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ABSTRACT

Gas chromatographic-mass spectrometric methods of analysis for the detection of 11-nor-4%-tetrahydrocinnabinel-9-carboxylic
acid, a major metabolite of A®-tetrahydrocannabinol, are reviewed. Emphasis is on analytical methodology including numerous
derivatization techniques developed specifically for this analyte. The majority of procedures ciled in the literature were developed to
detect this metabolite in the blood and urine of man.
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LIST OF ABBREVIATIONS

BSA N.O-Bis(trimethylsilyl)accta-
mide

BSTFA Bis(trimethylsilyl)trifluoroacct-
amide

CAS Chemical Abstracts Service

CI-MS Chemical ionization mass spce-
trometry

EI-MS Electron-impacl lonization
mass spectrometry

GC-MS Gas chromatography—mass
spectrometry

HPLC High-performance liquid chro-
matography

MSTFA N-Methyl-N-(trimethylsilyl)tri-
fluarcacetamide

NICI Negative-ion chemical ioniza-
tion

PICI Positive-ion chemical 1oniza-
tion

RIA Radioimmunoassay

8-THC A8-Tetrahydrocannabinol

9-THC A°-Tetrahydrocannabinol

8-THC-acid 11-Nor-A%-tetrahydrocannabi-
nol-9-carboxylic acid

9-THC-acid 11-Nor-A”-tetrahydrocannabi-
nol-9-carboxylic acid

9-TH(C-acid- 11-Nor-4"-tetrahydrocannabi-

glucuronide nol-9-carboxylic  acid-O-f-D-
glucuronide

TLC Thin-layer chromatography

1. INTRODUCTION

A?-Tetrahydrocannabinol (9-THC) is a psy-
choactive drug found as an ingredient in marijua-
na (marihuana), hashish, and related drug prep-
arations. It 1s extensively metabolized in man,
one of its major metabolites being 11-nor-4°-tet-
rahydrocannabinol-9-carboxylic acid (9-THC-
acid). Trace levels of this metabolite can be de-
tected and conclusively identified only by using a
method of analysis possessing high specificity
and low detection limits. Commercial immunoas-
says including radioimmunoassay (RIA), en-
zyme-multiplied immunoassay technique, and
fluorescence polarization immunoassay are rapid
and inexpensive, but are subject to chemical in-
terferences. Cannabinoid compounds of related
structure are cross-reactive while high concentra-
tions of unrelated substances can adversely affect
assay accuracy. Thin-layer chromatography
(TLC) and high-performance liquid chromatog-
raphy (HPLC) are capable of low detection limits
without analyte derivatization. However, the
most commonly used detection methods (chem-
ical visualization for TLC, ultraviolet absorption
or electrochemical detection for HPLC) are only
modecrately specific. In contrast, the highly char-
acteristic spectra obtained by gas chromatogra-
phy-mass spectrometry (GC-MS) practically
eliminate the possibility of misidentification.

This chapter presents a review of GC-MS
methods for the detection of 9-THC-acid in bi-
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ological matrices, primarily in the blood and
urine of man. Interested readers are referred to
earlier reviews of this subject [1,2] and to more
general reviews [3-7].

2. OCCURRENCE AND METABQLISM

8-THC occurs naturally only in plants belong-
ing to the genus Cannabis. 1t is the primary psy-
choactive ingredient found in Cannabis, although
numerous structurally similar compounds have
also been identified. Drug preparations made
from the plant material are generally smoked,
but ingestion can also induce drug effects. The
purified drug can also be administered intrave-
nously. In man 9-THC is extensively metabolized
and subsequently excreted primarily via the feces
and urine.

9-THC-acid, the primary urinary metabolite,
also appears in the blood and feces of man. In
urine 9-THC-acid may be extensively conjugated
as its cster glucuronide, although this is highly
variable. Conjugation at the phenol position ap-
parently does not occur. In the blood and feces
9-THC-acid cxists largely unconjugated. The me-
tabolic conversion of 9-THC to 9-THC-acid has
also been observed in numerous animal studies.

This established mectabolic pattern provides a
basis [or detecting use of the drug. The appear-
ance of the 9-THC-acid metabolite in blood or
urine is considered conclusive evidence of Canna-
bis usc. Detection in other biological specimens is
less common. The occurrence of 9-THC-acid in
milk has been confirmed by GC MS in two pub-
lications [8,9], and a recent report of 9-THC-acid
mn human hair must also be attributed to mctabo-
lism of 9-THC [10]. Evidence regarding the ap-
pearance of 9-THC-acid in saliva is inconclusive
[11-13] and awaits (urther developments.

3. STRUCTURE AND NOMENCLATURE

Due to the presence of two chiral centers in its
molecular structure 9-THC can potentially exist
as any of four possible sterecisomers. The nat-
urally existing configuration is the (3R.4R)-trans
isomer whose absolute confirguration was estab-
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lished in 1967 by Mechoulam and Gaoni [14].
The structure of this molecule is shown in Fig. 1.
Earlier works [15-18] and even more current
publications [19-21] have occasionally shown 9-
THC incorrectly as the (35,45)-trans 1somer.
Two metabolic products of 9-THC, $-THC-acid
and 11-nor-4°-tetrahydrocannabinol-9-carbox-
ylic acid-O-f#-p-glucuronide (9-THC-acid-glucu-
ronide), posscss the structures shown in Figs. 2
and 3 [22], respectively.

Differing systems of nomenclature and varied
names within systcms have been used to name the
cannabinoids. Harvey [23] stated that five and
Ohlsson [24] that four nomenclature systems
have been used for cannabinoid compounds, two
of these (the dibenzopyran numbering adopted
by Chemical Abstracts and the monoterpene
numbering) being in current use. Three number-
ing systems are shown in the work of Thornton
and Nakamura [20]. A few relerences are noted in
which dibenzopyran and monoterpene number-
ing 1s shown [3,7.21,25,26]. Review of the litera-
ture is further complicated by the use of multiple
Chemical Abstract Service (CAS) registry num-
bers for 9-THC-acid depending upon the nomen-
clature used by authors.

Commonly used names for the acid metabolite
of 8-THC include 11-nor-A%-tetrahydrocannabi-
nol-9-carboxylic acid (used in this work), 9-car-
boxy-11-nor-A”-tetrahydrocannabinol, 4°%-tetra-
hydrocannabinol-11-oic acid and A*'-tetrahydro-
cannabinol-7-oic acid. The chemical name 6aR-
trans-6a,7.8,10a-tetrahydro-1-hydroxy-6,6-di-
methyl-3-pentyl-6H-dibenzo[b,d]pyran-9-car-
boxylic acid was cited in one publication [1].

OH

N

Fig. 1. Structure of (3R,4R)-A*-tetrahvdrocannabinol [14},
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l'ig. 2. Structure of 11-nor-A"-tetrahydrocannabinol-9-carboxyl-
Ic acid.

9-THC and 9-THC-acid are ollen designated
as levorotatory compounds, but this is inappro-
priatc without reference to experimental condi-
tions.

4. ANALYTICAL METHODS

Preparation of a biological sample containing
9-THC-acid requires eflicient and sclective ex-
traction of the analyte from its matrix. Blood,
urinc and other body fluids are known to contain
endogenous malerial which can adversely affect
recovery and also contribute significant “‘chem-
ical noise” to chromatograms when co-extracted.
In many cases assays devcloped with pure solu-
tions fail to give acceptable results when attempt-
ed on real specimens.

OH

HO

H H
; O

Fig. 3. Structure of 1 1-nor-4°%-tetrahydrocannabinel-2-carboxyl-
ic acid-O-f-p-glucuronide [22].
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Following extraction, derivatization of the car-
boxyl moicty of 9-THC-acid is needed prior to
GC-MS analysis. Although Lhe parent drug 9-
THC is amenable to dircct analysis by GC-MS,
the higher polarity of 3-THC-acid, together with
the tendency of carboxylic acids to decarboxylate
at high temperatures, necessitates preparation of
derivatives prior to GC. The choice ol derivative
will, of course, aflect the scparation of 9-THC-
acid from other compounds. Derivatization can
also result in improved mass spectral propertics,
either in terms of creating a greater number of
characteristic ions or reducing detection levels. In
some cases discrimination against interferences
has bcen achicved by choosing reagents which se-
lectively derivatize one functional group in the
9-THC-acid moleccule.

Significant levels of 9-THC-acid in urinc may
exists as the glucuronide conjugate. Urine speci-
mens, therefore, are routinely hydrolyzed to form
free 9-THC-acid prior to extraction. In some
cases blood specimens have also bheen hydro-
lvzed. Hydrolysis can be eflected using cither
f-glucuronidase or alkaline conditions, although
basic hydrolysis is the simpler technique.

4.1. Extraction technigues

The extraction of 9-THC-acid from blood or
urine can be accomplished with either liquid—
liquid or solid-phase cxtraction. Blood samples
arc often treated prior to extraction in order to
precipitate interferences. Solid-phasc extraction
reduces the quantity of chemical waste generated
but does have its drawbacks. Many solid-phase
cartridges draw solvent by application of vacu-
um, a method which can make the rate of solvent
flow diflicult to control. Batch-to-batch varia-
tions in the manufacturing process can some-
times cause reproducibility problems for the lab-
oratory. Moisture-sensitive derivatization meth-
ods may require special procedures to dry col-
umn beds.

The existence of two acidic functionalities on
9-THC-acid makes anion cxchange a popular
choice in extraction columns. Endogenous acids.
however, may be difficult to remove. Reversed-
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phase columns have also been employed and
many suppliers scll solid-phase columns proprie-
tary in nature. The antibody technique described
by Lemm ef al. [27] is an interesting attempt to
obtain highly purified isolates but has not been
pursued commercially.

Although many possible solvents and solvent
combinations are possible for performing liquid—
liquid extractions of 9-THC-acid, not many were
found in the review of the literature. Hexane
modified with ethy! acetate (typically 7:1) has
been reported most often, while some investiga-
tors have used diethyl ether.

A common purification process for liquid-
liquid extraction of 9-THC-acid involves extrac-
tion into organic solvent, extraction into aqucous
basc, acidification, followed by extraction into
organic solvent. A simpler proccdure is to adjust
the aqueous matrix to a high pH, extract to
waste, then extract 9-THC-acid into organic sol-
vent at a4 low pH. As with anion-exchange col-
umn mcthods, however, endogenous acids may
also co-extract,

4.2. Derivatization methods

A number of derivatization techniques for
GC-MS  detection of 9-THC-acid in blood
{(whole blood, plasma or serum) and urine have
been developed and reported in the literature. In
cascs where two different reagents are used to de-
rivatize 9-THC-acid it is possible to include a
clean-up procedure between reaction steps. Indi-
viduals with access to mass spectrometers capa-
ble of negative-ion analysis will find methods de-
veloped specifically lor that purpose.

4.2.1. Esterificarion—alkylation (formation of al-
kyl ester—alkyl ethers)

Since first developed by Whiting and Manders
in 1982 as a method suitable for GC with flame
tonization detection [28] and later modilied for
GC MS [29], reaction of 9-THC-acid with iodo-
mcthane to form the methyl estcr-methyl ether
derivative has been widcly used. The original GC
method cmployed base hydrolysis, cxtraction
from acidified urine into hexane-ethyl acetate
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(7:1), extraction into aqueous hase, extraction in-
to hexane-ethyl acetate (7:1), derivatization with
iodomethane using tctramethylammonium hy-
droxide catalyst, and extraction into iso-octane.
The back-extraction was needed to eliminate in-
terferences from compounds endogenous to
urine. The researchers were unable to determine
the efficacy of the hydrolysis step due Lo lack of a
glucuronide standard. The method was modificd
for GC-MS by eliminating the back-extraction
step [29]. The methyl ester/methyl ether deriva-
live yielded three characteristic high mass frag-
ments by clectron-impact ionization (El) and two
by methane positive-ion chemical ionization {PI-
Cl).

Many other researchers have used this proce-
dure with minor modifications including solid-
phasc cxtraction and application to hlood, plas-
ma or serum [30-49].

Although Baker ef «/. [49] found the methyl
ester-methyl cther derivative ol 9-THC-acid gave
a lower GC-EI-MS response than cither the
mcthyl ester—trimethylsilyl ether or trimethylsilyl
ester—trimethylsilyl cther derivatives, Nakamura
et af. [41] found the trimethylsilyl ester—trimeth-
ylsilyl ether no more sensilive than the methyl
ester—methyl ether.

Lemm et al. [27] achieved lower detection lim-
its for GC-EI-MS detection of the methyl ester—
methyl ether using an antibody extraction proce-
dure to achicve a highly pure urine extract.

McCurdy er al. [50] compared iodomethane,
iodoethanc, 1-iodopropane and 1-iodobutane as
derivatizing reagents for 9-THC-acid and recom-
mended the propyl derivative based upon favor-
able retention time and separation from possible
interferences. Mulé and Casclla [51] also chose
the propyl derivative for analysis, while Childs
and McCurdy [52] chose the cthyl derivative.

Wall et al. 53] used dimethyl sulfate to methyl-
ate 9-THC-acid in plasma and urine extracts fol-
lowing purilication with HPLC. GC—EI-MS con-
firmed the presence of 9-THC-acid in the plasma
and urine of man following intravenous adminis-
tration of 9-THC.

Bjorkman [54] produced the methyl ester—
methyl ether of 9-THC-acid on-column using di-
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methylformamide dimethylacctal, while Naka-
mura ef al. [55] reported on-column methylation
using 4:1 methanol-10% tetramethylammonium
hydroxide in methanol.

A quite different method of preparing alkyl de-
rivatives has been reported by Rosenfeld and co-
workers in two publications [56,57]. Following
extraction of 9-THC-acid from ucidified plasma
onto XAD-2 resin (a polystyrene—divinylbenzene
copolymer) the resin was treated with pentafluo-
robenzyl bromide [56]. The recovered derivative
was identified as the pentafluorobenzyl ester—
pentafluorobenzyl ether. A 300 pg/ml limit of
quantitation was reported for GC-MS analysis
utilizing methane-hydrogen negative-ion chem-
ical jonization (NICI). In a later publication em-
ploying GC-EI-MS the position of alkylation
was found to depend upon reaction conditions
[57]. From urine extracts containing 9-THC-acid
it was possible to prepare both mano-pentafluo-
robenzyl derivatives in addition (o the pentafluo-
robenzyl ester—pentafluorobenzyl ether previous-
ly reported.

The formation ol alkyl ester—alkyl ethers upon
reaction of 9-THC-acid with alkyl halides is
shown in Fig. 4A.

4.2.2. Silvlation (formation of silyvl ester-silyl
ethers)
N-Methyl-N-(trimethylsilyltrifiuoroacetamide
{MSTFA), N, O-bis(trimethylsilylacctamide
(BSA) and bis(trimethylsilyltriflucroacetamide
(BSTFA)are the most popular silylating reagents
for the derivatization of 9-THC-acid when using
GC MS detection [9,50,51,58-81]. Reactions em-
ploying these reagents often include 1% trimeth-
ylchlorosilane as a catalyst. The trimethylsilyl es-
ter—trimethylsilyl ether derivative formed (sce
Fig. 4B) displays three characteristic high-mass
ions under EI conditions. MSTFA, BSA and
BSTFA are compatible with GC injectors and
columns, and reaction products are typically in-
jected directly into the GC column with no clean-
up. Trimethylsilyl derivatives do have the disad-
vantage of being moisture sensitive. Although
longer-chain silylating reagents (trimethyl, trieth-
vl, tripropyl. tributyl and trihexyl) have been
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Qy O—R

A. 9-THC-acid

BSTFA
B. 9%-THC-acid _—

R"OH
C. 9-IUC-acid

(RCO),D

2
OQ\EIO_“R
—Si{CH.

1. ROH g—SitHy)y
D. 9-THC-acid

2. BSA

Fig. 4. Representative reactions showing {A) alkylation, (B) silyl-
ation, (C) esterification—acylation and (D) esteritication-silyla-
tion of 9-THC-acid.

used with other cannabinoids [82,83], application
ta 9-THC-acid has not been extensively pursued.

Urine extracts treated with BSTTA were used
by Green et al. [84] to study urinary excrction of
9-THC-acid in man following oral administra-
tion. The authors reported approximately half
the 9-THC-acid present to be non-conjugated.

An improved reaction yield for MSTFA deriv-
atization of 9-THC-acid was reported by Con-
gost er «f. [64] using the reaction mixture
MSTFA trimethyliodosilanc—dithioerythritol
(1000:2:10).

Harvey and co-workers [69.80,81] employed
BSTFA and [*H,5]BSA in several studics of can-
nabinoid metabolism requiring structural identi-
fication. The melabolism of non-natural
(35.45)-9-THC was studied in the mouse. and
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(35,45)-9-THC-acid was identified in the liver
[BO]. 9-THC-acid was identified in guinea pig liv-
er [81] and rabbit liver [69].

Ahmad and Ahmad [9] used GC-EI-MS to
identify 9-THC-acid in buffale milk and chil-
dren’s urine following derivatization with BSA.

Bourquin and Brenneisen [85] used N-methyl-
N-(teri1.-butyldimethylsilyDtrifluoroacetamide
with 1% zerz.-butyldimethylsilyl chloride to cre-
ate a derivalive more stable toward hydrolysis.
Four high-mass ions were observed in the EI
mass spectrum.

Williams and Mollut [22] were able to identify
and chromatograph (GC) the glucuronide conju-
gate of 9-THC-acid obtained from human urine
by reacting Y9-THC-acid-glucuronide with
BSTFA. The parent ion m/z value of 880.4268
measured by high-resolution MS agreed well
with the theoretical value expected for 9-THC-
acid-glucuronide-(S8i(CH3)s)s.

Methanc—ammonia PICI-MS was used by
Foltz and co-workers [1,86] to detect 9-THC-acid
in blood, plasma and urine following extraction
and treatment with BSTFA and in urine follow-
ing HPLC and treatment with BSTFA. A hvdro-
gen—ammonia PIC] mass spectrum was also ob-
tained [66].

4.2.3. Esterification—acylation (formation of alkyl
ester—alkyl esters)

Two methods have been reported for the con-
version of 9-THC-acid to alkyl ester-alkyl ester
derivatives. The first of these employs fluorinated
alcohols in conjunction with fluorinated anhy-
drides (see Fig. 4C). Some researchers have ap-
plied these sequentially to effect derivatization,
but it is also possible to mix the reagents and use
them in combination in a single-step derivatiza-
tion. An alternative method is to sequentially
methylate the carboxylic acid (using diazometh-
ane or methanol-BF3) to its ester and acylate the
phenol by treatment with an anhydride. The va-
riety of fluorinated chemicals suitable as deriv-
atization reagents facilitates development of neg-
ative-ion MS methods.

Joern [87] reported a procedure by which urine
extracts containing 9-THC-acid were derivatized

)

with pentafluoropropionic acid-2,2,3,3,3-penta-
fluore-1-propanol and detected by GC-EI-MS.
O’Connor and Rejent [71] used a similar method
in which pentafluoropropionic anhydride—hexa-
fluorcisopropanol were used as derivatization re-
agents.

A comparison of EI, methane PICI and meth-
ane NICI GC-MS was made by Karlsson er al.
[88]. Following extraction of Y-THC-acid from
urine and derivatization with pentafiuoropro-
pionic anhydride—pentafluoropropanol sensitivi-
ties of the three ionization methods were com-
pared. NICI was by far the most sensitive meth-
od. However, background peaks from the urine
limited the detection limit to approximately 700
pg/ml. In a later publication Karlsson and Roos
[89] employed the same GC-NICI-MS method
for detecting 9-THC-acid in urine,

Bergman er al. [58] reported problems devel-
oping an assay designed to detect 9-THC-acid in
blood specimens. Derivatization with pentafluo-
ropropionic  anhydride-1.1.1,3,3,3-hexafluoro-
isopropanol followed by GC-EI-MS was unsuc-
cessful due to interference from blood constitu-
cnts. McBurney er al. [90], however, used the
same reagents to successfully develop a GC-EI-
MS method for 9-THC-acid in plasma and
blood. A NICI procedure for urine specimens us-
ing this same derivative was reported by Foltz
and Sunshine [91].

An interesting application of the anhydride—
alcohol reagent mixture has been reported by
Hayes er al. [10}. Hair cxtracts derivatized with
heptafluorobutyric anhydride-hexafluoroisopro-
panol were analyzed for 9-THC-acid by GC
MS MS using ammonia NICI. A dctection limit
of 20 pg/g of hair was reported. This study is
consistent with a previous report of 9-THC in
hair [92].

Cano and Lykissa [93] treated 9-THC-acid in
serum extracts with methanol-BF ; followed by
trifluoroacctic anhydride. GC-EI-MS analysis of
the methyl ester—trifluoroacetate derivative re-
sulted in highcr-mass [ragments than could be
achieved by silylation.

Foltz et al. [94] developed a methane-hydro-
gen NICI GC-MS method for detection of 9-
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THC-acid in whole blood, plasma, serum and
urine. After derivatization of the extract with
methanol-BF. the residue was treated with tri-
fluoroacetic anhydride. The assay had a reported
limit for reliable measurement of 100 pg/ml. The
authors noted that trifluorcacetate derivatives
have the drawback of being casily hydrolyzed. A
later publication compared the mass spectra ol
this derivative obtained by El, methane PICI,
ammonia PIC] and methane NICI [2]. The same
method of analysis was applied to blood and
plasma specimens by Johnson er af. [95] and to
blood by Hughes and Hoey [96]. The latter in-
vestigators achieved an impressive 50:1 signal-to-
noise ratio with only 200 pg/ml 9-THC-acid.
Blackard and Tennes [97] reported detection ol
9-THC-acid in fetal cord blood with this same
procedure.

4.2.4. Esterification—silylation ( formation of alkyl
ester—silvl ethers)

Several authors have reported 9-THC-acid de-
rivatizalion procedurcs cmploying methylation
followed by silylation (see Fig. 4D). Diazometh-
ane or methanol (with acid catalyst) have alterna-
lively been uscd to esterify the carboxylic acid
functionality.

Baker er al. [49] treated 9-THC-acid in urine
extracts with diazomethane followed by either
MSTFA or BSTFA. Although the mass spec-
trometer responsc (using EI) of the resulting
methyl ester—trimethylsilyl ether was greater than
the methyl ester—methyl ether and trimethylsilyl
ester—trimethylsilyl ether derivatives, the proce-
dure was rejected for safety reasons.

Following administration of 9-THC, Harvey
and co-workers were able 1o identily 9-THC-acid
in rabbil liver [69] and guinea pig liver [81] by
GC-EI-MS of the methyl ester—trimethylsilyl
ether derivative. The metabolism of non-natural
{35.45)-9-THC was studied in the mouse, and
(35.45)-9-THC-acid was identified in the liver
[80].

Follz and Hidy [66] described a procedure for
detecting 9-THC-acid in plasma utilizing ammo-
nia—hydrogen PICI. Extracts were treated with
diazomethane followed by BSA. Ammonia-hy-
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drogen reagent gases reportedly gave better qual-
ity mass spectra than ammonia—helium. This
procedure was briefly described in a previous
publication [1].

Norgvist er al. [98] analyzed 9-THC-acid ex-
tracts from plasma and urine by GC-E1-MS fol-
lowing treatment with diazomethane and BSA.
When the silylation step was omitted, the methyl
ester derivative was found to partly decompose
on-column.

The formation of pentalluorobenzyl ester—tri-
methylsilyl ether and trimethylsilyl ester—penta-
fluorobenzyl ether derivatives of 9-THC-acid was
described by Rosenleld ¢ «f. [57]. 9-THC-acid
extracted from urine onto XAD-2 resin was
treated with pentafluorobenzy! bromide. Inter-
lering compounds were removed by semi-prepar-
ative chromatography prior to reaction wilh
BSTFA. The resulting isolate was substantially
[ree from interferences normally observed in
urine extracts. GC LI-MS wuas used to obtain
mass spectra of the 9-THC-acid derivatives.

4.3. Jonization rechunigues

El remains the most widely employed GC-MS
ionizalion technique. The relatively low cost and
small size of quadrapole mass specltromelers ac-
count for their popularity in laboratories en-
gaged in drug testing. EI of 9-THC-acid deriv-
atives typically results in three or more character-
istic fragment ions with detection limits falling in
the low nanogram per milliliter runge.

A few researchers have investigated PICT or
NICI as an alternative. Chemical ionization has
the advantage of providing a choice of reagent
gascs to optimize assay capabilities. Commonly
used gases such as ammonia, methane and iso-
butanc. however, do not always produce a sulli-
cient number of ions [or conclusive identification.
NICI is generally capable of providing lower de-
tection limits than either PICI or EI. but biotog-
ical extract noise levels are often the limiting fac-
tor.

No reports of other ionizalion processcs were
found.
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4.4. Internal standards

Both qualitative and quantitative analyses
benefit from the incorporation of internal stan-
dards into analytical procedures. The ability of
an internal standard to compensate for incom-
plete derivatization, analyte losses due to decom-
position and adsorption, as well as losses occur-
ring during extraction and evaporation facilitates
very precise quantitative measurements. Further-
more, recovery of an internal standard verifies
method validity with every sample analyzed: fail-
ure to detect analyte in the presence of internal
standard reduces the risk of a false nepative re-
sult. To be effective, however, an internal stan-
dard must be chemically similar to the analyte. A
GC-MS false negative for 9-THC-acid caused by
a faulty intcrnal standard was reported by Brunk
[30].

Use of an isolopically labeled analyte as its
own internal standard is often possible when em-
ploying MS detection. Selected-ion monitoring is
practical cven if only a [ew internal standard
fragment ions incorporate the isotopc label. GC—
EI-MS full-scan analysis is rarely possible unless
the analyte and internal standard are chromato-
graphically separable.

In recent years the most popular internal stan-
dard for the GC-MS analysis of 9-THC-acid has
been the [5-*H3]-9-THC-acid. This compound
co-elutes with 9-THC-acid and, Lherefore, re-
quires analysis by selected-ion monitoring. As
the methyl cther—methyl ester derivative this in-
ternal standard has the minor drawback of hav-
ing an lon common to the analyte which limits
the linear range of the assay and can alfect mea-
surement of relative ion abundances [42,46,99].
The same effect was observed with the pentafluo-
ropropyl-pentatluoropropionyl derivative [88].
Podkowik et af. [45] found a ritodrine metabolite
and  8-hydroxy-3'.4’,5-tris-nor-A4°-tetrahydro-
cannabinol-2'-o0ic acid interfered with use of
[*H;3]-9-THC-acid as an internal standard [100].
A hexadeuterated 9-THC-acid in which the deu-
terium atoms are located in the two mecthyl
groups bonded to the 6-position has been report-
ed by ElSahly et al. [101] as an improved internal
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standard. This labeling reportedly avoids the
problems associated with the trideuterated mate-
rial. Not yet available is a nonadeuterated 9-
THC-acid Radian Corporation has listed in its
catalogue as “under delopment™. One report of
trideuterated 9-THC-acid with the deuterium
atoms located in one methyl group bonded to the
6-position may be erroneous [44].

Use of [*Hj]-11-nor-A®-tetrahydrocannabi-
nol-9-carboxylic acid (8-THC-acid-d3) as an in-
ternal standard for 9-THC-acid was noted in
three reports [53.98,102]. Wall er /. [53] found no
difference in precision comparing 8-THC-acid-5'-
ds and 9-THC-acid-5'-d3 as internal standards.
ElSohly [99] reported 8-THC-acid-d¢ (the deute-
rium atoms are located in the two methyl groups
bonded 10 the 6-position) as a viable internal
standard for the analysis of the methyl ester—
methyl cther and the bis(trimethylsilyl) deriva-
tives of 9-THC-acid. None of the major ions are
common to both the internal standard and the
analyte. In addition, because this deuterated A%
analog is separable from 9-THC-acid by GC it is
suitable for {ull-scan analysis of 9-THC-acid. Use
of this material has been reported by others
[34,39.,47,59]. The major concern in using a 8-
THC-acid as an internal standard is the potential
conversion of 9-THC-acid to 8-THC-acid (or
even 8-THC-acid to 9-THC-acid). Although no
problems causcd by isomerization were reported
in any of the GC-MS procedurcs reviewed, read-
crs are advised that conflicting reports exist in the
literature regarding the facile conversion of 9-
THC to 8-THC [14,17.18,103-106].

A number of publications have reported use of
non-isotopically labeled compounds as internal
standards for 9-THC-acid including pyrahexyl
[20,58], hexahydrocannabinol [58], cannabinol
[31,85}, I-pyrenebutyric acid [30]., kctoprolen
[64]. 8-THC-acid [65] and meclofamic acid [41].
Oxyphenbutazone was deemed inadequalte as an
internal standard [31]. Except 8-THC-acid, none
of these compounds posscss both carboxylic acid
and phenol functionalities and are unsuitable in-
ternal standards for 9-THC-acid.

Synthesis of 9-THC-acid homologues in which
the pentyl side-chain is altered offers a potential
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source of novel internal standards for 9-THC-
acid. Although this idea has not been explored
for 9-THC-acid, McCallum and co-workers
[107,108] have previously used heptyl-A°-tetrahy-
drocannabinol as an internal standard for pentyl-
A%-tetrahydrocannabinol. Straight-chain homo-
logues shorter than pentyl, especially propyl, are
known to occur naturally in Cannabis and would
not be good choices as internal standards.
Recently, [2H3]-9-THC-acid-glucuronide has
become commercially available as an internal
standard for 9-THC-acid-glucuronide. This deut-
erated material available from Alltech-Applied
Science corrects for incomplete conversion of the
glucuronide metabolite to free 9-THC-acid dur-
ing hydrolysis. Since 9-THC-acid exists in both
free and conjugated forms in biological speci-
mens, however, accurate quantitation of conju-
gated or total Y-THC-aaid from hydrolyzed sam-
ples requircs usc of a differently labeled second
internal standard, e.g.. [*H¢]-9-THC-acid.

4.5. Reference standards

GC-MS identification and quantitation of an
unknown is best accomplished by comparison of
mass spectra and GC retention with a purc chem-
ical reference matcrial. 9-THC-acid is commer-
cially available from a number of suppliers in the
United States: Research Triangle Institute (Re-
search Triangle Park, NC, USA); The National
Institute of Standards and Technology (Gaith-
ersburg, MD, USA); Sigma (St. Louis, MO,
USA); Alltech-Applied Science (State College,
PA, USA); and Radian Corporation (Austin,
TX. USA). It is also available to researchers
through the National Institute on Drug Abuse
(Rockville, MD, USA). The only known manu-
facturer of 9-THC-acid. however, is Rescarch
Triangle Institute. Nonctheless, the occurrence of
biased results traceable (o a faulty 9-THC-acid
standard was noted in a publication by Peat
[109].

Deuterated 9-THC-acid suitable as internal
standards are available [rom Rescarch Triangle
Institute, Sigma, Alltech-Applied Science, Radi-
an and ElSohly Labs. (Oxford, MS, USA). Previ-
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ous analytical work cmploying 9-THC-acid-glu-
curonide has required the researchers, them-
selves, to synthesize the material [22.110]. Only
recently has Alltech-Applied Science introduced
this metabolite commercially.

4.0. Automation

Sample preparation for GC-MS analysis is a
labor-intensive operation. The Prep | automated
sample processor, an early semi-automated solid-
phase extraction system manufactured by Du
Pont, is still used by a number of laboratorics for
analysis of 9-THC-acid. A description of the
Prep system was published by Williams [1111.
This processor is no longer being manufactured.
however.

A comparison of manual and automated solid-
phase extraction of 9-THC-acid from urine was
reported by Dino et af. [112]. The automated sys-
tem gave results comparable to manual extrac-
tion, but was ten times slower.

The only totally automated sample prepara-
tion system on the commercial market is manu-
factured by Zymark. This robotics syslem is ca-
pable of performing weighing. hydrolysis, extrac-
tion, evaporation and derivatization for both
urinc and blood samples. The purchasc cost and
limited speed of robotics devices need to be
weighed against the benefit in labor savings.

5. CONCLUSIONS

The ability of GC-MS to provide posilive
identification at trace levels is especially challeng-
ing in biological matrices. Most of the methods
reviewed arc capable of detecting 9-THC-acid in
urine and blood in the low nanogram per millili-
ter range. Detection in the picogram per mulliliter
range is feasible using NICI-MS. Improvements
in specimen clean-up would enhance the methods
already developed. Alternatively, use of more so-
phisticated instrumentation such as two-dimen-
sional GC or tandem MS is possible. Detection
ol Y-THC-acid by metastable ion monitoring has
also been suggested [2]. Reference material 1s
available from a number of conmumercial suppliers
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including Research Triangle Institute, the manu-
facturer. For GC--EI-MS employing selected-ion
monitoring [*Hs]-9-THC-acid is recommended
as an internal standard.

REFERENCES

Loy

Ly

o0

R. L. Foltz, A. F. Fentiman JIr. and R. B. Foltz, GC/MS
Assay Jor Abused Drugs in Body Fluids (NIDA Research
Monograph, Vol. 32), National Institute on Drug Abusc,
Rockville, MD, 1980, pp. 62 89,

R. L. Foltz, in R. C. Baselt (Editor), Advances in Analytical
Toxicology, Vol 1, Biomedical Publications, Foster City,
CA, 1984, pp. 125-157.

G G. Nahas (Editor), Marihuana in Science and Medicine,
Raven Press, New York, 1984,

S. Burstein, in J. Vinson (Editor), Cannabinoid Analysis in
Physiological Fluids (ACS Symposium  Series, Vol. 98),
American Chemical Society, Washingotn, DC, 1979, pp. 1-
12

S. Apurell, M. Halldin, J. Lindgren, A. Ohlsson, M. Wid-
man, H. Gillespic and L. Hollister, Pharmuacol. Rev., 38
(1986) 21.

D.J. Harvey, in A. 8. Curry (Editor), Analyiical Methody in
Hwman Toxicology, Verlag Chemie, Weinheim, 1985, pp.
257-310.

R. Mechoulam, N. K. McCallum and S. Burstein, Cherr,
Rev., 76 (1976) 75.

M. Perez-Reyes and M. Wall, N. Engl. J. Med., 307 {1982)
819,

G. R, Ahmad and N. Ahmad, Clin. Toxicol., 28 (1990) 255,
(. Hayes, H. Scholtz, T. Donahue and W. Baumgartner,
39th Conference of the American Society of Mass Spectrom-
etry, Nashville, May 19-24, 1991, Abstract.

R. L. Hawks. in A. Agurell (Editor), The Cannabinoids:
Chemical, Pharmacologic, and Therapeutic Aspects, Aca-
demic Press, New York, 1984, pp. 123-134.

5. J. Gross and J. R Soares, J. Anal. Toxicol., 2 (1978) 98.
W. W. Just, N. Filipovic and G. Werner, J. Chromatogr., 96
(1974) 189.

R. Mechoulam and Y. Gaoni, Tetrahedron Leti., 12 (1967)
1109.

Y. Gaont and R. Mechoulam. J. Am. Chem. Soc.. 86 (1964)
1646.

Y. Gaoni and R. Mechoulam, Tetrahedron, 22 (1966) 1481.
R. L. Hively, W. A. Mosher, F. W. HofTmunn, /. 4m.
Chem. Soc., 88 (1966) 1832,

E. C. Taytor, K. Lenard and Y. Shvo, 7. Am. Chem. Soc., 88
(1966) 367.

S. M. Han and N. Purdie, Anal. Chem., 57 (1985) 2068,

J. 1. Thornton and G. R. Nakamura, J. Forens. Sci. Soc., 2
(1972) 461.

8. Budavari (Editor), The Merck Index, Merck and Co.,
Rahway, NJ, 11th ed., 1989, p. 1451,

22

23

20

27

28

34

36

37

3R

39

40

41

42

43

73

P. L. Williams and A. C. Moffat, J. Pharm. Pharmacol ., 32
(1980) 445.

D. J. Harvey, in G. G. Nahas (Edilor), Marihuana in
Seience and Medicine. Raven Press, New York, 1984, pp.
37-107.

A. Ohisson, Thesis, Uppsala University, Uppsala, 1980.
A. C. Moffat (Editor), Clarke's Isolation and Identification
of Drugs in Pharmaceuricals, Body Fluids, and Post-Mortem
Marerinl, Pharmaceutical Press, London, 2nd ed., 1986, p
423,

R. 8. Rapaka and A. Makriyannis (Editors), Structure—Ac-
tivitiy Relationships of the Cannabincids (NIDA Research
Monograph, Yol. 79), National Institute on Drug Abuse,
Rockville, MD, 1987.

U. LLemm, I. Tenczer and H. Baudisch, J. Chromatogr., 342
(1985) 393,

J. D. Whiting and W. W. Manders, J. Anal. Toxicol., 6
(1982) 49.

J. D. Whiting and W. W. Manders, 4viat. Space Environ.
Med., 54 (1983) 1031.

S. D. Brunk, J. Anal. Toxicol., 12 (1988) 290.

I C. Garriott, V. J. M. Di Maio and R. G. Rodriguez, J.
Forensic Sci., 19 (1986) 1274.

2 H. H. McCurdy, L. 8. Callahan and R. D. Williams, J.

Forensic Sci., 34 (1989) 858,

R. H. Schwartz, R. E. Willette, G. F. Hayden, S. Bogema,
M. M. Thorne and J. Hicks, Arch. Pathol. Lab. Med., 111
([987) 708.

G. H. Wimbish and K. G. Johnson, Sociery of Forensic
Toxicologisis, 20th Annual Meeting, New York, Sept. 11-15,
1990, Abstract 26.

A, 8. Xu and K. L. Klette, American Academy of Forensic
Sciences, 43rd Annual Meeting, Anaheim, Feb. 18-23, 1991,
Abstract K6.

M. L. Abercrombie and I. S. Jewell, J. Anal. Toxicol., 10
(1986) 178.

E.J. Cone, R. E. Johnson, W. D. Darwin, D). Youselnejad,
L. D. Mell, B. D. Paul and J. Mitchell, J. Anal. Toxicol., 11
(1987 89.

M. Hanke and G. Megges, Z. Rechtsmed., 90 (1983) 105,
K. Johnson and M. Uhrich, {7S90™ Application Data
Sheet No. 45, Finnigan, San Jose, CA, 1990,

M. J. Kogan, J. Al Razi, D. J. Picrson and N. I. Willson, J/.
Forensic Sci., 31 (1986) 494,

G. R. Nakamura, R. D. Meeks and W. J. Stall, J. Forensic
Sei., 35 (1990) 792,

B.D. Paul, L. D. Mell, Jr., I. M. Mitchell. R. M. McKinley
and J. Irving, J. Anal. Toxicol, 11 {1987) 1.

B. Podkowik, M. L. Smith and R. O. Pick, J. Anal. Toxicol.,
11 (1987) 215,

P. . Perkins, GCrM S Application Note, THC Aralysis Us-
ing the HP 59714 MSD, Ilewlett-Packard, Palo Alto, CA,
1991,

B. Podkowik, M. L. Repka and M. L. Smith, Clin. Chem.,
37 (1991) 1305.



4

46
47

48

49

W
W

o

63

b4

65

44

R. A. Schep. J. Aaal. Toxivel., 14 (1990) 296.

G. H. Wimbish and K. G. Johnson. J. Anal. Toxicol,, 14
{1990) 292,

M. L. Weaver, B. K. Gan, E. Alien, .. D). Baugh, F. Liao,
R. H. Lin, I. G. Langner. A, S. Walix and L. F. Cook,
Forensie Sei. Ini., 49 (1991) 43,

T. S. Baker, J. V. Harry, J. W. Russell and R. L. Myers, J.
Anal. Toxicol., 8 (1984) 255.

H. H. McCurdy, L. J. Lewellen, L. S. Callahan and P. S,
Childs. J. Awaf. Texicol | 10 (1986) 175.

S. J. Mulé and G. A. Casella, J. Anal. Toxicol., 12 (1988)
102,

P.S. Childs and H. H. McCurdy. J. Anal. Toxicol., 8 (1984)
220.

M. E. Wall, D. R. Brine, J. T. Bursey and D. Rosenthal, in
J. A, Vinson (Editor). Cannabinoid Analysis in Physiological
Fluids (ACS Symposium Series, Vol. 98), American Chem-
ical Society, Washington, DC, (979, pp. 39-57.

S. Biorkman. J. Chromarogr., 237 (1982) 389.

G. R. Nakamura, W. J. Stall, R, G. Masiers and V. A.
Folen, Anal. Chern., 57 (1985) 1492,

J. M. Rosenfeld, R. A. McLeod and R. L. Foltz, Anul.
Chem., 54 (1986) 716,

7 ). M. Rosenfeld, Y. Mcharir and S. D. Sandler, Anal.

Chem.. 61 (1989) 925.

R. A. Bergman, T. Lukaszewski and S. Y. S. Wang, J. 4nal.
Tuxicol.. 5 (1981) 85,

Detectabuse ™ Method for the Anulvsis of Delta-9-THC-
Carboxvlic Acid by GC;MS, Biochemical Diagnostics,
Edgewood. NY, 1990,

R. Bell, L. H. Tavlor, B. Ackerman and A. A Pappas. Clin.
Toxical | 27 (1989) 109,

Riniexi, Vol. 1. No. 3, Supcleo, Bellefonte, PA, [988.

N. E. Crafl, G. D. Byrd and L. R. Hilpert, Ang/.Chem., 61
(1939} 540.

AL J. Clatworthy, M. C. H. Oon, R, N. Smithand and M. I
Whitehouse, Forensic Sci. Inr., 46 {1990) 219.

M. Congost, R. de la Torre and I. Scgura, Biomed, Environ,
Mass Specirom., 16 (1988) 367,

D. L. Frederick, J. Green and M. W. Fowler. J. Anal. Tox-
ot 9 (1985) 116.

R. L. Foltz and B. J. Hidy. in R. L. Hawks (Editor), The
Anatysis of Cannabinaids m Biological Fluids (NIDA Re-
search Monograph, Yol. 42), National Institute on Drug
Abuse, Rockyille. MD, 1982, pp. 99 118.

D. E. Green, in R. E. Willette (Editor) Cannabinoid Assays
in Rumany (NIDA Resedrch Monograph, Vol 7)., National
Insgtitute on Drug Abhuse. Rockville, MD, 1976, pp. 70-87.
M. M. Halldin, S. Carlsson, S. L. Kanter, M. Widman and
S. Agurcll. Arzneini.-Forsch., 32 (1982) 764,

D. J. Harvey, J.'I. A. Leuschner and W. D. M. Paton, J.
Chromerragre., 239 (1982) 243,

K. W. Miller and C. J. Prentice, Clin. Chenr., 34 (1988) 1272,
Abstract 585.

1. E.O'Connor and T. A. Rejent, J. Arat. Toxicol., 5 (1981)
168,

W. E. Broaner and A. 8. Xu [ J. Chromatogr. 380 71992) 63- 75

-
72

73
74

75

76

73

79

80

8

82

83
84

86

§7
84

&9
S0

91
92

94

95

96

-

97

R. C. Parry, L. Nelan, R. L. Shirey, G. D. Wachob und D.
1. Gisch, J Anal. Toxical 14 (1990) 39,

R. C. Parry and D. J. Gisch, LC - GC. 7 (1989) 972,
SPEC™ - C,, - H Extraction of THC Metubolite from
Urine, TOXI - LAB, Irvine. CA. 1991,

M. E. Wall, in A. Frigeno (Editor), Chyematography ond
Mass Spectrometry in Biomedical Sciences. Vol. 2. Flsevier,
Amsterdam, 1983

M. E. Walland D. R. Brine, in G. (. Nahas (Editor), Mari-
huana Chemisiry, Biochemusiry, and Cellular Effects, Spring-
er-Verlag, New York, 1976, pp. 51 62.

7 D. Altunkaya, A. J. Clatworthy, R. N, Smith and L. J. Start,

Forensic Sci. Int., 50 (199]) 15,

D. Altunkava and R. N. Smith, Forensic Sci. Inr., 47 (1990)
195

M. M. Halldin and M. Widman, Arzremm.-Forsch., 33
(1983) 177.

D. J. Harvey, Biomed. Environ. Mass Spectrom | 15 (1988)
117,

D.J. Harvey, B. R. Martin and W. D. M. Paton, /. Pharm.
Pharmacol | 32 [1980) 267,

D. 1. Harvey and W. D. M. Paton, J. Chromaiogr.. 109
(1975) 73.

D. J. Harvey. J. Pharm. Pharmacel., 28 (1970) 280,

D. E. Green, F. Chao, K. O, Loeftier and 8. L. Kanter, inJ.
Vinson (Lditor), Cannabinaid Analysis fn Physiologico!
Fluids (ACS Symposivm Series. Vol. 98), American Chem-
ical Socicty, Washinglon, DC, 1979, pp. 93 113,

D. Bourquin and R, Brenneisen, J. Chromatogr.. 414 (1987)
187.

R. L. Foltz, P. A, Clarke, B. I. Hudy, D. C. K. Lin, A .
Graffeo and B, A, Petersen, in I. Vinson (EBditor), Cannabi-
noid Analvsis in Physioiogical Flutds (ACS Symposium Se-
ries, Vol. 98), American Chemical Society. Washington,
DC, 1979, pp. 59 71.

W. A Joern, J. Anal. Toxicol, L1 (1987} 49,

L. Karlsson. J. Jonsson, K. Aberg and €. Roos. /. Anai.
Toxivel ., 7 (1983) 198,

I.. Karlsson and C. Roos, J. Chromatogr., 3006 (1984) 183,
L. I. McBurney. B. A, Bobbie and L. A. Sepp. J. Anul.
Toxicol., 10 (1986) 506,

R. L. Foltz and L. Sunshine, J. dnal. Tovical. 14 (1990) 375,
5. Balabanova, P J Arnold, V. Luckow, H. Brunner and H.
L. Wolf, 7. Rechismed., 102 (198%) 503,

C. Cano und E. D. Lykissa, Clin. Chern,, 35 (1989) 1170,
Abstract 492.

R. L. Foltz, K. M. McGinnis and D. M.
Mass Specrrom.. [0 (1983) 316

J. R_Johnson., T. A. Jennison, M. A, Peat and R. L. loltz,
J. Anal, Toxicel 8 (1984) 202

J. Hughes and L. 1. Hoey, Confirmeation and Quontitalion of
Cannabinals in Blood by Negative fon Chemical Tonization
Mass Spectrometry, GCIMS Applicarion Nore, Hewlel(-
Packard, Palo Alto. CA, 1991

C. Blackard and K. Tennes, N, Engl. J. Med., 311 {(1984)
7497.

Chinn, Biomed.



W. E. Bronner and A. S. Xu § J. Chromatogr. 380 { 1992) 63-75

98

99

100

101

102

103

M. Nordqvist, J. Lindgren and S. Agurell, in R. E. Willette
(Editer), Cannabinoid Assays in fHumans (NIDA Research
Muonograph, Vol. 7). National Institute on Drug Abuse,
Rockville, MDD, 1976, pp. 64-69.

M. A. ElSohly, D. F. Stanford and T. L. Little, J. Anal.
Toxicol., 12 (1988) 54.

B. Podkowik. D. J. Kippenberger and M. L. Smith, Clin.
Chem_, 37 (1991} 1307,

M. A_FlSohly, T. L. Little, Jr. and D. F. Stanford, Society
of Forensic Toxicologists, 20th Annual Meeting, New York,
Sepi. 11-15, 1990, Abstract 20.

V. Dixitand V. M. Dixit, Bond Efur Certify II™ Solid Phase
Extraction Colurnns for the Extraction of 11-Nor-A®-retra-
hydrocannabinol-9-carboxylic Acid from Human urine, Var-
ian Sample Preparation Products, Harbor City, CA, 1990.
R. Mechoulam, Science, 168 (1970) 1159,

104

105
106

107

108

109
110

111
112

75

D. C. Fenimore, R. R. Freeman and P. R. Loy, Anal.
Chem., 45 (1973) 2331

M. Lerner and J. T. Zeftert, Buwll. Nare., 20 (1968) 53,

E. R. Garrett and C. A. Hunt, J. Pharm. Sci., 62 (1973)
1211.

N. K. McCallum and S. M. Shaw, J. Axul. Tuxicol., 5 (1981)
148.

N. K. McCallum and E. R. Cairns, J. Anal. Toxicol., 2
(1978) 89.

M. A. Peat, J. dAnal. Toxicol., 12 (1988) 239.

M. A. ElSchly, A. B. Jones and H. N. FlSohly, J. Anal,
Toxicol., 4 (1990) 277,

R. C. Williams. fnt. J. Environ. Anal. Chem., 18 (1984) 37.
L 1. Dino, Ir. ). M. Honeysett, T. J. Little and T. J. Foley,
Clin. Chem. News, May (1991) 13.



