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Abstract

Cannabis is used widely in the United States, both recreationally and for medical purposes.
Current methods for analysis of cannabinoids in human biological specimens rely on complex
extraction process and lengthy analysis time. We established a rapid and simple assay for
quantification of A%-tetrahydrocannabinol (THC), cannabidiol (CBD), 11-hydroxy A®-
tetrahydrocannabinol (11-OH THC) and 11-nor-9-carboxy-A°-tetrahydrocannbinol (THC-COOH)
in human plasma by U-HPLC-MS/MS using A%-tetrahydrocannabinol-Dj as the internal standard.
Chromatographic separation was achieved on an Acquity BEH C18 column using a gradient
comprising of water (0.1% formic acid) and methanol (0.1% formic acid) over a 6 min run-time.
Analytes from 200 pL plasma were extracted using acetonitrile (containing 1% formic acid and
THC-D3). Mass spectrometry was performed in positive ionization mode, and total ion
chromatogram was used for quantification of analytes. The assay was validated according to
guidelines set forth by Food and Drug Administration of United States. An eight-point calibration
curve was fitted with quadratic regression (r2>0.99) from 1.56 to 100 ng mL~ and a lower limit of
quantification (LLOQ) of 1.56 ng mL~1 was achieved. Accuracy and precision calculated from six
calibration curves was between 85 to 115% while the mean extraction recovery was >90% for all
the analytes. Several plasma phospholipids eluted after the analytes thus did not interfere with the
assay. Bench-top, freeze-thaw, auto-sampler and short-term stability ranged from 92.7 to 106.8%
of nominal values. Application of the method was evaluated by quantification of analytes in
human plasma from six subjects.
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1. Introduction

Cannabis sativa L., commonly known as marijuana, is one of the most controversial and
abused recreational natural product in the world [1]. In a recently published survey by US
National Highway Safety Administration, cannabis is the most common illicit drug detected
in drivers [2]. The psychoactive properties of marijuana are attributed to a group of
compounds known as cannabinoids. A%-tetrahydrocannabinol (THC) and cannabidiol (CBD)
are the two most abundant cannabinoids in marijuana, THC being a strong psychoactive
agent [3]. A number of preclinical and clinical trials are currently underway to study the
efficacy of marijuana in different disease conditions including HIV, cancer, and pain [4].

In vitro studies using human liver microsomes have shown that THC is primarily
metabolized by cytochrome P450 (CYP)2C9 to a short-lived hydroxylated active metabolite,
11-hydroxy A®%-tetrahydrocannabinol (11-OH THC) [5][5] (Fig. 1). CYP2C19 and CYP3A4
also oxidize THC but with a very low catalytic activity as compared to CYP2C9 [5]. The
primary metabolite is further oxidized by CYP2C9 (major enzyme) and CYP2C19, CYP3A4
(minor enzymes) to generate an inactive metabolite, 11-nor-9-carboxy-A°-
tetrahydrocannbinol (THC-COOQOH) [5, 6]. Recently, THC-COOH has emerged as a
biomarker for detection of cannabis use in clinical, workplace and forensic fields [7]. Phase
I1 metabolism of THC and its metabolites is complex. 11-OH THC is metabolized primarily
by UGT1A9 and UGT1A10 while THC-COOH is metabolized by UGT1A1 and UGT1A3
isoforms, resulting in more hydrophilic metabolites that are renally cleared [8]. Plasma
concentrations of THC decrease rapidly due to metabolism and distribution in the tissues.
The majority of THC dose is excreted via the feces (30-65%) while hepatic and renal
clearance is responsible for the elimination of about 20% of THC in the form of conjugated
glucuronic acids and free THC hydroxylated metabolites [9].

Concomitant administration of THC with CBD enhances the psychoactive effect of THC as
CBD inhibits the drug metabolism enzyme (CYP2C9 and CYP2C19) responsible for
clearance of THC [5, 10]. Considering this, US FDA has approved dronabinol and nabilone
for therapeutic use but both contain only THC, and no CBD [11]. In contrast, European
Medicines Agency (EMA) has approved the use of Sativex (nabiximol), a mouth spray
containing THC and CBD for patients with multiple sclerosis [11].

Different screening methods and biological matrices are utilized to detect cannabis use for
employment verification or forensic purposes [12]. Preliminary testing of cannabinoids is
frequently based on immunoassays, but advanced chromatographic techniques are employed
for confirmation and quantification. Quantification is often performed in various human
matrices including blood, plasma, serum, saliva and urine using technigques such as
HPLC[13], GC-MS [14], and HPLC-MS [15]. However, these traditional methods involve
elaborate sample preparation, complex derivatization and lengthy analysis time.
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The objective of this study was to develop and validate a simple but rapid analytical method
to quantify THC, CBD, 11-OH THC and THC-COOH in human plasma. We used A°-
tetrahydrocannabinol-D3 (THC-D3) as internal standard (I1S) for plasma extraction with
acetonitrile (containing 1% formic acid and 10 ug mL~1 IS) followed by drying,
reconstitution and subsequent analysis of samples on an ultra-performance liquid
chromatography-mass spectrometer (U-HPLC-MS).

2. Materials and methods

2.1. Chemicals and reagents

Certified reference material for THC, THC-D3, CBD, 11-OH THC and THC-COOH were
procured from Ceriliant Corporation (Round Rock, Texas). Mass spectrometry grade formic
acid, methanol, and acetonitrile (methyl cyanide) were procured from Fisher Scientific,
Waltham, MA. Acquity U-HPLC BEH C18 analytical and VanGuard pre-column for
chromatography were from Waters Corp., Waltham, MA. Blank human plasma was obtained
from BioreclamationlVVT, Westbury, NY.

2.2. Instrumentation and data processing

An Acquity U-HPLC system equipped with binary pumps, autosampler, inbuilt degasser and
column heater coupled with Xevo TQ MS detector (Waters Corp, Milford, MA, USA) was
used. A 10 pL sample loop in partial-loop with needle overfill injection mode was used to
inject samples. The chromatographic system was controlled with MassLynx Software (V
4.1), and data was processed using the TargetLynx (V 4.1). Samples were centrifuged using
an Eppendorf 5810R system (Eppendorf North America, Hauppauge, NY) and extracted
samples were dried in Savant SPD1010 SpeedVac system (Thermo Scientific, Holbrook,
NY). Calibration curves and graphs were plotted using Prism 6.01 (GraphPad Software Inc.,
La Jolla, CA).

2.3. LC conditions

Analytes were separated on an Aquity U-HPLC BEH C18 analytical column (2.1 x 50 mm,
1.7 um particle size, 1304 pore size) preceded by an Acquity U-HPLC BEH C18 VanGuard
pre-column (2.1 x 5 mm, 130,&). The flow rate was kept at 0.4 mL min~2, and five pL of
sample was injected onto the column. Autosampler was maintained at 10°C throughout the
analysis, and the analytical column was maintained at 45°C. The mobile phase consisted of
0.1% formic acid in water (A) and 0.1% formic acid in methanol (B). The separation of
analytes was achieved by a linear gradient over a run time of 6 min. The gradient conditions
were as followed: 75% B to 95% B in 3.5 min, held at 95% B from 3.5 to 4.5 min, 95% B to
75% B at 5.5 min and maintained at 75%B to re-equilibrate the column until the end of run
time at 6 min.

2.4. Mass spectrometry conditions

Electrospray ionization (ESI) in positive mode was used for multiple reaction monitoring
and quantification of analytes. Major analyte specific mass spectrometer settings used during
analysis are given in Table 1. Protonated precursors (M+H)* were selected based on the
intensity, and all analytes were further subjected to fragmentation. Total ion chromatogram
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(TIC) of all the productions was used for quantification of the analytes. Other parameters
used for validation were: capillary voltage 1.30 kV, extractor voltage 3 V, desolvation
temperature 500 °C, source temperature 150 °C, desolvation gas flow 1000 L h™1, and
collision gas flow 0.15 mL min~1.

2.5. Plasma preparation for analysis

Cannabinoids from spiked human plasma were extracted by a simple protein precipitation
method. Calibrators, control blank, double blank and quality control (QC) samples were
thawed at 4°C and vortexed thoroughly for 10 s. Subsequently, one mL of acetonitrile
(ACN) (containing 1% formic acid (FA) and 10 pg mL~! THC-D3) was added to 200 pL
plasma in a 1.5 mL clear polypropylene tube and vortexed for 10 sec. Double blank was
extracted with ACN (containing 1% FA) without any internal standard. After sonicating the
mixture for 3 min, samples were vortexed for 10 s and subsequently centrifuged at 10,000
rpm for 5 min. All the extraction steps except drying were carried out at room temperature.
After centrifugation, one mL of the supernatant was transferred to a clean glass tube, and the
solvent was dried using SpeedVac™ at 60°C. Dried samples were then reconstituted in 200
UL mobile phase (75% A and 25% B) followed by vortex and sonication for 10 s and 3 min,
respectively. The solution was transferred to a centrifuge tube and was spun again at 10,000
rpm for 5 min. The resulting clean supernatant was collected and injected into the
chromatographic system.

2.6. Validation of the bioanalytical method

Method validation was carried out according to the general recommendation guidelines for
bioanalytical methods by the US Food and Drug Administration (FDA) published in 2013
[16]. Various assay validation parameters including selectivity, sensitivity, accuracy,
precision, recovery, and stability were determined.

2.6.1. Standard and quality control samples—Pre-prepared reference solutions of
THC and CBD (1 mg mL™1 in methanol), and THC-D3, 11-OH THC and THC-COOH (0.1
mg mL~1 in methanol) were procured from Ceriliant. A calibrator stock solution cocktail
containing 10 pg mL~1 each of THC, CBD, 11-OH-THC, and THC-COOH was prepared in
methanol. The cocktail solution was used to spike blank human plasma to generate
calibrators and quality control (QC) samples. The final concentration of solvent in spiked
plasma was <5% and all the spiked samples and stocks were stored at —20°C.

2.6.2. Acceptance criteria—The lower limit of quantification (LLOQ) was the lowest
concentration of an analyte on a calibration curve and limit of detection (LOD) was the
lowest concentration distinguishable from background noise in the blank matrix (S/N>3).
LLOQ was selected as the concentration at which bias and coefficient of variation (CV%)
were <20% of nominal value and a signal to noise ratio (S/N) = 10. Acceptance criterion for
QCs (LQC, MQC, and HQC) was bias and CV<15%. Highest calibrator, defined as Upper
Limit of Quantification (ULOQ) of the assay was 100 ng ml~2 for all analytes. HQC
response for different anticoagulant within +20% potassium-EDTA response was considered
acceptable.
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2.6.3. Selectivity and specificity—U-HPLC-MS/MS methods are highly specific for an
analyte; however, endogenous matrix components can interfere with the analysis of samples.
Selectivity of the assay in blank plasma was assessed visually for any presence of
endogenous matrix components at the analyte specific retention times. Further, we studied
the selectivity in plasma from seven different donors at LLOQ. The sensitivity of the method
was the lowest analyte concentration measured with acceptable accuracy and precision
(LLOQ).

2.6.4. Accuracy and precision—An eight-point calibration curve with concentrations
ranging from 1.56-100 ng mL~1 was prepared, and QC samples were at 6.25, 25, and 75 ng
mL~1 for low quality control (LQC), middle quality control (MQC), and high quality control
(HQC), respectively. Inter-run precision and accuracy of the assay were calculated from six
different calibration curves.

2.6.5. Stability and recovery—The recovery was conducted at three QC levels (LQC,
MQC, HQC) in triplicates. A set of QCs was prepared in extracted blank plasma, and
another was prepared in mobile phase (75% A, 25% B). The assay recovery was calculated
by comparing the mean peak areas of QC in blank plasma and mobile phase (representing
100% recovery).

The stability of all the analytes was investigated at LQC and HQC in duplicates. Three
cycles of freeze and thaw, bench top (6 h), auto-sampler (10°C for 24 h) and short-term (1-
week) stability studies were conducted for all analytes.

2.6.6. Phospholipids elution and matrix effect—We studied the co-elution of
analytes and major phospholipids reported previously in the literature by monitoring the
precursor ion (Q1) for m/z 496, 522, 524, 758 and 782 and product ion (Q3) with /2184
[17, 18]. Chromatographic conditions were optimized to separate the elution region of
phospholipids and analytes of interest. A post-column divert valve was used to guide
unwanted portion of chromatographic runs, mainly containing phospholipids.

Matrix effect was studied using post-column infusion method as described elsewhere [17,
19]. The region of ion suppression was identified by continuous infusion of a solution
containing 50 ng ml~1 of all the analytes and simultaneous injection of extracted blank
plasma solution or mobile phase.

2.6.7. Anticoagulant specificity—Drug-free plasma was spiked in triplicates at HQC in
plasma isolated using three separate anticoagulants i.e. sodium heparin, potassium-EDTA,
and sodium fluoride-potassium oxalate. Analyte/internal standard ratio for all the analytes
was compared to find percent variability of recovered concentration as compared to
potassium EDTA.

2.7. Application of the proposed method

The proposed method was developed in collaboration with co-authors at Brown University
for estimation of analytes in human plasma from self-reported marijuana users. The clinical
study had received approval from Institutional Review Board at Merriam Hospital,
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Providence, Rhode Island. In this manuscript, we report the application of the method by
estimating cannabinoids in plasma from six subjects.

3. Results
3.1. LC-MS/MS assay

THC and CBD have a molecular weight of 314.45 g mol~1 and show a similar precursor to
product ion transitions (314=>123, 193, and 259). We evaluated several mobile phases and
C18 analytical columns and found that the current approach provided adequate separation of
the two major constituents (THC and CBD) of marijuana. The retention time (RT) for THC-
D3, 11-OH THC, and THC-COOH was 2.4, 1.4, and 1.6 min, respectively. THC eluted at 2.4
and CBD at 1.6 min. The mean deviation in RT over the six validation runs for all the
analytes was less than 0.5%. Carryover inspected by two successive double blank injections
after HQC sample was not significant (<0.05%). Limit of detection for the method was
found to be ~0.78 ng mI~L. The precursor and product ions used in the assay (Table 1) were
found to be in agreement with the fragmentation proposed previously [20].

3.1.1. Specificity and sensitivity—No interference was visually observed at the
retention time of analytes in blank plasma extracted from seven different donors. An LLOQ
of 1.56 ng mL~1 was achieved for all analytes, and a chromatogram of an extracted LLOQ is
shown in Fig. 2.

3.1.2. Precision and accuracy—An eight-point calibration curve (Fig. 3) from a range
of 1.56 to 100 ng mL~ was fitted with quadratic regression and correlation coefficient (r2)
was >0.99 for all the analytes while using a 1/x2 weighting factor. Deviations in calibrators
and QC samples were less than 10% of nominal concentrations for all of the compounds.
The accuracy of the assay for different analytes was between 85.94 to 113.01% of their
nominal values for calibrators (Table 2) and between 93.48 to 103.6% for inter-run QCs
(Table 3).

3.1.3. Recovery and stability—The extraction recovery of the method for all analytes in
the assay ranged from 92.24-99.90% (Table 4). Stability of the method was assessed at LQC
and HQC for all the analytes (n=3). Bias for auto-sampler, freeze-thaw, bench-top and short-
term stability ranged from —4.40 to 13.72% (Table 5).

3.1.4. Phospholipids and matrix effect—Most of the phospholipids eluted after the
analytes. However we noticed some overlap for THC (Fig. 4). Post-column infusion showed
that there was some degree of suppression at the RT of THC and THC-D3 (Fig. 5). Though
THC and THC-D3 elution may have slightly overlapped with one of the phospholipids (Q1
m/z 496), any suppressive effect was normalized when analyte/IS area was calculated.

3.1.5. Effect of different anticoagulants—Although the method was validated with
blank plasma collected with potassium-EDTA, as part of method adaptability, the effect of
various anticoagulants on the extraction of analytes spiked at HQC was studied. We found
that variability of results among sodium heparin and sodium fluoride-potassium oxalate was
less than + 15% as compared to potassium-EDTA (Table 6). The results from sodium
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heparin were found to be closer to potassium-EDTA than sodium fluoride-potassium
oxalate.

3.2. Application of the assay for quantification of cannabinoids in human plasma

The assay was successfully applied for quantification of cannabinoids in plasma from six
subjects (Table 7). Traces of THC-COOH was quantified in all subjects while THC was only
detected in the plasma of three subjects. CBD was not detected in any of the samples, and
11-OH THC was found in only two subjects. Chromatogram of cannabinoids that was
quantified in plasma from one self-reported cannabis user is shown in Fig. 6.

4. Discussion and conclusion

Previously reported methods for quantification of cannabinoids in human plasma and serum
rely on tedious, multi-step liquid-liquid extraction or solid-phase extraction techniques. We
have validated a U-HPLC-MS/MS assay utilizing simple protein precipitation for extraction
of THC, CBD, 11-OH THC and THC-COOH from human plasma. The novelty of the
current assay lies in its simple extraction method, low plasma requirement, and
comparatively shorter run-time than published LC-MS/MS-based assays. Moreover, LLOQ
of the current assay for all analytes (1.56 ng mL~1) was comparable to published studies that
employed more elaborate sample preparation techniques and large plasma volume for
analysis [21-23]. Although the extraction solvent diluted the analytes, we dried the samples
after extraction and reconstituted to achieve a lower quantification range suitable for clinical
analysis. Interestingly, the method was also found to be more sensitive (LOD < 1 ng mL™1)
than some of the available methods with complex sample preparation and analysis
techniques [15, 24]. We also found that all the analytes in the study ionize well in positive
ion mode [M+H]* which was in contrast to some published reports having used negative ion
mode (M-H)~ for THC-COOH and 11-OH THC [25, 26]. This approach allowed us to
analyze all the analytes in positive ion operation mode.

Anticoagulant used for collection of plasma could influence the analysis and stability of
analytes. Scheidweiler and colleagues recently reported a long-term stability (between 6 and
9 months) study for cannabinoids depending on the anticoagulant and storage conditions
[27]. These authors concluded that for accurate quantitative analysis of THC and
metabolites, blood should be collected with sodium fluoride-potassium oxalate as an
anticoagulant and samples can be accurately quantified within 12 weeks from the collection
when stored at —20°C.

Phospholipids are responsible for endogenous matrix effects and ion suppression in the
analysis of compounds in human plasma and serum [18]. The inclusion of major
phospholipids’ transition enabled us to avoid co-elution of phospholipids of analytes and
post-column infusion allowed to find the regions of ion suppression. lon suppression in ACN
protein precipitation methods is a common drawback of such assays [19]. However, where
good separation between analytes and region of suppression is not achieved, an appropriate
internal standard should be included in the assay to account for the suppression of co-eluting
analyte.
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Additionally, we confirmed that acidic extraction conditions did not interfere with the assay
by conversion of CBD into THC. A previous study reported the unsuitability of derivatizing
reagents (Trifluoroacetic anhydride, TFAA) for quantification of cannabinoids due to the
conversion of CBD to THC under acidic conditions [28]. The suitability of our method was
investigated by extraction of plasma spiked with CBD (0, 12.5, 25, 50 and 100 ng mL™1) and
subsequent analysis using the assay described above. We found no conversion of CBD into
THC at the extraction conditions as evident from the lack of any peak for THC. Authors
speculate that low concentration of formic acid (1%) used in our method does not cause
conversion of CBD to THC.

The use of cannabis with ethanol is usually reported among fatal motor vehicle accidents,
and the detrimental effects appear to be dose-dependent [29]. A clear consensus among
different US states on the permissible THC concentration is lacking; however, 5 ng mL™1 is
commonly reported as the cutoff limit [30]. Also, estimating the time of last use of cannabis
in user is complicated due to polymorphic differences and different metabolism in frequent
versus non-frequent users. Higher plasma and urine concentration of THC metabolites were
reported in frequent marijuana users without any change in other pharmacokinetic
parameters namely, area under the curve, the volume of distribution and elimination half-
lives [31]. Sachse-Seeboth et al. found that AUC of THC in CYP2C9 *3/#*3 carriers (slow
metabolizers) was almost 3-fold higher than *1/*1 carriers (fast metabolizers), suggesting
the faster metabolism and clearance in later cases [32]. Huestis’ group at National Institute
on Drug Abuse has developed several models for prediction of the last cannabis use from
THC and THC/THC-COOH ratio [33, 34]. Therefore, two additional metabolites of THC
(11-OH THC and THC-COOH) are frequently quantified along with THC. Similar to THC,
the primary metabolite 11-OH-THC, has a short half-life in blood but in contrast, THC-
COOH remains in circulation from days to weeks because of its longer half-life [35]. Cut off
concentration of THC-COOH metabolite (15 ng mL™1) is well within the range of currently
established method [36].

The application of the proposed method for analysis of clinical samples was examined by
quantification of cannabinoids in human plasma. We could detect THC in three subjects who
had self-reported use of marijuana. Since the blood collection was not part of a controlled
study, the authors have no information on the time of last use or the concentration of THC
present in marijuana. However, the presence of THC-COOH, which is a long half-life
metabolite of THC, supported the frequent use of cannabis by all the subjects [37].

Overall, a simple protein precipitation method for extraction of analytes of interest presents
a fast and economical tool for quantitative analysis of cannabinoids. The method was
applied successfully for quantification of all the analytes relevant to study THC exposure in
plasma and can be easily adapted for similar pharmacokinetic studies in human.
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Fig. 1.

A schematic diagram of A%-tetrahydrocannabinol (THC) metabolism in humans.

CYP: Cytochrome P450; UGT: uridine diphosphate-glucuronosyltransferase, values of
xLogP3 were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/)
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Calibration curves for different cannabionoids; data represent mean + SD of six validation

runs.
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column.
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Fig. 6.
Representative chromatogram of cannabinoids quantified in plasma from one self-reported
cannabis user study volunteer.
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Extraction recovery of different analytes expressed as a percentage.

LQC (%) MQC (%) HQC (%)
AS-THC 93761520 99.90+0.24  92.24+1.36
CBD 96.2843.72 99.68+1.92 94.81+0.67
11-OH A%THC  96.58+3.73 99.56+0.76 95.700.71
AS-THC-COOH  97.45%169 96.96+251  92.37+0.69

LQC-6.25 ng mL™L, MQC-25 ng mL™1, HQC-75 ng mL~1, n=3
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Table 6

Anticoagulant effect on bias and variability studied at HQC level.

Sodium Heparin

Potassium-EDTA

Sodium fluoride-potassium
oxalate

%Bias  0.02 -0.02 -6.65
A%-THC

%CV 477 2.29 13.28

%Bias -11.06 -0.01 5.02
CBD

%CV  9.44 5.93 13.34

%Bias -13.05 0.01 3.90
11-OH A%-THC

%CV  9.79 171 10.67

%Bias —4.87 0.01 9.66
AS-THC-COOH

%CV  6.73 6.44 12.7

%Bias calculated with respect to potassium-EDTA, n=3
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Concentration of cannabinoids estimated in human plasma from six self-reported cannabis users.

Table 7

A-THC CBD 11-OH A%-THC  A%-THC-COOH
Subject1 <LLOQ <LLOQ <LLOQ 9.80
Subject2  3.18 <LLOQ 347 35.25
Subject3  <LLOQ <LLOQ <LLOQ 8.40
Subject4 <LLOQ <LLOQ <LLOQ 6.28
Subject5  2.55 <LLOQ 1.69 24.07
Subject6 2.34 <LLOQ <LLOQ 4451

<LLOQ represent concentrations below lower limit of quantification, Concentrations in ng mL~1
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