergency. Heat-related illnesses, which may be
further complicated by chemical vapor inhalation, are also a concern for cooks
working with heated reactions in poorly ventilated areas. The American Indus-
trial Hygiene Association (AIHA) has well-established detailed guidelines for
dealing with heat stress (Boyd, 1996). These guidelines, along with basic
common sense, are largely applicable to personnel investigating and disman-
tling clandestine laboratories. Clearly, the best way to combat heat-related
illness is to prevent its occurrence with proper technique and adequate 
training.

The effects of heat can be further compounded if the weather conditions
are not only hot but also humid. However, these are not the only weather con-
cerns when dealing with clandestine laboratories. Obviously, excessively high
atmospheric temperatures may cause chemicals to react and possibly detonate.
Very cold and wet conditions may cause responding personnel to become
hypothermic. Humid, rainy, or snowy conditions may cause immediate dangers
through ignition of hydride reducing agents or sodium or lithium metals
exposed to the weather, as is often the case during laboratory dismantling and
cleanup.

8.3.1.3 Toxicologic Hazards
Briefly, methamphetamine is a sympathomimetic amine whose mode of action
is a result of its effects on neurotransmitters, such as dopamine, serotonin (5-
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HT), and norepinephrine (Nichols, 1994). Methamphetamine also significantly
alters brain concentrations of many neuropeptides (e.g., cholecystokinin
(CKK) and neurotensin).

In acute high-dose methamphetamine intoxication, symptomology can
include hyperthermia, agitated delirium, rhabdomyolysis, coagulopathies,
acute renal failure, hypertension, and lethal cardiac dysrhythmias (e.g., ven-
tricular tachycardia and ventricular fibrillation) as well as the clinical sequelae
of each of these conditions (Chiang, 1998). Coronary vasospasm, myocardial
infarction, and sudden death are also associated with methamphetamine abuse
(Chiang, 1998). Cardiomyopathy induced by methamphetamine is well docu-
mented clinically and morphologically and has also been found in cases of acute
and chronic methamphetamine abuse (He et al., 1996). Methamphetamine
also causes significant central nervous system effects. Agitation, paranoid psy-
chosis, seizures, bruxism, and choreoathetoid movements have all been
reported with acute methamphetamine intoxication (Chiang, 1998). Chronic
toxicity may result in permanent damage to both dopaminergic and seroton-
ergic neurons (Nichols, 1994). Methamphetamine has also been established to
be a developmental neurotoxin, which may have particular significance in preg-
nant users (Weissman and Caldecott-Hazard, 1995).

Of course, the toxicologic effects just listed are associated with pure metham-
phetamine. This does not provide a thorough toxicologic profile of the hazards
within clandestine laboratories. Cooks, law enforcement personnel, and even
the general public may be subjected to myriad toxic incidents from the labo-
ratories. It is obviously difficult to clearly differentiate between chemical
hazards and toxicologic hazards within a clandestine laboratory. For example,
iodine, which is commonly used in the production of methamphetamine, is a
thyrotoxin (Backer and Hollowell, 2000). Red phosphorus, though certainly a
burn hazard, fortunately does not share the propensity to induce catastrophic
liver damage of yellow phosphorus (Chiang, 1998).

Vapors from organic solvents can cause lung damage and hypoxia and
increase myocardial irritability and sensitization to catecholamines (Bailey 
et al., 1997). The latter can cause catastrophic ventricular dysrhythmias. In one
report, fumes off-gassing from a 2-liter flask in a clandestine laboratory are
believed to have killed three persons (Massetti, 1996c). Lethal inhalation has
also been attributed to phosphine and hydrogen sulfide gases in clandestine
methamphetamine laboratories (Willers-Russo, 1996, 1999; Anjaria and Evans,
1997; Wheeler and Griffin, 1997). In one case, three persons were found dead
in a house by sheriff’s deputies. It is suspected that a red phosphorus/HI reduc-
tion caused production of phosphine gas, which overcame the victims (Willers-
Russo, 1999). In 1999, two latent-print examiners from Los Angeles were taken
to the hospital with sore throats and coughing after processing a reaction vessel
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from a clandestine laboratory (Gravitt, 1999). Both print examiners were expe-
rienced and clandestine-lab certified. Initial suspicion was for phosphine
inhalation, but none was detected at the scene. They were examined and
released, and the specific substance to which they were exposed was never 
identified.

The discussion of chemical hazards brings to question the safety of medical
personnel involved in caring for those injured in clandestine laboratories. In
general, the risks associated with the chemicals with which one would come in
contact in the course of medical management of a victim from a clandestine
methamphetamine lab accident are believed to be minimal. However, this area
has not been exhaustively studied. Though the acute effects of many individ-
ual chemicals used in illicit methamphetamine manufacture are known from
industrial use, no comprehensive risk assessment has been performed on cooks,
law enforcement personnel, or subsequent residents of a space that formerly
held a clandestine methamphetamine laboratory. The lay press is replete with
anecdotal reports of individuals suffering ill health effects from living in a struc-
ture that once held a clandestine methamphetamine laboratory. However, to
date, no peer-reviewed controlled scientific studies of subsequent residents of
former labs have been published detailing specific medical consequences of
these reported exposures.

Three key papers have been published examining the issues of protection
for law enforcement and other first-response personnel. In 2000, the Centers
for Disease Control and Prevention (CDC) published an account in the 
Morbidity and Mortality Weekly Report (MMWR) that examined the public health
consequences among first responders dealing with emergent responses to illicit
methamphetamine laboratories (MMWR, 2000). This report classified first
responders as police and fire department personnel and EMT and hospital
workers. The most common injuries reported were respiratory and eye irrita-
tion. The largest number of injuries was reported in police officers, because
they were most often present in the laboratories during and immediately after
a toxic release. Firefighters were the least often injured of on-site personnel,
largely as a result of their wearing PPE in the form of self-contained breathing
apparatus (SCBA) and firefighting bunker gear. It was surmised that standard
uniforms worn by emergency medical technicians (EMTs), police officers, and
hospital personnel provided little or no protection from chemical exposure. A
total of seven injuries was reported in hospital personnel, with three workers
complaining of nausea/vomiting and the other four of dizziness and unspeci-
fied CNS symptoms. It was suggested that the hospital workers may have become
ill as a result of inadequate decontamination of patients prior to their arrival
at the hospital. However, the possible involvement of psychosomatic and mass
hysterical etiologies for these complaints was not addressed.
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Few studies have examined the effects of exposure to personnel processing
and dismantling clandestine laboratories. Burgess published two papers related
to this topic. The first, from 1996, examined two study populations: (1) law
enforcement chemists (n = 46) sent a survey through the Clandestine Labora-
tory Investigating Chemists’ Association (CLIC) and (2) a group of Washing-
ton State clandestine laboratory investigators (n = 13) (Burgess et al., 1996).
The study retrospectively examined approximately 2800 combined investiga-
tions. Reported symptoms experienced by the study subjects most often
included headache, respiratory complaints, and skin and mucous membrane
irritation. Total illness rates included 0.75–3.4% of responses, with most ill-
nesses occurring during the processing phase of the investigation. No illnesses
were reported during the entry phase. The authors concluded that response to
an active lab (as opposed to a boxed lab or a lab not actively cooking) was asso-
ciated with a 7- to 15-fold increase in developing some sort of illness.

The second paper by Burgess retrospectively examined HARP forms and
medical records of 40 Bureau of Narcotics Enforcement (BNE) agents who
investigated a total of 2030 clandestine laboratories between 1991 and 1998
(Burgess et al., 2002). The average amount of time to complete each of the
investigative phases was recorded as: entry, 11min; assessment, 34min; pro-
cessing, 194min. Medical monitoring parameters recorded were measurements
of white blood cell (WBC) and platelet counts, hemoglobin, measurement of
the liver enzymes aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT), and determination of the forced expiratory volume over one
second (FEV1), a general assessment of pulmonary function. Results of the eval-
uation showed an average annual decline in FEV1 of 64 ± 138mL/yr in 
clandestine-laboratory investigators. The authors concluded that use of 
respiratory protection was associated with a reduced rate of decline in FEV1.

An additional word of caution is in order because clandestine labs are not
used exclusively for the production of methamphetamine. Other possible clan-
destine laboratory uses include synthesis of other drugs, preparation of chem-
ical warfare agents, and production of explosives. A 1999 report describes a
clandestine laboratory that was serving a dual role, as a methamphetamine pro-
duction facility and as a bomb factory (Walker and Doerr, 1999). Many other
chemicals that have substantial associated dangers may be present. With this 
in mind, it is good practice to carefully and thoroughly to decontaminate all
persons presenting with a history of having been in a clandestine laboratory 
environment.

The availability of allegedly reliable chemical information from not only
print sources but also word of mouth and, more importantly, the Internet has
caused a surge in the amount of information and misinformation to be readily
available. Unfortunately, the accuracy of some of this information may be, at
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best, questionable. In truth, a number of the methods purported by clandes-
tine chemists to be effective have absolutely no basis in scientific fact (Ely, 1990).
This raises the obvious issue of how well the average cook, with limited chem-
ical knowledge, can assess what will or will not actually produce the drug of
interest. Clearly, the toxicologic implications are significant but ill defined when
a cook uses inappropriate synthetic methods. In short, there is no telling what
the cook may actually be preparing and, therefore, no telling what the drug
user may actually be taking.

It is further possible that synthetic by-products may contribute either 
inherently or synergistically to the toxicity of a given batch of illicit 
methamphetamine, but very few studies have examined this possibility. 
Preliminary investigations have demonstrated significant neurotoxic effects
when a-benzyl-N-methylphenethylamine (BNMPA) was studied in mice
(Noggle et al., 1985; Moore et al., 1995). One study determined the LD50

and CD50 (convulsive dose 50) for BNMPA, MA, amphetamine, and the 
N-demethylated analog of BNMPA, a-benzylphenethylamine, in mice (Noggle
et al., 1985). The results suggested that while the LD50 and CD50 of metham-
phetamine were very similar, BNMPA induced seizure activity at a dose only
70% of its LD50 (Noggle et al., 1985). A second study investigated the potential
neurotoxic interaction of BNMPA with methamphetamine. The results, how-
ever, are somewhat ambiguous. At doses of greater than 30 mg/kg, BNMPA 
was associated with toxic effects on the central nervous system (CNS) of mice,
as measured by stereotopy and “popcorn-like” hyperactivity, tonic-clonic con-
vulsions, and death (Moore et al., 1995). Of note, however, is the additional
observation that BNMPA neither alters locomotor activity nor affects 
methamphetamine-induced increases in spontaneous activity or convulsions.
The investigators stated that these data suggest that BNMPA and metham-
phetamine produce their respective pharmacological effects through different
mechanisms. No hypothesis was offered detailing the specific mechanism
through which BNMPA is thought to exert its toxic effects. These studies are
particularly significant in light of a report in which BNMPA and several of its
metabolites were detected in the urine of human methamphetamine abusers
(Moore et al., 1996).

Among some of the other compounds known to be by-products of illicit
methamphetamine synthesis, aziridines are highly reactive alkylating agents
also known to cause chemical pneumonia and noncardiogenic pulmonary
edema in those exposed (Sanz and Prat, 1993). Substituted naphthalenes are
known to elicit serious responses, including hemolysis and fever (Zuelzer and
Apt, 1949). Clearly, additional comprehensive study is necessary to fully deter-
mine the extent of the toxic implications of synthetic by-products to the overall
toxicity of illicitly prepared methamphetamine.
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The presence of these impurities and a lack of adequate purification of the
intermediates and final products may significantly complicate the toxicologic
picture. Additional impurities, the toxicologic significance of which cannot be
dismissed, are impurities that are carried over from the synthetic process (e.g.,
red phosphorus) and adulterants used to increase sample weight and bulk.

A concern whose importance cannot be overstated is the potential environ-
mental impact of clandestine laboratories (NNICC, 1998). In a 1999 Bureau of
Justice report, it was stated that in an illicit laboratory, each pound of metham-
phetamine that was produced generated 5–6 pounds of chemical waste (Gist,
1999). Obviously, cooks rarely practice proper hazardous waste disposal and are
not subject to legal monitoring. Instead, chemical waste may be dumped in pits,
on the ground, or directly into the sewer system. The environmental impact of
the labs is no doubt significant, though this is a very difficult subject to fully
study (Irvine and Chin, 1991). In July 1999, Donnie R. Marshall, the Acting
Administrator of the DEA, testified before the U.S. Senate Judiciary Commit-
tee regarding the dangers associated with clandestine methamphetamine traf-
ficking and production (Marshall, 1999a). In this address, Mr. Marshall,
estimated the costs associated with the cleanup of a small clandestine lab to be
approximately $3000, while costs to clean up a large lab could exceed $100,000.
Clearly, these chemical waste cleanup costs from even a single clandestine lab-
oratory of moderate size can be enough to bankrupt a small police or sheriff’s
department.

As previously mentioned, a number of the chemicals used in the illicit pro-
duction of methamphetamine have pungent odors. Houses in which drugs were
cooked may be so permeated with the chemical vapors that it has been sug-
gested that it might be easier and less expensive to simply bulldoze such build-
ings and destroy the materials (The Press, 1997a). The concern that a house
will be “toxic” to inhabitants or nearby residents because of the chemical vapor
saturation of the walls and carpets after the lab was removed has also been
expressed (The Press, 1997b). However, no reports exist of toxicologic medical
maladies directly attributable to living in a house that formerly held an illicit
methamphetamine lab.

Recently, an increased amount of attention has been focused on how best to
care for children removed from methamphetamine labs. In 1998, Kolecki pub-
lished one of the landmark reports dealing with the subject of children and
illicit methamphetamine intoxication (Kolecki, 1998). This study was a retro-
spective review of the records of 18 children aged 13 years and younger that
presented to the emergency department over a 9-year period and had a con-
firmed oral exposure to methamphetamine. Mass spectrometric confirmation
of the result was required, and children with mixed ingestions or inges-
tions involving sympathomimetic agents other than methamphetamine were
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excluded. Recorded signs and symptoms present in the children included agi-
tation, inconsolability, abdominal pain, vomiting, seizures, rhabdomyolysis, and
hyperthermia. Five of the children had head CT scans, three had lumbar punc-
tures, and three received Centruroides sculpturatus (scorpion) antivenom prior
to the realization that the children were suffering methamphetamine intoxica-
tion. Of particular note, one child who received Centruroides sculpturatus
antivenom experienced an anaphylactic reaction. This report goes on to illus-
trate that illicit methamphetamine intoxication must be kept on the differen-
tial diagnosis for patients with sympathomimetic signs and symptoms, even in
the pediatric population. However, there are many potentially toxic compounds
in a clandestine laboratory other than simply methamphetamine.

Active drug-endangered children (DEC) programs have been started in
states, including California, Utah, and Colorado, in which clandestine labs are
a major focus. Due to the lack of data regarding ill effects from chronic expo-
sure to chemicals in clandestine laboratories and the fact that many of the 
children removed from these laboratories do not appear to be acutely ill, 
development of guidelines detailing which specific physical, psychological, and
laboratory assessments should be performed has been a difficult process.
However, it must be understood that a clandestine laboratory is an inherently
dangerous environment, especially for children, and that there are many more
concerns than toxic chemical exposure. A few examples of the many potential
hazards for children in a clandestine laboratory include not having routine
medical care, living in unsanitary conditions, being inadequately fed, and being
at a dramatically increased risk for physical and sexual abuse. Clearly, with the
myriad additional risks posed to children in clandestine laboratories, the 
assessment must go well beyond checking only for a positive amphetamine
result on a urine drug screen. The development of DEC guidelines is ongoing,
and many iterations of protocols will need to be made as more data become
available.

The three most important means of protecting oneself from the hazards 
of a clandestine laboratory are limiting exposure, good intelligence informa-
tion about the contents of the lab, and adequate training. Federal law mandates
that all law enforcement officers complete a clandestine laboratory safety train-
ing program prior to entering a clandestine laboratory (Marshall, 1999a).
However, the Occupational Safety and Health Administration (OSHA) gener-
ally does not provide the training. One of the best-known training programs
for clandestine laboratory enforcement personnel is the DEA Clandestine Lab
School in Quantico, Virginia. Students graduating from this program are issued
several thousand dollars in specialized safety gear, including nomex fire-
resistant level-III ballistic vests, nomex fire-resistant pants, jackets, and gloves,
chemical-resistant boots, combat retention holsters, special flashlights, goggles,
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etc. (Marshall, 1999a). This gear is necessary in order to safely enter a clan-
destine laboratory. According to current law enforcement recommendations,
all skin and clothing should be covered with some sort of suit (e.g., Tyvek) that
is either disposable or able to withstand decontamination. Gloves and boots
sealed at the seams with duct tape must be worn. Respiratory protection,
afforded by either an air-purifying respirator (APR) or a SCBA, is required.
OSHA-approved training is required for the proper use of these respiratory
support devices (Conibear, 1997). The types of respirators used for a given
application are also subject to certification by the National Institute for Occu-
pational Safety and Health (NIOSH) (Conibear, 1997). Flowcharts are available
for assistance in the selection of the most appropriate filter system. Variables
included in the flowchart include duration of wear, desired filter efficiency, and
the presence or absence of oil in the aerosol to be filtered. Further protection
is provided by limiting time spent in the laboratory and adhering to EPA expo-
sure limits.

Most law enforcement agencies will complete a Hazard Assessment and
Recognition Plan (HARP) statement of some kind. This collection of forms,
which many agencies design themselves, is typically started well before the lab
site is actually approached. It contains not only information on the lab itself,
but also specific contact numbers for fire, rescue, medivac helicopter, hospital
emergency department, poison control, and the disposal company, to name a
few. Officials from each of these agencies are contacted in advance and their
names and telephone numbers recorded on the forms. Information specific to
the raid itself is also included on the form. For example, raid team member
assignments (e.g., entry, assessment, or processing) and vital signs before and
after entry into the laboratory are also recorded. Any unusual happenings (e.g.,
fires, medical complaints) are also noted on the forms. At the completion of
the raid, the site safety officer and case agent are required to sign and certify
the HARP forms indicating all safety precautions were taken.

8.3.1.4 Tactical Hazards (Booby Traps)
Though it is obvious that home production of methamphetamine is illegal, the
extent to which cooks will go to protect their operations is often less apparent.
It is not unusual for cooks to install a variety of “booby traps” in a clandestine
laboratory (T. Barnes, 1996c; A.F. Smith, 1996). Certainly, not every clandestine
laboratory has booby traps installed, but a heightened sense of observance by
personnel approaching a lab is warranted.

These devices are easily homemade using sources such as the Anarchist Cook-
book (Powell, 1970). These devices have all of the attributes of tactical booby
traps used for guerrilla warfare. They are surreptitiously placed devices with the
sole purpose of indiscriminately injuring or killing whomever happens to acti-
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vate them. Anecdotal reports from methamphetamine cooks indicate these
devices are not targeting law enforcement officials but rather other cooks and
drug users that might rob their operations. The obvious shortcoming of these
statements is that the traps themselves are incapable of distinguishing between
a competing cook, a police officer, and an unsuspecting neighbor, child, or pet.

Booby traps used in illicit methamphetamine labs include both chemical and
blast-type devices. A fairly simple and common chemical trap is the positioning
of a container of mineral acid immediately above a pan of sodium or potassium
cyanide. The acid container is arranged such that the opening of a door or
window will cause it to spill into the cyanide salt, releasing cyanide gas in the
immediate vicinity of whomever opened the door or window.

Numerous explosive devices have been used as booby traps in clandestine
laboratories. Commercial, military, and homemade explosives have been found
at clandestine labs. These may be pressure-triggered land mine–type devices or
guns or grenades in which the trigger mechanism has been equipped with a
trip wire. These devices are usually hidden and attached to windows and doors
or set about a perimeter outside the lab to keep trespassers from getting close
to the actual site.

Most often, booby trap devices are placed on the most obvious routes of
access (e.g., the front door or main pathway up to the building containing the
lab). It is for this reason that many law enforcement agencies require detailed
intelligence information regarding cook entrance and egress routes prior to
serving warrants at clandestine-laboratory sites.

Obviously, safety hazards, regardless of type (chemical, physical, tactical, etc.)
cannot be taken in isolation. All of these hazards are simultaneously present to
varying degrees in clandestine laboratories. Training seminars are offered in all
aspects of clandestine laboratory enforcement, including recognition and
appropriate countermeasures for bombs and booby traps that might be encoun-
tered (A.F. Smith, 1996).

8.3.1.5 Medical Use of Methamphetamine and Blood Level Significance
Methamphetamine is a DEA schedule II drug. As such, it does have clinical
utility in the management of certain medical conditions, such as narcolepsy,
attention deficit–hyperactivity disorder (ADHD), and obesity (Chiang, 1998).
However, the frequency of abuse far outweighs the drug’s therapeutic utility.
There are several licit medications that contain amphetamine derivatives or are
metabolized to methamphetamine. At first glance it seems likely that diversion
of methamphetamine from these legal sources would be a significant problem.
However, this situation has not been observed. According to a report by the
NNICC, “Clandestine production accounted for nearly all of the methamphet-
amine trafficked and abused in the United States in 1997” (Strange, 1998). This
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is largely due to the strict control of the legally produced compounds as well
as the ease of illicit production.

The presence of methamphetamine in the blood or urine of an individual
does not provide absolute proof of illicit drug use. In addition to its own ther-
apeutic use, both isomers of methamphetamine are produced metabolically
from therapeutic medications (Figure 8.70). The l-isomer is also formed as a
metabolite of the anti-Parkinson’s drug selegiline (Baselt, 2000). The d-isomer
of methamphetamine is a metabolite of the antiobesity agent benzphet-
amine and the European over-the-counter analgesic/antipyretic famprofazone
(Baselt, 2000).

Clinical and forensic interpretation of concentrations of methamphetamine
in blood is an area fraught with difficulty. As mentioned previously, several ther-
apeutically used drugs produce methamphetamine metabolically. Even when
metabolic production can be ruled out and only illicit methamphetamine is
considered as a source, there are still difficult issues with respect to clinical or
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forensic interpretation of blood levels. There is no consistent link between mea-
sured concentration and level of intoxication or impairment with metham-
phetamine. In 1996, a group of 27 drivers arrested for erratic driving provided
blood methamphetamine concentrations ranging from 0.05 to 2.6 mg/L
(Logan, 1996). Similarly, deaths have been attributed to methamphetamine
intoxication at levels well below those in individuals that have survived without
deficit. In another study, also by Logan, postmortem blood concentrations were
determined in 13 cases of deaths attributed to methamphetamine poisoning
(Logan et al., 1998). Though the average blood methamphetamine concen-
tration in this series was 0.96mg/L, the range was 0.09–18mg/L. By compari-
son, in a study that examined nine cases in which the decedent was a drug
abuser who died as a result of traumatic injuries inflicted by violent means,
Reynolds reported postmortem blood methamphetamine concentrations
ranging from 1.4 to 13mg/L (average = 5.1) (Reynolds and Weingarten, 1983).
Interpretation of postmortem methamphetamine measurements is further
complicated by postmortem redistribution. In a series of 20 deaths, postmortem
heart : femoral blood concentration ratios ranged from 1.2 to 5.0 (average =
2.1) (Baselt, 2000).

8.3.2 LAW ENFORCEMENT APPROACHES TO 
CLANDESTINE LABORATORIES

Law enforcement concerns over chemical, toxicologic, environmental, tactical,
logistical, and financial difficulties associated with clandestine methamphet-
amine laboratories have not gone unnoticed by governmental agencies. In April
1999, the U.S. Department of Justice Office of Justice Programs released a
research report entitled “Meth Matters: Report on Methamphetamine Users in Five
Western Cities” (Pennell et al., 1999). In this report, general and statistical data
are presented regarding methamphetamine use in the American cities of Los
Angeles, San Diego, San Jose, Phoenix, and Portland, OR. One of the princi-
pal conclusions of this report is: “Law enforcement agencies need resources
and training to identify and contain meth labs. The dynamics of the meth
market warrant different enforcement techniques than those used in open air
drug markets.” This report is widely cited by law enforcement agencies 
in requests for additional funding and training to combat clandestine 
laboratories.

The Bureau of Justice Assistance (BJA) has also produced fact sheets to help
guide law enforcement agencies in the development of programs to effectively
combat clandestine laboratories. Examples of such BJA fact sheets include 
Multiagency Response to Clandestine Drug Laboratories and Strategic Approaches to
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Clandestine Drug Laboratory Enforcement (Gist, 1995, 1999). The Methamphet-
amine Interagency Task Force issued its final report in January 2000 (Travis and
Vereen, 2000). This report also offers detailed recommendations for law
enforcement agencies with respect to clandestine methamphetamine labs. All
of the listed documents, and many more, are readily available from govern-
mental Web sites, and many law enforcement agencies are using the Internet
for exactly this sort of information.

The difficulties associated with acquisition of funding, large geographical
areas, training, and hazardous cleanup have led many law enforcement agen-
cies to take a task force approach. Task forces are generally composed of 
personnel from multiple agencies working collectively on the same issue. This
approach allows for the development of a single entity to combat the problem
without severely depleting the personnel or financial resources of any one
agency. Though it generally works well, there are still occasional jurisdictional,
funding, and workload disputes. Perhaps the largest financial issue surrounds
the question of who will bear the cost of hazardous materials cleanup once a
lab is dismantled. Though the federal government (i.e., the DEA) is often con-
tacted in this regard, they, too, have limited resources, which are increasingly
taxed in light of the steady increase in the number of clandestine laboratories.
In short, there is no simple answer to the question of who will bear the cost.

Other, less direct law enforcement approaches to the methamphetamine 
situation in the United States have involved legislative action. On October 3,
1996, President Bill Clinton signed into law a bill approved by both houses of
the 104th Congress. This bill bears the short title of the “Comprehensive
Methamphetamine Control Act of 1996.” A second federal act was brought
before the 106th Congress and is known as the “Methamphetamine Anti-
Proliferation Act of 1999.” Though the actual language of these pieces of leg-
islation is complex, they have the purpose of directly legislating against illicit
methamphetamine production.

The U.S. Attorney General publishes the Special Surveillance List, which con-
tains a list of “chemicals, products, materials or equipment used in the manu-
facture of controlled substances and listed chemicals” (Marshall, 1999b). There
was obvious concern about the impact these legislative maneuvers might have
on the livelihood of small businesses that legitimately deal in products that can
be used in the illegal manufacture of methamphetamine and other listed chem-
icals. However, provisions are contained within the legal language allowing for
legitimate commerce with minimal governmental intrusion.

The complete list consists of all chemicals listed in Title 21 of the Code of
Federal Regulations (CFR), Section 1310.02(a) and (b), as well as some addi-
tional chemicals and laboratory equipment listed by the DEA Diversion Control
Program. The chemicals listed in CFR Section 1310.02(a) are often referred to
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as “List I chemicals,” while those in Section 1310.02(b) are commonly called
“List II chemicals.” List II agents have legitimate uses, but are also involved in
illicit drug production. Though illegal methamphetamine production is cer-
tainly a central target of the Special Surveillance List, chemicals used to make
other illegal substances (e.g., PCP and LSD) are also included. These lists are
reproduced in Table 8.1.
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CFR Section 1310.02(a)—List I
Anthranilic acid, its esters and its salts
Benzyl cyanide
Ephedrine, its salts, optical isomers,

and salts of optical isomers
Ergonovine and its salts
Ergotamine and its salts
N-Acetylanthranilic acid, its esters,

and its salts
Norpseudoephedrine, its salts, optical

isomers, and salts of optical isomers
Phenylacetic acid, its esters, and its

salts
Phenylpropanolamine, its salts,

optical isomers, and salts of optical
isomers

Piperidine and its salts
Pseudoephedrine, its salts, optical

isomers, and salts of optical isomers
3,4-Methylenedioxyphenyl-2-

propanone
Methylamine and its salts
Ethylamine and its salts
Propionic anhydride
Isosafrole
Safrole
Piperonal
N-Methylephedrine, its salts, optical

isomers, and salts of optical isomers
N-Methylpseudoephedrine, its salts,

optical isomers, and salts of optical
isomers

Hydriodic acid
Benzaldehyde
Nitroethane

CFR Section 1310.02(b)—List II
Acetic anhydride
Acetone
Benzyl chloride
Ethyl ether
Potassium permanganate
2-Butanone (or methyl ethyl ketone,

or MEK)
Toluene
Hydrochloric acid
Sulfuric acid
Methyl isobutyl ketone (MIBK)

Table 8.1

U.S. Attorney General’s
Special Surveillance List
of chemicals and
equipment

Additional Listed Chemicals
Ammonia gas
Ammonium formate
Bromobenzene
1,1-Carbonyldiimidazole
1,1-Dichloro-1-fluoroethane (Freon

141B)
Diethylamine and its salts
2,5-Dimethoxyphenethylamine and its

salts
Formamide
Formic Acid
Hypophophorous acid
Lithium metal
Lithium aluminum hydride
Magnesium metal (turnings)
Mercuric chloride
N-Methylformamide
Organomagnesium halides (Grignard

reagents)
Phenylethanolamine and its salts
Phosphorus pentachloride
Potassium dichromate
Pyridine and its salts
Red phosphorus
Sodium dichromate
Sodium metal
Thionyl chloride
ortho-Toluidine
Trichloromonofluoromethane (Freon-

11, Carrene-2)
Trichlorotrifluoroethane (Freon 113)

Listed Equipment
Hydrogenators
Tableting machines
Encapsulating machines
22-Liter heating mantles



8.4 CONCLUDING REMARKS

As consumer demand for methamphetamine continues to increase, so too does
the number of synthetic approaches used to make the drug and its precursors.
The labs in which these compounds are produced are fraught with chemical,
physical, toxicologic, and tactical hazards. A thorough understanding of the
chemical processes used to produce these compounds is key to the ability to
safely investigate and dismantle the labs and prosecute and medically treat indi-
viduals that have been involved with illicit methamphetamine production.
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amphetamine detection using,

370–371

cannabinoids quantification in

biological matrices using, 92

description of, 22–23, 23f

Cobalt thiocyanate test, 241

Coca alkaloids, 236

Cocaine

capillary zone electrophoresis

detection of, 261

crack, 236

deuterated, 262–263

diastereoisomers of, 244

d-isomer of, 243–244, 506–507

electron impact spectrum of, 262f

enantiomers of, 243–245

forms of, 235

freebase

cocaine hydrochloride

differentiation from, 243

definition of, 235

gas chromatography/mass

spectrometry detection of,

261–263

gas chromatography–nitrogen/

phosphorus detection of,

258–260

high-pressure liquid

chromatography detection

of, 260

immunoassay detection of

antibodies used in, 247–248

enzyme multiplied

immunosorbent technique,

251–253

fluorescent polarization, 253–255

immunochromatography,

255–257

lateral-flow

immunochromatographic

assays, 255–257

radioimmunoassays, 248–251

infrared/Fourier transform

infrared spectroscopy

detection of, 266, 267f

ion mobility mass spectrometry

detection of, 261

ion selective electrodes for

detection of, 257

l-, 244

mass spectroscopy/mass

spectroscopy detection of,

263–266

metabolic pathways of, 304f

noninstrumental detection

methods

adulteration concerns, 237

color tests, 240–245

crystalline precipitates, 237–240,

238f–239f

spot tests, 240–245

nuclear magnetic resonance

spectroscopy detection of,

268–269, 270f

prevalence of, 44

properties of, 235

purification of, 236

Raman infrared spectroscopy

detection of, 266–268

samples, 236–237

street names for, 236

tandem mass spectrometry

detection of, 263–266

thin-layer chromatography of,

245–247

UV spectra for, 260, 260f

Cocaine salts, 243

Coca paste, 235–236

Codeine

in blood, 311t, 313t

gas chromatography of, 311t,

321–323

liquid chromatography of, 313t,

323–324

metabolites of, 323

Coefficient of variation, 12

College of American Pathologists,

10t, 14

Color tests, for cocaine detection,

240–245

Condensed phase infrared spectra,

158–159, 174–175

Crack, 236

Cross-reactivity, 32–33

Crystalline precipitates, 237–240,

238f–239f

Curtis rearrangement, 495–496, 496f

Cuscohygrine, 236

Custody, 3

Cutting agents, 514. See also

Adulteration

CV. See Coefficient of variation

Cystolithic trichomes, 48

D
Deprenyl, 361f, 428–430

Depressants, 2

Desmethyldeprenyl, 428

Deuterated cocaine, 262–263

Dextromethorphine, 33

Dextromethorphan, 340

Dextrorphine, 33

Diethyltryptamine, 197f–199f

Diffuse reflectance, 158–159

Dihydrocodeine

capillary electrophoresis of,

324–325

description of, 321
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gas chromatography of, 321–323

liquid chromatography of, 323–324

metabolic pathways of, 322f

metabolites of, 324

Dihydromorphine, 321

2,5-Dimethoxyamphetamine, 359f

Dimethoxyamphetamines, 221–222,

222f

p-Dimethylaminobenzaldehyde test,

242

Dimethylamphetamine, 361f

Dimethylformamide, 460

Dimethylsulfone, 514

Dimethyltryptamine

administration of, 472

chemical structure of, 472f–473f

dosing of, 472

illicit manufacture of, 472

mass spectra of, 197f–199f

psychedelic experience associated

with, 472–473

synthesis of, 473

Dipropyltryptamine, 197f–199f

Direct insertion probe, for mass

spectrometer analyte

introduction, 182

Distortionless enhancement by

polarization transfer,

210–211

Dragendorff’s reagent, 246

Drug(s). See also specific drug

classification of, 1–2

penalties for possession of, 2

regulation of, 2

U.S. regulation of, 2

Drug testing standards, 8–9

Duquenois–Levine test, 50, 52–54, 

60

E
EDDP

description of, 331

gas chromatography of, 332

in meconium, 333

in saliva, 333

Electron capture detection, 384

Electron impact ionization, 182, 262

Electrospray ionization, 413

ELISA. See Enzyme-linked

immunosorbent assay

EMDP, 332

EMIT. See Enzyme-multiplied

immunoassay technique

Enzyme acceptor, 22

Enzyme donor, 22

Enzyme immunoassays

cloned enzyme donor

immunoassay, 22–23, 23f

description of, 18–19

enzyme-linked immunosorbent

assay, 21–22

enzyme-multiplied immunoassay

technique, 19–20, 20f

fluorescence polarization

immunoassay

adulteration concerns, 254–255

cannabinoids quantification in

biological matrices using,

90–91

cocaine detection using, 253–255

comparative evaluations of, 96

description of, 24–26

opioid detection using, 282

principles of, 253–254, 254f

reagents used in, 254

kinetic interaction of

microparticles in solution

cannabinoids quantification in

biological matrices using,

91–92

comparative evaluations of, 96

description of, 26–28

immunogen for, 91–92

opioid detection using, 282

opioid detection using, 282

types of, 18

Enzyme-linked immunosorbent assay

amphetamine detection using, 371

cannabinoids quantification in

biological matrices using,

88–89

description of, 21–22

opioid detection using, 283–284

Enzyme-multiplied immunoassay

technique

adulteration concerns, 253

advantages of, 252–253

amphetamine detection using, 

365

cannabinoids quantification in

biological matrices using,

89–90

cocaine detection using, 251–253

comparative evaluations of, 96

description of, 19–20, 20f

disadvantages of, 253

opioid detection using, 282–283

principles of, 251, 252f

radioimmunoassay vs., 252–253

steps involved in, 251–252, 252f

Ephedra plant, in methamphetamine

manufacture, 507–508

Ephedrine, in methamphetamine

manufacture

accessibility to, 507

diastereomers of, 509f

l-, 509f

reduction of

alkali metals for, 502–503

chloroephedrine/chloropseudoe

phedrine, 500, 500f

description of, 499–500

freebase, 502

hydriodic acid for, 501–502,

502f, 512f, 512–513

methods of, 500

oxidative methods, 504, 504f

red phosphorus for, 501–502,

511–512, 512f
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Wolff–Kishner reaction for, 503f,

503–504

Ergonovine, 472f

Ergot alkaloids, 227–229

Ergotamine tartrate

lysergic acid production from,

468–470, 470f

natural sources of, 469

plant sources of, 469

sources of, 468f, 469

Ethylamphetamine, 361f

4-Ethyl-2,5-Dimethoxyamphetamine,

359f

2-Ethylidene-1,5,dimethyl-3,3-

diphenylpyrrolidine. See

EDDP

2-Ethyl-5-methyl-3,3-diphenyl-

pyrroline. See EMDP

Evidence collection

chain-of-custody documentation,

3–4

description of, 2–3

documentation, 3

safe handling, 3

Extraction

of cannabinoids, 67–68

mixed-phase solid-phase, 287–289

of opioids, 284–290

of phencyclidine, 169

of phenylalkylamines, 166

reverse-phase solid-phase, 286–289

solid-phase

of cannabinoids in blood, serum,

or plasma, 116

description of, 341

of opioids from biosamples, 

285

solid-phase dynamic, 402

solid-phase microextraction

of amphetamines, 397–400, 411

description of, 398

immersion, 400

of opioids from biosamples, 289

of tetrahydrocannabinol carboxylic

acid, 100–102

F
Famprofazone, 361f

Fast blue B tests, 50, 60

Fencamine, 361f

Fenethylline, 361f

Fenproporex, 361f, 425, 431–432

Fentanyl

chemical structure of, 456f

derivatives of, 456f

description of, 339–340

homologs of, 456–457

illicit manufacture of, 457

medical applications of, 455–456

synthesis of, 457, 458f

Fingernails

cannabinoid detection in, 126, 128

tetrahydrocannabinolic acid

detection in, 126, 128

Fluorescence polarization

immunoassay

adulteration concerns, 254–255

cannabinoids quantification in

biological matrices using,

90–91

cocaine detection using, 253–255

comparative evaluations of, 96

description of, 24–26

opioid detection using, 282

principles of, 253–254, 254f

reagents used in, 254

a-Fluorofentanyl, 456f

Forensic drug analysis

evidence collection for, 2–4

journal resources, 484

tests used in, 4

Forensic testimony, 4–5

Fourier transform infrared

spectroscopy

cocaine detection using, 266, 

267f

gas chromatography and

description of, 159–160

sensitivity of, 160, 162

FPIA. See Fluorescence polarization

immunoassay

Freebase

cocaine

cocaine hydrochloride

differentiation from, 243

definition of, 235

methamphetamine, 502, 506

Free-induction decay, 207–208

“Frye standard,” 4

Furfenorex, 361f

G
ß-Galactosidase, 22

Gamma aminobutyric acid, 462f

Gamma butyrolactone, 462f, 462–463

Gamma hydroxybutyrate

chemical structure of, 462f

derivatives of, 462

description of, 461–462

illicit manufacture of, 461–463

synthesis of, 462–463

Gamma hydroxyvaleric acid, 462f

Gamma valerolactone, 462f

Gas chromatography

of amphetamines

derivatization methods, 380–383

detectors for, 379

electron capture detection, 384

procedure for, 383–384

solid-phase microextraction for,

398–400

of buprenorphine, 325–326

cannabinoids detection using

in blood, serum, or plasma,

118–119

description of, 58–59, 95

capillary column

cannabinoid analyses using,

68–75

I N D E X 551



cocaine detection using, 258

mass spectrometer use of, 185

cocaine detection using, 258–260

of codeine, 311t, 321–323

of dihydrocodeine, 321–323

of heroin

in blood, 309–310, 311t

description of, 297–298

in urine, 303–306

mass spectrometer analyte

introduced using, 182–

183

of methadone, 332–333

of morphine, 315–318

nitrogen/phosphorus detectors

used with

amphetamine detection using,

383

description of, 258–260

of Papaver somniferum, 290–292

retention times, 177

tetrahydrocannabinol carboxylic

acid detection using

in blood, serum, or plasma,

118–119

in urine

alkyl ester–alkyl ether

derivatives, 108–109, 111

alkyl ester–trimethyl silyl ether

derivatives, 111–112

chromatographic parameters,

112

derivatization, 108–112

description of, 106

internal standards, 106–108

silylester–silyl ether derivatives,

110–111

of tramadol, 335–336

Gas chromatography–Fourier

transform infrared

spectroscopy

description of, 159–160

sensitivity of, 160, 162

Gas chromatography–mass

spectrometry

of amphetamines

blood samples, 388

chemical ionization, 386–387

description of, 385–386

enantiomers, 396–397

hair samples, 391–394

saliva samples, 389–390

urine samples, 386

of BDB, 390

of buprenorphine, 326

cocaine analysis using, 261–263

gas chromatography–Fourier

transform infrared

spectroscopy vs., 163

mass spectrometer analyte

introduced using, 183

of morphine, 315–318

of tetrahydrocannabinol carboxylic

acid

in blood, serum, or plasma,

118–119, 120t–121t

in urine, 106–112

Gastrointestinal drugs, 2

Generic name, 2

GHB. See Gamma hydroxybutyrate

Glandular trichomes, 48

Glucose-6-phosphate dehydrogenase,

19, 251

Glucuronidase hydrolysis, 33

Gold bromide test, 238

Gold chloride test, 238

H
Hair

amphetamines in, 371, 375–376,

391–394, 407, 414

cannabinoids in, 123–126, 127t

deprenyl in, 429–430

MBDB in, 393

MDA in, 393

MDMA in, 393

methamphetamine in, 407

tetrahydrocannabinolic acid in

confirmatory tests for, 123–126

description of, 86

Hallucinogens

Cannabis. See Cannabis

description of, 466–467

dimethyltryptamine

administration of, 472

chemical structure of, 472f–473f

dosing of, 472

illicit manufacture of, 472

mass spectra of, 197f–199f

psychedelic experience

associated with, 472–473

synthesis of, 473

illicit manufacture of, 466–473

lysergic acid diethylamide

blotters of, 470

chemical structure of, 228f, 472f

derivatives of, 471, 472f

distribution of, 470

ergotamine tartrate’s role in

production of, 468–470,

470f

history of, 228

illicit manufacture of, 467–471

infrared spectroscopy of, 154,

164–165

iso-, 186

isomers of, 164

lethal dose of, 470

lumi-, 471

lysergic acid in, 468–469

manufacture of, 467–471

mass spectroscopy of, 178f,

186–187

nuclear magnetic spectroscopy

of, 228–229

purification of, 470

quantitation of, 188

street names for, 467

unstable positions of, 471
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psilocybin

chemical structure of, 230f

description of, 170, 172

mass spectroscopy of, 201f

nuclear magnetic spectroscopy

of, 229–231

spectral compilations for, 198

Hazard Assessment and Recognition

Plan, 526

Heroin. See also Morphine

in blood

gas chromatography of, 309–310

liquid chromatography of,

310–314, 313t

capillary electrophoresis of, 299

gas chromatography–mass

spectroscopy of, 301–302

gas chromatography of, 297–298

high-performance liquid

chromatography of, 314

home baking of, 455

illicit manufacture of, 455

ion chromatography of, 300f

liquid chromatography of, 299

metabolic pathways of, 304f

multimethod approach to, 301–302

pyrolysis products of, 298

synthesis from morphine, 455f

thin-layer chromatography of,

296–297, 297t

in urine

capillary electrophoresis of,

308–309

gas chromatography of, 303–306

liquid chromatography of,

306–308

Heterogenous immunoassays, 16

High-performance liquid

chromatography

of amphetamines, 373, 403, 405

of cannabinoids

in blood, serum, or plasma, 118

description of, 68–75

for cocaine detection, 260

of heroin, 314

of methamphetamine, 403, 405

photodiode array detection with,

71

of tetrahydrocannabinol carboxylic

acid

in blood, serum, or plasma, 118

in urine, 104, 105t

High-performance liquid

chromatography

thermospray mass

spectrometry, 73–74

Home baking, 455

Homogenous immunoassays, 16

Hydriodic acid, in methamphetamine

production

by-products of, 512f, 512–513

description of, 501–502, 502f

Hydrocodone, 337–338

Hydromorphone, 337–338, 454f

4-Hydroxy-methamphetamine, 359f

4-Hydroxy-3-

methoxymethamphetamine,

397

4-Hydroxynorephedrine, 405

(2-Hydroxypropyl)-ß-cyclodextrin,

414

Hygrine, 236

I
“Ice,” 506–507

ILAC. See International Laboratory

Accreditation Cooperation

Illicit drug manufacturing

dimethyltryptamine, 472

fentanyl, 457

gamma hydroxybutyrate, 461–463

heroin, 455

lysergic acid diethylamide, 467–471

6-MAM, 455

MDA, 473–474

MDMA, 475–477

methadone, 460–461

methamphetamine. See

Methamphetamine,

manufacture of

4-Methylaminorex, 476–477

nonamphetamine stimulants,

473–478

opioids, 454–461

phencyclidine, 463–465

tryptamines, 471

Immunoassays

amphetamines

blood samples, 365–366

cloned enzyme donor, 370–371

description of, 363

enzyme-linked immunosorbent

assay, 371

enzyme-multiplied immunoassay

technique, 365

improvements in, 363–364

literature regarding, 364

parenteral detection using,

367–368

samples, 364–365

tissue samples, 365–367

antibodies used in, 247–248

cannabinoid

analytical performance of, 82

cloned enzyme donor

immunoassay, 92

comparative evaluations of,

93–98

cutoff considerations for, 81–83,

93–94, 98

definition of, 80

enzyme-linked immunosorbent

assay, 88–89

fluorescence polarization

immunoassay, 90–91

kinetic interaction of

microparticles in solution,

91–92

on-site, 92–93
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radioimmunoassay, 87–88, 95

specimen validity and integrity,

85

uses of, 80

competitive, 15–16

cross-reactivity of, 32–33

definition of, 13

enzyme. See Enzyme immunoassays

factors that affect, 32

guidelines for, 14

heterogenous, 16

homogenous, 16

interference among, 32–33

methadone detection using,

331–332

on-site

cannabinoids quantification in

biological matrices using,

92–93

comparative evaluations of,

96–97

description of, 28–31

field evaluation of, 97

opioid detection using, 281–282

overview of, 15–16

performance characteristics of,

31–34

quality management of, 31–34

regulatory agencies for, 13–14

specificity of, 33

Immunochromatography

cocaine detection using, 255–257

principles of, 255–256

Immunogen, 15

Infrared spectroscopy

cocaine detection using, 266

condensed phase infrared spectra,

158–159, 174–175

dispersive instruments, 156–157

Fourier transform instruments,

156–158

gas chromatography–Fourier

transform, 159–160

instrumentation, 156–164

isomers, 154

of lysergic acid diethylamide, 154,

164–165

of MDMA, 157f

mechanism of action, 158

nuclear magnetic spectroscopy vs.,

205

of phencyclidine, 168–170

of phenylalkylamines, 165–168

polymorphism, 156

principles of, 154–156

Raman

amphetamine detection using,

422

cocaine detection using, 266–268

disadvantages of, 266–267

spectral compilations, 163–164

of tryptamines, 170–172

vapor phase

description of, 159–163

MBDB spectra, 160, 161f

MDMA spectra, 160, 161f

spectra compilations, 175

wavelengths of, 162–163

Inspection of laboratory, 7–8

International Association of Official

Analytical Chemists, 63

International Laboratory

Accreditation Cooperation,

10t

International Organization for

Standardization, 10t

Inter-simple sequence repeat

amplification, 79

Ion mobility mass spectrometry

amphetamine detection using, 394

for cocaine detection, 261

Ion selective electrodes

advantages of, 257

cocaine detection using, 257

principles of, 257, 258f

Ion trap mass analyzers, 181

ISO. See International Organization

for Standardization

K
Ketamine, 465f

Ketobemidone, 330t, 3340

Keto-opioids, 337–338

KIMS. See Kinetic interaction of

microparticles in solution

Kinetic interaction of microparticles

in solution

cannabinoids quantification in

biological matrices using,

91–92

comparative evaluations of, 96

description of, 26–28

immunogen for, 91–92

opioid detection using, 282

Knoevenagel reaction, 490, 490f–

491f

“Kompot,” 302

L
Laboratory

accreditation of

description of, 4–6, 9

organizations involved in,

10t–11t

clandestine. See Clandestine

laboratories

facilities, 5

inspections of, 7–8

personnel of, 6

proficiency test performance, 7

quality control program for, 6–7

restricted access to, 5

standards for, 8–9

terminology associated with, 9,

11–12

L-alpha-acetylmethadol, 283, 331

Laser ablation inductively coupled

plasma mass spectrometry,

75
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Lateral-flow

immunochromatographic

assays

cocaine detection using, 255–257

description of, 30, 255

drug residue on currency tested

using, 257

principles of, 255–256, 256f

Law-enforcement personnel

approaches for, 529–531

Bureau of Justice Assistance fact

sheets for, 529–530, 531f

protection clothing for, 519, 526

safety concerns for, 519, 521–522

self-contained breathing apparatus

for, 521

training of, 525–526

Lead iodide test, 238

Leuckart profiling method, 417

Leuckart–Wallach reactions, 497f, 

510

Limit of detection, 6

Limit of quantification, 6

Liquid chromatography

of amphetamine, 402–415

of buprenorphine, 326–329, 330t

of dihydrocodeine, 323–324

of heroin

in blood, 310–314, 313t

description of, 299

in urine, 306–308

high-performance

of amphetamines, 373, 403, 

405

cannabinoid detection using

in blood, serum, or plasma,

118

description of, 68–75

for cocaine detection, 260

of heroin, 314

of methamphetamine, 403, 405

photodiode array detection with,

71

tetrahydrocannabinol carboxylic

acid detection using

in blood, serum, or plasma,

118

in urine, 104, 105t

mass spectrometer analyte

introduced using, 183–184

of methadone, 330t, 333–335

of methamphetamine, 402–415

of morphine in living subjects,

318–319

of Papaver somniferum, 292

of tramadol, 336–337

Liquid-phase microextraction of

opioids from biosamples,

284–285

Lithium aluminum hydride, 475, 500,

504

LOD. See Limit of detection

Logan test, 242

LOQ. See Limit of quantification

LSD. See Lysergic acid diethylamide

Lysergamide, 472f

Lysergic acid diethylamide

blotters of, 470

chemical structure of, 228f, 472f

derivatives of, 471, 472f

distribution of, 470

ergotamine tartrate’s role in 

production of, 468–470, 470f

history of, 228

illicit manufacture of, 467–471

infrared spectroscopy of, 154,

164–165

iso-, 186

isomers of, 164

lethal dose of, 470

lumi-, 471

lysergic acid in, 468–469

manufacture of, 467–471

mass spectroscopy of, 178f, 186–187

nuclear magnetic spectroscopy of,

228–229

purification of, 470

quantitation of, 188

street names for, 467

unstable positions of, 471

Lysergic acid methylpropylamide

chemical structure of, 229f

description of, 164

nuclear magnetic spectroscopy of,

229, 229f

Lysozymes, 19

M
Ma Huang, 507

6-MAM

in blood

gas chromatography of, 309–310,

311t

liquid chromatography of,

310–314, 313t

description of, 303

illicit manufacture of, 455

in urine

gas chromatography of, 303–

306

liquid chromatography of,

306–308

Mass analyzers, 179–182

Mass spectrometry

analyte introduction methods,

182–184

cannabinoids detection using,

73–75, 95

gas chromatography and. See Gas

chromatography-mass

spectrometry

high-performance liquid

chromatography

thermospray, 73–74

ionization techniques, 182

ion mobility

amphetamine detection using,

394

for cocaine detection, 261
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laser ablation inductively coupled

plasma, 75

mass analyzers, 179–182

principles of, 176–179

spectral compilations, 185

spectrometers for

analyte introduction to, 182–184

data acquisition and

manipulation, 184–185

resolution of, 178–179

sensitivity of, 177–178

tandem, 184

theoretical basis of, 176–179

Mass spectroscopy

of lysergic acid diethylamide, 178f,

186–187

of MDA, 180f–181f, 187–189,

191f–192f

of MDEA, 187–189, 191f–192f

of MDMA, 191f–192f

of phencyclidine, 189–191,

195f–196f

of phenylalkylamines, 187–189

of tryptamines, 191–195

MBDB

chemical structure of, 225f, 360f

description of, 225f

gas chromatography–mass

spectrometry of, 390

liquid chromatography of, 403

MBTFA, 396

MDA

in blood, 387

capillary electrophoresis of, 413

chemical structure of, 222f, 360f

enantiomers of, 397

gas chromatography-nitrogen-

phosphorus detector for,

385

gas chromatography of, 384, 393,

395–396

in hair, 392

history of, 222–223

illicit manufacture of, 473–474

impurities in, 421

infrared spectroscopy of, 165

manufacture of, 473–474

mass spectroscopy of, 180f–181f,

187–189, 191f–192f

nuclear magnetic spectroscopy of,

220–226

polarimetry of, 411

synthesis of, 474, 474f–475f

MDEA

in blood, 387

capillary electrophoresis of, 413

chemical structure of, 360f

fluorescence detection of, 404

gas chromatography of, 384

in hair, 392

high-performance thin-layer

chromatography and

Fourier transform infrared

spectroscopy for, 373–374

mass spectroscopy of, 187–189,

191f–192f

polarimetry of, 411

MDMA

in blood, 387

capillary electrophoresis of, 413

chemical structure of, 360f, 479f

enantiomers of, 397

fluorescence detection of, 404

gas chromatography-nitrogen-

phosphorus detector for,

385

gas chromatography of, 384,

395–396

in hair, 392

history of, 223

illicit manufacture of, 475–477

impurities in, 421

infrared spectroscopy of, 165–166

manufacture of, 475–477

mass spectroscopy of, 187–189,

191f–192f

in plasma, 397

polarimetry of, 411

synthesis of, 476f

in urine, 397

vapor phase infrared spectroscopy

spectra for, 160, 161f

MDMPA, 408

Meconium

amphetamines in, 390

cannabinoid detection in, 128–129

EDDP in, 333

methadone in, 333

tetrahydrocannabinolic acid in,

128–129

Mefenorex, 361f

Meperidine, 457–458, 459f

Mercury-cadmium-telluride detector,

159–160

Mescaline

chemical structure of, 226f, 479f

description of, 226

nuclear magnetic spectroscopy of,

227f

Mesocarb, 361f

Methadol, 283

Methadone

capillary electrophoresis of, 335

chemical structure of, 460f

description of, 329, 331

enantiomeric forms of, 331, 333,

419, 422

gas chromatography of, 332–333

illicit manufacture of, 460–461

immunoassays for detection of,

331–332

liquid chromatography of, 330t,

333–335

in meconium, 333

medical uses of, 460

metabolites of, 331

in saliva, 333

Methamphetamine

acute poisoning, 392
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benzphetamine and, 427

in blood

description of, 390–391

isolation techniques, 401–402

blood levels of, 528–529

BNMPA and, 523

capillary electrophoresis of, 413

cardiomyopathy induced by, 

520

chemical structure of, 479f

children exposed to, 524–525

cutting agents for, 514

deprenyl vs., 429

derivatization of, 380–383

dimethylsulfone with, 514

d-isomer, 482f, 528

enantiomers of, 357, 358f

a-ethyl analog of, 481

gas chromatography–mass

spectrometry of, 386

in hair, 407, 428

high-performance liquid

chromatography of, 403,

405

history of, 357

hydrochloride salts of, 506f

“ice,” 506–507

illicit synthesis of, 419

impurities of, 419–420, 424

intoxication effects, 520

isomers of, 481, 482f, 528, 528f

liquid chromatography/mass

spectrometry of, 402–415

l-isomer, 482f, 528

manufacture of

aziridines produced secondary

to, 523

Birch reduction method, 512,

512f

by-products created from,

510–514, 523

chemistry involved in, 483–514

“cooks” involved in, 484–485

ephedra plant for, 507–508

ephedrine/pseudoephedrine

reduction for

accessibility, 507

alkali metals for, 502–503

chloroephedrine/chloropseud

oephedrine, 500, 500f

description of, 499–500

freebase, 502

hydriodic acid for, 501–502,

502f

methods of, 500

oxidative methods, 504, 504f

red phosphorus for, 501–502

Wolff–Kishner reaction for,

503f, 503–504

freebase, 502, 506

impurities created during, 

513

learning sources for, 484–485

methylamine preparation for,

493–496

“Nazi” method, 503, 512f

overview of, 485

phenylalanine for, 504–505, 

505f

phenylethylamine

structure–activity

relationships, 478–483, 

479f

phenyl-2-propanone in

Leuckart-Wallach reactions,

497f–498f, 497–498

preparation of, 486–493

reductive amination of,

496–499

stereochemical basis of, 508,

509f

protecting group chemistry for,

498–499

solvents used in, 505–506

stereochemistry in, 508–510

medical uses of, 527–529

methylenedioxy analogs of,

358–360, 474. See also MDA;

MDMA

physiologic effects of, 519–520

in plasma, 390–391

precursor drugs, 424–431

precursors of, 361f

pyrolysis products of, 423

smokable form of, 506–507

syntheses of, 485f

in urine

extraction of, 387

impurities detected in, 424

Methaqualone, 466, 467f

Methenamine, 496f

2-Methoxyamphetamine, 359f

4-Methoxyamphetamine, 359f, 478f.

See also PMA

Methylamine

chemical structure of, 263f

Curtis rearrangement for, 495–496,

496f

in methamphetamine

manufacture, 493–496

from methenamine, 496f

N-methylformamide formation

from, 495f

production of, 493–494

4-Methylaminorex

chemical structure of, 476f

illicit manufacture of, 476–477

synthesis of, 477f

Methylammonium chloride, 494f

4-Methyl-2,5-dimethoxyamphetamine,

222, 359f, 477, 478f

Methyl ecgonidine, 236

3,4-Methylenedioxyamphetamine. See

MDA

3,4-Methylenedioxy-

methamphetamine. See

MDMA

3,4-Methylenedioxyphenylacetone,

475
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3-Methylfentanyl, 456f

4-Methylfentanyl, 456f

1-Methyl-4-phenyl-4-

propionoxypiperidine, 458,

459f

4-Methylthioamphetamine, 359f, 477,

478f

5-Methyoxy-N,N-

diisopropyltryptamine

description of, 170

mass spectra of, 200f

Methysergide, 472f

Micellar electrokinetic capillary

chromatography, 292, 412

Mitochondrial malate

dehydrogenase, 19

Mixed-phase solid-phase extraction,

287–289

Monoamine oxidase, 480

Monoclonal antibodies, 247

Morphine

in autopsy material, 319–321

in blood

gas chromatography of, 311t

liquid chromatography of, 313t

description of, 454

heroin synthesis from, 455f. See also

Heroin

hydromorphone production from,

454, 454f

in living subjects

gas chromatography detection

of, 315–318

liquid chromatography detection

of, 318–319

thin-layer chromatography

detection of, 315

from poppy seed ingestion,

292–296

Morphine-6-glucuronide, 310

MPTP

manufacture of, 458, 459f

metabolism of, 460f

neurologic toxicity associated with,

459–460

Parkinsonism caused by, 458–459

MSTFA, 396

N
Naloxone, 279

Naltrexone, 318

National Institute of Standards and

Technology, 11t

National Institute on Drug Abuse, 11t

National Laboratory Certification

Program, 31

“Nazi” method, of methamphetamine

manufacture, 503, 512f

N-Desmethyltramadol, 335

N-Ethylamphetamine, 188f

N-Ethyl-4-methoxyamphetamine, 359f

N-Ethylphenethylamine, 188f

N-Ethyl-phenyl-2-butanamine, 188f

n-heptacosane, 66

N-HO-MDA, 360f

Nicotinamide adenine dinucleotide,

19

Nicotine adenine dinucleotide

phosphate, 251

NIDA. See National Institute on Drug

Abuse

NIST. See National Institute of

Standards and Technology

N-Methylamphetamine, 188f

N-Methyl-benzodioxazoylbutanamine,

359f

N-methylformamide, 495f

N-Methylphenethylamine, 188f

N-Methyl-phenyl-2-butanamine, 188f

n-nonacosane, 66

Norcocaine, 236–237

Noroxymorphone, 338

N-Phenethylpiperidone, 457

Nuclear magnetic spectroscopy

carbon-13, 209, 211

of cocaine, 268–269, 270f

of ergot alkaloids, 227–229

experiment, 207–217

free-induction decay, 207–208

infrared spectroscopy vs., 205

instrumentation, 206

of lysergic acid diethylamide,

228–229

of lysergic acid methylpropylamide,

229, 229f

of MDA, 220–226

of mescaline, 227f

of phencyclidine, 217–220

proton

description of add;, 208–209, 212

of lysergic acid diethylamide, 229

of psilocybin, 229–231

spectra, 207

theoretical basis of, 205–207

of tryptamines, 229–231

two-dimensional, 206, 212–213

Nuclear Overhauser effect, 226

O
O-Desmethyltramadol, 335

Odor test, for cocaine detection,

242–243

Ololiuqui, 472f

On-site immunoassays

cannabinoids quantification in

biological matrices using,

92–93

comparative evaluations of, 96–97

description of, 28–31

field evaluation of, 97

Opiates

in carnivorous fly larvae, 320–321

definition of, 454

opioids vs., 454–455

from poppy seed ingestion,

292–296

Opioid(s)

alfentanil, 339–340

antagonists of, 279
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in biological fluids, 279–281

buprenorphine

description of, 325

gas chromatography of, 325–326

liquid chromatography of,

326–329, 330t

metabolites of, 327

thin-layer chromatography of,

325

butorphanol, 340

clandestine laboratory production

of, 454–461

codeine

in blood, 311t, 313t

gas chromatography of, 311t,

321–323

liquid chromatography of, 313t,

323–324

metabolites of, 323

definition of, 454–455

detection of

adulteration concerns, 284

cutoff for, 280

enzyme immunoassays for, 282

enzyme-linked immunosorbent

assay for, 283–284

enzyme-multiplied immunoassay

technique for, 282–283

fluorescence polarization

immunoassay for, 282

immunoassays for, 281–282

kinetic interaction of

microparticles in solution

for, 282

laboratory tests for, 281–284

onsite tests, 278–281

preliminary methods for,

278–284

dextrometorphan, 340

fentanyl, 339–340

heroin. See Heroin

illicit manufacture of, 454–461

immunoassays for, 340–341

isolation of, from biosamples

liquid-phase microextraction,

284–285

mixed-phase solid-phase

extraction, 287–289

reverse-phase solid-phase

extraction, 286–289

solid-phase extraction, 285

solid-phase microextraction, 289

solvent extraction, 284–285

supercritical fluid extraction,

289–290

keto-, 337–338

ketobemidone, 330t, 340

opiates vs., 454–455

overview of, 277–278

Papaver somniferum as source of

gas chromatography of, 290–292

liquid chromatography of, 292

thin-layer chromatography of,

290

remifentanil, 339–340

street drugs, 278–279

sufentanil, 339–340

Opioid receptors, 277

Opium, 454

Oral fluids, tetrahydrocannabinolic

acid in, 86

Over the counter drugs, 1–2

Oxycodone, 337–338

Oxymorphone, 338

P
Papaver somniferum

gas chromatography of, 290–292

liquid chromatography of, 292

thin-layer chromatography of, 290

para-Fluorofentanyl, 456f

para-methoxyamphetamine, 477

Pemoline, 476f

Periodate oxidation, 33–34, 376

Phencyclidine

analogues of, 168–170, 218

chemical structure of, 193f, 218f

extraction of, 169

history of, 217–218

homologs of, 465, 465f

illicit manufacture of, 463–465

infrared spectroscopy of, 168–170

mass spectroscopy of, 189–191,

195f–196f

nuclear magnetic spectroscopy of,

217–220

street analogues of, 193f

synthesis of, 464, 464f

Phencyclidine hydrobromide, 168

Phencyclidine hydrochloride, 168,

188, 219

Phenethylamines

derivatives of, 477

structure–activity relationships of,

478–483, 479f

Phenylacetic acid

description of, 486

esters of, 488, 489f

phenyl-2-propanone synthesis from,

486f–488f, 494f

supply of, 488

Phenylalanine, 504–505, 505f

Phenylalkylamines

extraction of, 166

infrared spectroscopy of, 165–168

mass spectroscopy of, 187–189

Phenyl-2-butanamine, 188f

Phenylethylamine, 188f

1-Phenyl-2-propanol, 493f

Phenyl-2-propanone

DEA scheduling of, 499, 515

ethylene glycol ketal of, 499f

Leuckart-Wallach reactions,

497f–498f, 497–498

in methamphetamine production,

486–493, 496–499

production of

from allylenzene using

alkylnitrite reagent, 491f
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from benzyl cyanide, 489f,

489–490

by-products from, 510f, 510–511

from ethylacetate, 489–490

from ß-ketoesters, 489f

Knoevenagel reaction for, 490,

490f–491f

oxidative methods for, 493

from phenylacetic acid,

486f–488f, 494f

1-phenyl-2-propanol oxidation

for, 493f

reductive amination of, 496–499

Phosphine gas, 501

Phosphorous oxychloride, 500

Phosphorous trichloride, 500

Photodiode array detection with

high-performance liquid

chromatography, 71

1-Piperidinocyclohexane carbonitrile,

464, 464f

1-Piperidinocyclohexylcarbonitrile,

218, 218f

Plasma

cannabinoids detection in, 118–

119

MDMA in, 397

Platinic chloride test, 237–238

PMA, 223

Point-of-collection immunoassays

cannabinoids quantification in

biological matrices using,

92–93

description of, 28–31

Polarimetry, 411

Polyclonal antibodies, 247

Poppy seeds. See also Heroin

in foods, 292, 296

gas chromatography of, 290

morphine or other opiates in body

fluids after ingestion of,

292–296

thin-layer chromatography of, 290

Prenylamine, 361f

Proficiency test

blind, 11–12

laboratory performance on, 7

Protecting group chemistry, 498–

499

Proton nuclear magnetic

spectroscopy

description of, 208–209, 212

of lysergic acid diethylamide, 229

Pseudoephedrine, in

methamphetamine

manufacture

accessibility to, 507, 513

d-, 509f

diastereomers of, 507

reduction of

alkali metals for, 502–503

chloroephedrine/chloropseudoe

phedrine, 500, 500f

description of, 499–500

freebase, 502

hydriodic acid for, 501–502, 502f

methods of, 500

oxidative methods, 504, 504f

red phosphorus for, 501–502

Wolff–Kishner reaction for, 503f,

503–504

sources of, 507, 513

Psilocin

chemical structure of, 230f

description of, 172

mass spectroscopy of, 201f

nuclear magnetic spectroscopy of,

229–231

Psilocybin

chemical structure of, 230f

description of, 170, 172

mass spectroscopy of, 201f

nuclear magnetic spectroscopy of,

229–231

Psychomimetics, 2

Pyrolysis–gas chromatography, 74

Q
Quality control program, 6–7

R
Radioimmunoassay

activated charcoal use with, 249

advantages of, 250

antibody-bound radiolabeled

antigens, 17

antibody precipitation, 17

cannabinoids quantification in

biological matrices using,

87–88, 95

cocaine detection using, 248–251

comparative evaluations of, 96

development of, 17

dilution used in, 250

disadvantages of, 18

enzyme-multiplied immunoassay

technique vs., 252–253

false negatives, 250

false positives, 250–251

history of, 248
3H radiotracer used with, 17
125I, 17

mechanisms of, 248–250

methods for, 17

steps involved in, 249f

suppliers of, 18

types of, 17

Raman infrared spectroscopy

amphetamine detection using, 

422

cocaine detection using, 266–268

disadvantages of, 266–267

Random amplification of

polymorphic DNA, 78

Red phosphorus, for

ephedrine/pseudoephedrin

e reduction

by-products from, 511, 512f

description of, 501–502

Remifentanil, 339–340, 456f
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Restriction fragment length

polymorphism analyses, 79

Retest criteria, 8

Reverse-phase solid-phase extraction,

286–289

Ritter reaction, 492f

S
Safe handling of evidence, 3

Saliva

amphetamines in, 389–390

EDDP in, 333

methadone in, 333

tetrahydrocannabinolic acid in

confirmatory tests for, 119, 122,

122t

description of, 86

SAMHSA. See Substance Abuse and

Mental Health Services

Administration

Sample integrity, 8–9

Scientific, defined, 4–5

Scientific validity, 5

Scientific Working Group for Seized

Drug Analysis, 59, 61–63

Scott test, 241–242

Sedatives

gamma hydroxybutyrate

chemical structure of, 462f

derivatives of, 462

description of, 461–462

illicit manufacture of, 461–463

synthesis of, 462–463

illicit manufacture of, 461–466

methaqualone, 466

phencyclidine

analogues of, 168–170, 218

chemical structure of, 193f, 

218f

extraction of, 169

history of, 217–218

homologs of, 465, 465f

illicit manufacture of, 463–465

infrared spectroscopy of,

168–170

mass spectroscopy of, 189–191,

195f–196f

nuclear magnetic spectroscopy

of, 217–220

street analogues of, 193f

synthesis of, 464, 464f

Selegiline, 425, 428

Serotonin, 472f

Sodium hypochlorite test, 243

Solid-phase dynamic extraction, 

402

Solid-phase extraction

of cannabinoids in blood, serum,

or plasma, 116

description of, 341

of opioids from biosamples, 285

Solid-phase microextraction

of amphetamines, 397–400, 411

description of, 398

immersion, 400

of opioids from biosamples, 289

Spot tests, for cocaine detection,

240–245

Spotting line, 245

Standard operations procedure, 8

Stimulants

amphetamines. See Amphetamines

definition of, 2

nonamphetamine

illicit manufacture of, 473–478

MDA. See MDA

MDMA. See MDMA

Substance Abuse and Mental Health

Services Administration, 11t,

14

Sufentanil, 339–340, 456f

Supercritical fluid extraction

of cannabinoids, 68

of opioids, 289–290

Surface ionization detection, 321

Sweat, amphetamines in, 389

T
Tandem mass spectrometry

amphetamine detection using, 

394

cocaine detection using, 263–266

description of, 184

TCP, 465, 465f

Tetrahydrocannabinol carboxylic 

acid

description of, 43, 45f

extraction of, 100–102

glucuronides, 84

hydrolysis of, 99–100

stability of, 83–84

in urine

adulteration of, 112

confirmatory tests for, 98–130

cutoff levels, 98

description of, 81

drug interferences, 112–113

gas chromatography, 106–112

gas chromatography–mass

spectrometry, 106–112

high-performance liquid

chromatography, 104, 105t

interferences encountered

during analyses of, 112–113

sample preparation, 99–102

standards for, 102

thin-layer chromatography of,

103–104

Tetrahydrocannabinolic acid

in blood, 84, 86

cannabinoid immunoassays to

detect, 80

chemical structure of, 45f, 81f

in fingernails, 126, 128

in hair, 86

in meconium, 128–129

metabolism of, 80–81

metabolites of, 93–94

in oral fluids, 86

plasma concentration of, 80
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in saliva

confirmatory tests for, 119, 122,

122t

description of, 86

in urine, 84

Tetrahydrofuran, 475

Tetramethylbenzidine, 21

Tetramethylene tryptamine, 231, 231f

Therapeutic drug testing, 24

Thermospray technique, 184

1-Thienylcyclohexylpiperidine, 219

Thin-layer chromatography

of amphetamines, 372–373

of buprenorphine, 325

cannabinoids detection using

in blood, serum, or plasma,

117–118

description of, 56–58

of cocaine, 245–247

of heroin, 296–297, 297t

of morphine, 315

of Papaver somniferum, 290

silica gel plates, 56–57

tetrahydrocannabinol carboxylic

acid detection using

in blood, serum, or plasma,

117–118

in urine, 103–104

of tryptamines, 194

Tiletamine, 465f

Time of flight mass analyzers,

181–182

2,4,5-TMA, 226f

Total ion current, 184–185

Trade name, 2

Tramadol

gas chromatography of, 335–336

liquid chromatography of, 336–337

trans-4-hydroxycrotonic acid, 462f

Transparent packaging, 3

Travnikoff test, 242

Trifluoroacetic anhydride, 119

3,4,5-Trimethoxyphenethylamine,

359f

Tryptamines

illicit manufacture of, 471

infrared spectroscopy of, 170–172

manufacture of, 471

mass spectroscopy of, 191–195

nuclear magnetic spectroscopy of,

229–231

thin-layer chromatography of, 

194

Two-dimensional nuclear magnetic

spectroscopy, 206, 212–213

U
U4EUh. See 4-Methylaminorex

United Nations Drug Control

Program Cannabis testing

programs, 59–61

United States Pharmacopeia, 10t

Urine

amphetamine in

capillary electrophoresis of, 

413

description of, 375–377, 400

extraction of, 387

gas chromatography–mass

spectrometry of, 386

cannabinoids in

cloned enzyme donor

immunoassay for, 92

enzyme-linked immunosorbent

assay for, 88–89

enzyme-multiplied immunoassay

technique for, 89–90

fluorescence polarization

immunoassay for, 91

description of, 85–86

freezing effects on drugs in, 84

heroin in

capillary electrophoresis of,

308–309

gas chromatography of, 303–306

liquid chromatography of,

306–308

MDMA in, 397

morphine or other opiates in, after

poppy seed ingestion,

293–294

tetrahydrocannabinol carboxylic

acid in

adulteration of, 112

confirmatory tests for, 98–130

cutoff levels, 98

description of, 81

drug interferences, 112–113

gas chromatography, 106–112

gas chromatography–mass

spectrometry, 106–112

high-performance liquid

chromatography, 104, 105t

interferences encountered

during analyses of, 112–113

sample preparation, 99–102

standards for, 102

thin-layer chromatography of,

103–104

USP. See United States Pharmacopeia

V
Vapor phase infrared spectroscopy

description of, 159–163

MBDB spectra, 160, 161f

MDMA spectra, 160, 161f

spectra compilations, 175

wavelengths of, 162–163

W
Wagner test, 243

Wolff–Kishner reaction, 503f,

503–504
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