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Abstract

Co-exposure to tobacco and marijuana has become common in areas where recreational 

marijuana use is legal. To assist in the determination of the combined health risks of this 

co-exposure, an analytical method capable of simultaneously measuring tobacco and marijuana 

metabolites is needed to reduce laboratory costs and the required sample volume. So far, no such 

analytical method exists. Thus, we developed and validated a method to simultaneously quantify 

urinary levels of trans-3′-hydroxycotinine (3OH-COT), cotinine (COT), and 11-nor-9-carboxy-Δ9-

tetrahydrocannabinol (COOH-THC) to assess co-exposure to tobacco and marijuana. Urine (200 

μL) was spiked with labelled internal standards and enzymatically hydrolyzed to liberate the 
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conjugated analytes before extraction using solid-supported liquid-liquid extraction (SLE) with 

ethyl acetate serving as an eluent. The target analytes were separated on a C18 (4.6 × 100 mm, 

5 μm) analytical column with a gradient mobile phase elution and analyzed using tandem mass 

spectrometry with multiple reaction monitoring of target ion transitions. Positive electrospray 

ionization (ESI) was used for 3OH-COT and COT, while negative ESI was used for COOH-THC. 

The total run time was 13 min. The extraction recoveries were 18.4–23.9 % (3OH-COT), 65.1–

96.8 % (COT), and 80.6–95.4 % (COOH-THC). The method limits of quantification were 5.0 

ng/mL (3OH-COT) and 2.5 ng/mL (COT and COOH-THC). The method showed good accuracy 

(82.5–98.5 %) and precision (1.22–6.21 % within-day precision and 1.42–6.26 % between-day 

precision). The target analytes were stable for at least 144 h inside the autosampler (10 °C). The 

analyses of reference materials and 146 urine samples demonstrated good method performance. 

The use of a 96-well plate for preparation makes the method useful for the analysis of large 

numbers of samples.
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1. Introduction

Tobacco and cannabis (marijuana) are among the world’s most used psychoactive 

substances. A common method for consumption of these substances is smoking [1]. Their 

smoke contains hundreds of chemical constituents, including carbon monoxide, volatile 

organic chemicals, polycyclic aromatic hydrocarbons, and alkaloids or cannabinoids [2]. 

In addition to smoking, smokeless consumption of tobacco (e.g., chewing tobacco, snuff, 

and dissolvable tobacco products) and marijuana (e.g., marijuana edibles) is increasingly 

common [3,4]. Because alkaloids in tobacco plants and cannabinoids in cannabis plants are 

present in large amounts [3,5], regardless of how they are consumed, measuring alkaloid- 

or cannabinoid-derived chemical markers in biospecimens is a typical way to assess human 

exposure to tobacco and marijuana smoke or products.

Nicotine is the principal tobacco alkaloid, accounting for 1.5 % (wt) of tobacco in cigarettes 

from the United States (US) [6]. Approximately 95 % of the alkaloid fraction is nicotine. 

Upon entering the human body, 70–80 % of nicotine is metabolized to cotinine (COT) 

and then to trans-3′-hydroxycotinine (3OH-COT) [3]. Both compounds are conjugated 

and excreted as glucuronide-bound metabolites in urine. Typically, COT glucuronide and 

3OH-COT glucuronide account for 12–17 % and 7–9 % of the nicotine dose, respectively. 

The free form COT and 3OH-COT accoimt for 10–15 % and 33–40 %, respectively [7]. The 

half-lives of 3OH-COT and COT in urine are about 6 and 16 h, respectively [3,8]. Although 

ethnic differences affect the clearance rate of cotinine [9], COT and 3OH-COT have 

commonly been used as biomarkers of tobacco smoke exposure [3,10]. Among marijuana 

cannabinoid compounds, Δ9-tetrahydrocannabinol (Δ9-THC) is a major constituent and 

provides psychoactive effects [11,12]. The average amount of Δ9-THC in dried marijuana 

has increased from 6.0 % in 2008 to 9.4 % in 2017 (wt) [5]. Δ9-THC is metabolized to 
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the psychoactive 11-hydroxy-THC (OH-THC), which subsequently oxidizes to form the 

inactive 11-nor-9-carboxy-Δ9-tetrahydrocannabinol (COOH-THC). For a given dose, about 

80–90 % of Δ9-THC is metabolized and excreted alongside its metabolites within 5 days 

in feces (>65 %) and urine (20 %) [13,14]. Among the major metabolites, OH-THC is 

found predominantly in feces, whereas COOH-THC glucuronide is a primary metabolite in 

urine. Δ9-THC has an elimination half-life of 1–3 days in occasional users and 5–13 days in 

chronic users [12,13,15]. COOH-THC is regarded commonly as the most suitable biomarker 

for determining human exposure to marijuana smoke [11,16].

Co-use of tobacco and marijuana products via smoking is common [17,18]. In the US, 

~5.2 % of adults who participated in the 2011–2012 National Survey on Drug Use and 

Health (NSDUH) reported co-use of tobacco and marijuana. The US prevalence of co-use 

has increased, with a higher prevalence found in specific demographic groups (i.e., males 

26–34 years, and African Americans) [18]. Among US youth (12–17 years old), 5.4 % were 

reported as tobacco and marijuana co-users in the 2013–2014 NSDUH [19]. Cohn, et al., 

reported ~ 21 % of US adult participants aged 18–24 years in their study were tobacco and 

marijuana co-users [20]. Co-use of tobacco and marijuana products increases the risk of 

addiction and mental illnesses [21]. In addition, co-use of tobacco and marijuana products 

during pregnancy was associated with smaller head circumference and higher occurrence of 

birth defects among newborns [22]. Another study found that infants born from co-using 

mothers had lower self-regulation and attention scores on the Neonatal Intensive Care 

Unit Network Neurobehavioral Scale [23]. Because tobacco smokers who increased their 

marijuana use had poorer smoking cessation outcomes than non-cannabis using smokers 

[24], co-users of tobacco and marijuana products are more likely to experience long-term 

health effects from both substances.

Many epidemiologic studies failed to assess the health effects of tobacco and marijuana co-

exposure at the population level because they relied on self-reported exposure data [25]. To 

assess the exposure magnitude of tobacco-marijuana smoke accurately, specific biomarkers 

must be measured in the same biological matrices. Traditionally, this was accomplished 

by analyzing either tobacco or marijuana biomarkers separately using a different method 

in a given biospecimen. Several methods have been developed for the analysis of these 

biomarkers in urine and serum [10,16,26,27]. Currently, no reported analytical method exists 

that is capable of measuring tobacco and marijuana biomarkers together in any biological 

samples. Running separate analytical methods to measure tobacco and marijuana biomarkers 

has several disadvantages as it increases laboratory and labor costs, is time-consuming, and 

requires more sample volume. Thus, analytical methods that are able to measure tobacco- 

and marijuana- specific biomarkers simultaneously in one biospecimen are advantageous. 

Such methods can offer high-throughput analysis and will be useful for epidemiologic 

investigations where many samples must be analyzed in a short timeframe.

This study aimed to develop an analytical method for the simultaneous quantification of 

urinary 3OH-COT, COT, and COOH-THC and demonstrate its utility using samples from an 

African American maternal-child cohort in Atlanta. The method uses liquid chromatography 

coupled with electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) and 

Yakimavets et al. Page 3

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2023 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



utilizes a rapid and efficient extraction procedure for measuring these biomarkers in samples 

with good precision, accuracy, and efficiency.

2. Materials and methods

2.1. Chemicals and reagents

3OH-COT (1.0 mg/mL in methanol), COT (1.0 mg/mL in methanol), COOH-THC (1.0 

mg/mL in methanol), 3OH-COT-D3 (100 μg/mL in methanol), and COOH-THC-D9 (100 

μg/mL in methanol) were purchased from Cerilliant (Round Rock, Texas, USA). Isotopically 

labeled COT (2′,3′,4′−13C3) (100 μg/mL in water) was purchased from Cambridge Isotope 

Laboratories (Tewksbury, MA, USA).

β-glucuronidase/sulfatase (enzyme) from Helix pomatia, H1 was purchased from Sigma 

Life Sciences (St. Louis, MO, USA). Ammonium acetate was purchased from Alfa 

Aesar (Haverhill, MA, USA). Glacial acetic acid was obtained from Mallinckrodt (United 

Kingdom). HPLC grade ethyl acetate and methanol were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). HPLC-grade acetonitrile was purchased from Honeywell 

Burdick & Jackson (Muskegon, MI, USA). Water was purified using an EMD Millipore 

Milli-Q Ultrapure water system (Burlington, MA, USA). Standard reference materials (SRM 

3672, 3673, and 1507b) were purchased from the National Institute of Standards and 

Technology (NIST) (Gaithersburg, MD, USA). Proficiency testing materials were purchased 

from the German External Quality Assessment Scheme (G-EQUAS materials 18A and 18B) 

(Erlangen, Germany).

2.2. Enzymatic digestion procedure

Enzyme solution was prepared by adding enzyme to 0.5 M ammonium acetate buffer (pH 

5.1) solution to yield a concentration of 20,000 units/mL. A 100 μL aliquot of this enzyme 

solution was added to the samples before incubating at 37 °C overnight to deconjugate the 

target analytes. The enzymatic digestion procedure was performed according to the method 

of McGuffey, et al. [28], with a slight modification of the enzyme concentration (2000 units 

in our study vs 1600 units per sample).

2.3. Preparation of calibration, quality control, and labeled internal standard solutions

Calibration solutions were prepared by mixing stock solutions of the target analytes and 

diluting with methanol:Milli-Q water (40:60, v/v) to yield standard solutions with the 

following concentrations: 20,000, 10,000, 5,000, 2,000, 1,000, 500, 200, 100, 50, 20,10, 

5, and 2 ng/mL. Quality control (QC) solutions were prepared by mixing stock solutions of 

the target analytes and diluting with methanol:Milli-Q water (40:60, v/v) to yield four QC 

solutions at 8,000, 5,000, 500, and 50 ng/mL for 3OH-COT and COT and at 16,000, 5,000, 

500, and 50 ng/mL for COOH-THC, respectively. Labeled internal standard (IS) solution 

was prepared by mixing labeled analogue stock solutions and diluting with methanol: Milli-

Q water (40:60, v/v) to yield a labeled IS solution (concentration: 2,000 ng/mL).

Yakimavets et al. Page 4

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2023 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4. Collection of non-smoker urine

Urine samples were anonymously collected front self-identified non-smoking individuals, 

pooled, and used as a matrix for calibrants, QCs, and matrix blanks. The pooled non-smoker 

urine was screened to confirm the absence of the target analytes using the developed 

method.

2.5. Preparation of blanks, calibrants, and quality control samples

To prepare the matrix blank sample, an aliquot of 100 μL pooled non-smoker urine was 

mixed with 50 μL of labeled IS solution and 150 μL of Milli-Q water. For the solvent blank 

sample, 250 μL of Milli-Q water was mixed with 50 μL of labeled IS solution. To both blank 

samples, 100 μL of enzyme solution was added and mixed, resulting in a final volume of 

400 μL prior to the overnight incubation.

To prepare calibrants and QC samples, 100 μL of pooled non-smoker urine was spiked 

with 50 μL of labeled IS solution, 100 μL of the corresponding calibration or QC solution, 

and 50 μL of Milli-Q water. To these samples, 100 μL of enzyme solution was added and 

mixed well, resulting in a total volume of 400 μL. The amounts of target analytes for all 

calibrants that were used during method development were: 0.20, 0.50, 1.0, 2.0, 5.0, 10, 

20, 50, 100, 200, 500, 1,000, and 2,000 ng (or 1.0–10,000 ng/1 mL urine). The amounts of 

3OH-COT and COT in the QC samples were: 5.0, 50, 500, and 800 ng (or 25, 250, 2,500, 

and 4,000 ng/1 mL urine). The amount of COOH-THC in the QC samples were: 5.0, 50, 

500, and 1,600 ng (or 25, 250, 2,500, and 8,000 ng/1 mL urine). The calibrants, QC, and 

blank samples underwent overnight incubation at 37 °C and extraction in a matter analogous 

to the unknown samples as described in Section 2.6. During quantification, 1/x weighted 

regression models were used for all calibration curves.

2.6. Preparation and extraction of unknown samples

Urine samples were stored at −20 °C and thawed to room temperature before analysis. 

Unknown urine (200 μL) was mixed with 50 μL of labeled IS solution and 50 μL of Milli-Q 

water. All samples underwent enzymatic digestion by adding 100 μL of enzyme solution (for 

a final volume of 400 μL) and mixing well before incubating at 37 °C overnight.

Next, the samples were loaded onto a Novum™ simplified liquid extraction Max 96-well 

(SLE) plate (Phenomenex, Torrance, CA, USA). Positive pressure (16.9 kPa) was applied for 

10 sec using a Presston 100 positive pressure manifold (Phenomenex). The SLE plate was 

left for 5 min at room temperature. Next, samples were gravity fed with 900 μL of ethyl 

acetate, twice. Positive pressure (16.9 kPa) was applied for 10 sec to push the remaining 

eluate into a collecting plate (VWR, Radnor, PA, USA) placed on the bottom of the SLE 

plate. The eluates were evaporated to dryness using a Glas-Col evaporator (Terre Haute, IN, 

USA) set to 65 °C. The samples were reconstituted with 100 μL of methanol:Milli-Q water 

(40:60, v/v). A flow chart of the sample preparation procedure is given in Fig. S1.

During sample analysis, 10 calibrants, one solvent blank, one matrix blank, duplicates of 

low-, medium-, and high-level QC samples, 78 unknown samples, and additional quality 

assurance samples were prepared and analyzed concurrently. The calibrants covered the 
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same quantification range (min–max concentrations) as those used during the method 

validation. A total of 96 samples were prepared in each batch. If the unknown samples 

had concentrations higher than the highest calibration point, they were diluted with Milli-Q 

water using either a 1:2 v/v or 1:5 v/v ratio and re-analyzed. Final concentrations were 

calculated based on the dilution factor used.

2.7. Chromatographic separation and mass spectrometric conditions

A 1260 Infinity LC (Agilent Technologies, Santa Clara, CA, USA) coupled with a triple 

quadrupole 6460 mass spectrometer (MS) (Agilent Technologies) equipped with a jet stream 

ESI source was used. The autosampler was set to 10 °C. The injection volume was 5 μL. The 

analytical column [Kinetex® EVO C18 (100 × 4.6 mm, 5 μm) (Phenomenex)] was kept at 40 

°C inside the column compartment. The mobile phase consisted of (A) 6.5 mM ammonium 

acetate, pH 5.1, and (B) acetonitrile. The detailed, stepwise, gradient elution program is 

presented in Table 1. The total runtime was 13 min. The autosampler washing program was 

applied to eliminate absorption of COOH-THC to the external surfaces of the needle. The 

autosampler washing program involved rinsing the external needle surface with a mixture 

of isopropanol (70 %, v/v): Milli-Q water: methanol (25:25:50, v/v/v) for 20 sec between 

injections.

3OH-COT and COT were analyzed in positive mode while COOH-THC was analyzed in 

negative mode. Polarity switching occurred at 5 min after the injection, where the ionization 

was changed from positive to negative mode. Multiple reaction monitoring (MRM) was 

used. The MRM transitions and MS parameters are summarized in Table 1. The MS 

conditions were set as follows: 350 °C gas temperature, 5 L/min gas flow rate, 400 °C 

sheath gas temperature, 10 L/min sheath gas flow rate, 310 kPa nebulizer pressure, 4,000 V 

capillary voltage, 800 V electron charge voltage, and 5 V collision cell voltage.

2.8. Determination of limits of quantitation

Following the US Food and Drug Administration (FDA)’s Bio-analytical Method Validation 

Guidance [29], the analyte limit of quantification (LOQ) was determined from repeat 

analysis (n = 5) of the four lowest calibrants. The lowest calibrant meeting the following 

criteria was set as the LOQ: the accuracy of 80–120 %, the precision of ± 20 %, and 

calculated concentration was ≥ 5 times than that of blank samples.

2.9. Accuracy and precision

The method accuracy and precision were assessed by analyzing replicates (n = 5) of QC 

samples for 5 consecutive days (n = 25/level). The accuracies were calculated by dividing 

the grand means of observed concentrations by the expected concentration [30] and then 

expressed as percentage values. Within-day and between-day precisions were calculated 

using the values generated from a one-way analysis of variation (ANOVA) table and 

expressed as relative standard deviations (% RSD). The procedure for calculating precision 

was based on the guidelines developed by the Scientific Working Group for Forensic 

Toxicology (SWGTOX) [30].
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2.10. Extraction recoveries

Extraction recoveries were assessed using two sets of QC samples. The reference group was 

prepared by mixing pooled non-smoker urine (100 μL) with enzyme solution (100 μL) and 

Milli-Q water (200 μL) for a final volume of 400 μL. The reference group samples were 

extracted. Prior to evaporation, eluates were spiked with QC solution (100 μL) and labeled 

IS solution (50 μL). The experimental group was prepared by mixing pooled non-smoker 

urine, QC solution, and enzyme solution in the same volumes as above. Milli-Q water was 

added to yield a final volume of 400 μL. The experimental group samples were extracted. 

Before evaporation, the eluates were spiked with labeled IS solution (50 μL). All samples 

were analyzed together. In each set, three levels of QC samples were prepared in triplicate. 

The extraction recovery for each QC level was calculated by dividing the mean relative 

response ratio (RR) (the peak area of native analyte divided by the peak area of isotopically 

labeled analogue of the analyte) of the experimental group by the mean RR of the reference 

group and multiplying by 100.

2.11. Stability and carryover assessment

The autosampler stability of target analytes in urine extracts was evaluated. Replicates of 

extracted QC samples (low, medium, and high) (n = 5) were kept in the autosampler at 10 °C 

and re-injected using 0, 24, 50, 120, and 144 h time intervals. For each QC level, their RRs 

were plotted against the time intervals. The upper and lower control limits were calculated 

using the values at ± 15 % of the mean RR value observed at time zero.

To estimate the carryover, a solvent blank sample was injected immediately after the highest 

calibranl and 10 highly concentrated samples (concentration > 1000 ng/mL). The carryover 

was determined by dividing the concentration of the target analytes in the solvent blank 

sample with the concentration of the target analytes in the respective calibrant or samples 

and expressed as percentage values [30]. The percentage values were then averaged.

2.12. Matrix effects

The procedure for evaluation of matrix effects was based on the SWGTOX guideline [30]. 

To assess the matrix effects, two solvent-based QC samples (low and high levels) were 

prepared by mixing the corresponding QC solution (100 μL) and labeled IS solution (50 

μL) together. The total volume was 150uL. These solvent-based QC samples were injected 

6 times. The peak areas of the target analytes were assessed, averaged, and used as the 

reference for subsequent comparison with the matrix-based QC samples prepared from 10 

individual urine samples. Duplicates of 10 matrix-based QC samples (total n = 20) were 

prepared by mixing 200 μL of urine, 100 μL of Milli-Q water, and 100 μL of enzyme 

solution. These samples were extracted in the manner described above (see Section 2.6). 

After evaporation, one set of 10 individual samples were reconstituted with the low-level QC 

solution (100 μL) and labeled IS solution (50 μL). Another set of 10 individual samples were 

reconstituted with the high- level QC solution (100 μL) and labeled IS solution (50 μL). 

The total volume for each matrix-based QC samples was 150 μL. All samples were injected 

individually. The matrix effects were calculated per target analytes using the following 

equation:
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((Mean peak area of matrix‐based samples)/(Mean peak area of solvent‐based samples) − 1) × 100 .

The same calculation was done using the mean peak area of the isotopically labeled 

analogue of the analyte. The matrix effects were presented as percentage values.

2.13. Dilution effects

To evaluate the effects of sample dilution, a pooled non-smoker urine sample was spiked 

with stock solutions of the target analytes to yield concentrations of 7,500 ng/mL for 

3OH-COT and COT and 15,000 ng/mL for COOH-THC in a 10 mL solution. Then, the 

urine sample was diluted using a dilution ratio of 1:2 v/v and 1:5 v/v with Milli-Q water 

(i. e., 100 μL of urine mixed with 100 μL of Milli-Q water and 40 μL of urine mixed with 

160 μL of Milli-Q water). Five replicates of diluted samples (in each dilution ratio) were 

analyzed for 3 consecutive days (n = 15/each dilution ratio). The accuracies and precisions 

of these diluted urine samples were calculated as described in Section 2.9.

2.14. Quality assurance

The method performance was assessed by repeat analysis of NIST SRM 3672 (organic 

contaminants in smokers’ urine), SRM 3673 (organic contaminants in non-smokers’ urine), 

and SRM 1507b (COOH-THC in urine, 3 levels). For COT, the method performance was 

also assessed by analysis of G-EQUAS materials 18A and 18B (round 64/2019, n = 4).

2.15. Method application

The method was used to analyze 146 unknown urine samples. Urine samples were 

collected from pregnant African American women who enrolled in the Atlanta African 

American Maternal-Child Cohort [31]. Participants were recruited from prenatal clinics 

affiliated with Grady Memorial Hospital and Emory University Hospital Midtown in 

Atlanta, Georgia. Urine samples were collected at clinic visits (8–14 weeks and 24–30 

weeks gestation) and at home (20–24 weeks gestation) to assess environmental chemical 

exposures, including tobacco and marijuana smoke. The urine samples analyzed in this 

study were a random subset of those collected during the home visit. Socio-demographic, 

health survey, and clinical data were also collected. Subjects provided informed consent 

before data and biological sample collections. The study was approved by the Emory 

University Institutional Review Board and the Grady Memorial Hospital Research Oversight 

Committee (IRB00068441).

2.16. Data analysis

The data were processed and statistically analyzed using Microsoft Excel 2019 (Microsoft 

Corporation, Redmond, WA, USA). Prior to descriptive data analysis of the target analyte 

concentrations, the concentrations below the LOQ were assigned a value equal to the 

LOQ/ 2 [32]. For the urinary data analysis of tobacco metabolites, the total number of 

samples was 146. The total number of samples for the urinary data analysis of marijuana 

metabolites was 145 because one subject was excluded due to missing self-report usage 

information. In addition, the sensitivity and specificity values of urinary 3-OH-COT, COT, 
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and COOH-THC biomarkers were calculated using a 2×2 contingency table constructed 

using detection results (detected/not detected) (predictor) and self-report usage data (yes/no) 

(outcome).

3. Results

3.1. Sample extraction and chromatographic separation conditions

Ethyl acetate was used to extract the target analytes from the SLE sorbent. For all the 

concentrations tested, the extraction recoveries ranged from 18.4 to 23.9 % for 3OH-COT, 

65.1 to 96.8 % for COT, and 80.6 to 95.4 % for COOH-THC (Fig. S2). Chromatographic 

separation was achieved. Typical chromatograms of the blanks, lowest calibrant, and 

unknown urine samples are shown in Fig. 1.

3.2. Calibration curves, quantification ranges, and LOQs

The calibration curves for 3OH-COT and COT consisted of 12 calibrants and covered a 

quantification range of 5.0–5,000 ng/mL and 2.5–5,000 ng/mL, respectively. Both curves 

were best fitted with a quadratic regression equation, with average correlation coefficient 

values (R2) greater than 0.999 (n = 5 curves). The average agreement between the observed 

and expected concentrations across the calibration curve was 95.9 % and 94.6 % for 3OH-

COT and COT, respectively.

Two calibration curves were used for COOH-THC quantification. A nine-point calibration 

curve fitted with a linear regression equation, covering a concentration range of 2.5–500 

ng/mL was used to quantify low and medium COOH-THC levels. The average R2 was 

greater than 0.996 (n = 5). Another six-point calibration curve fitted with a quadratic 

regression equation, covering a range of 250–10,000 ng/mL was used to quantify high 

COOH-THC levels (above 500 ng/mL) (Fig. S3). The average R2 was greater than 0.991 (n 
= 5). The average agreement between the observed and expected concentrations across the 

calibration curve was 93.8 % and 99.2 % for the low and medium COOH-THC levels and 

high COOH-THC levels, respectively.

For all target analytes, the background concentrations were at least 5 times lower than the 

LOQ and did not greatly affect the calibration curve accuracies. The LOQs for 3OH-COT, 

COT, and COOH-THC were 5.0 ng/mL, 2.5 ng/mL, and 2.5 ng/mL, respectively.

3.3. Method performance

For all target analytes, the accuracies of the method ranged from 82.5 to 98.5 %. The 

within-day %RSDs were 1.22–6.21 %, while the between-day %RSDs were 1.42–6.26 

%. For NIST material analysis, the reported concentrations were in a range of 86.3–95.3 

% of the certified values for all target analytes. For COT, the reported concentrations in 

G-EQUAS 18A and 18B materials were 392 ng/mL and 909 ng/mL, respectively, which 

were well within the acceptable ranges (18A acceptable range: 355.0–540.4 ng/mL and 

18B acceptable range: 840.2–1165.4 ng/mL). Table 2 shows the accuracies, precisions, and 

results of NIST and G-EQUAS material analyses.
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3.4. Autosampler stability, matrix effects, dilution effects, and carry-over

The target analytes were stable in the extracts for up to 144 h when stored inside the 

autosampler at 10 °C. The RR of each analyte per concentration tested was ± 15 % of the 

average RR obtained at time zero (Fig. S4).

Matrix effects were observed for all analytes. The calculated ion suppression percentages 

for the native 3OH-COT, COT, and COOH-THC were in a range of −2.4 to 0.0, −1.6 to 

−0.4, and −18.3 to −11.7, respectively. The calculated ion suppression percentages for the 

labeled 3OH-COT, COT, and COOH-THC were in a range of −1.4 to −0.2, −1.3 to −0.3, and 

−20.0 to −11.6, respectively. The calculated percent coefficient of variation (%CVs) of the 

suppression for all analytes were in a range of 0.4–7.9 %.

In the dilution effects study, the accuracies for the 1:5 v/v diluted samples were 102.2 % for 

3-OH-COT, 92.0 % for COT, and 97.9 % for 3OH-COT. The 1:5 v/v diluted samples had 

precisions ranging from 1.79 to 2.83 % (within-day) and 2.35 to 4.67 % (between-day). For 

the samples with the dilution ratio of 1:2 v/v, the accuracies were 106.9 % for 3OH-COT, 

96.9 % for COT, and 91.6 % for 3OH-COT. The precisions for the 1:2 v/v diluted samples 

were in the range of 1.85–4.32 % (within-day) and 2.00–8.22 % (between-day) for all 

compounds.

Initially, carryover was observed for COOH-THC and was calculated to be approximately 

0.25 %. To eliminate the carryover likely caused by absorption of COOH-THC to the 

external surfaces of the needle, an autosampler washing program was developed and applied. 

We found that rinsing the external needle surface with a mixture of isopropanol (70 %, v/v): 

Milli-Q water: methanol (25:25:50, v/v/v) for 20 sec between injections was able to reduce 

the carryover concentration of COOH-THC to negligible concentrations (<LOQ).

3.5. Sample analysis

Of the total urine samples analyzed, detection frequencies for 3OH-COT, COT, and 

COOH-THC were 63.7 % (93 samples), 64.4 % (94 samples), and 36.6 % (53 samples), 

respectively. All three target analytes were detected in 51 samples (34.9 %). The 

concentration ranges of 3OH-COT, COT, and COOH-THC were < LOQ-30,194 ng/mL 

(geometric mean, 35.8 ng/mL), <LOQ-9,448 ng/mL (geometric mean, 15.1 ng/mL), and < 

LOQ-4,615 ng/mL (geometric mean, 6.9 ng/mL), respectively. When the data were analyzed 

based on self-reported usage information, among the self-identified non-tobacco smokers, 

57.9 % had detectable levels of urinary 3OH-COT and COT with geometric means values 

of 19.0 and 8.3 ng/mL, respectively. Additionally, among the individuals reported as non-

marijuana users, 22.0 % of these subjects had detectable levels of urinary COOH-THC with 

a geometric mean value of 4.1 ng/mL. Urinary 3OH-COT and COT were detected in 92 and 

96 % (23 of 25 and 24 of 25) of subjects who reported smoking tobacco, respectively. The 

geometric mean values of urinary 3OH-COT and COT concentrations from tobacco users 

were 754.1 and 270.8 ng/mL, respectively. Urinary COOH-THC was detected in 80.6 % 

(29 of 36) of subjects who reported using marijuana sometime during the last month. Their 

urinary COOH-THC geometric mean concentration was 34.2 ng/mL. Additional data are 

shown in Table 3. In addition, the sensitivity values for 3-OH-COT, COT, and COOH-THC 
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were 92, 96, and 81 %, respectively. The specificity values for 3-OH-COT, COT, and 

COOH-THC were 42, 42, and 78 %, respectively.

4. Discussion

We developed a high-throughput method to quantify urinary 3OH-COT, COT, and COOH-

THC simultaneously to assess co-exposure to tobacco and marijuana products. Traditionally, 

these urinary metabolites have been measured using separate methods because they contain 

distinctive functional groups that dictated how efficiently they were extracted from samples 

and how they ionized during MS analysis. 3OH-COT and COT are highly polar basic 

compounds. They are usually extracted and analyzed in one method using positive mode ESI 

[26]. Conversely, COOH-THC is typically extracted and analyzed separately using a method 

with negative mode ESI [27]. Therefore, the advantages of using this method are reduced 

sample volume, personnel and supply costs, and sample preparation and analysis time. This 

method can be utilized in laboratories to support high-throughput, large-scale studies where 

available sample volume is limited.

Our results demonstrate that it is practical to use ethyl acetate to extract all analytes in urine 

using SLE. Urine is typically regarded as the preferred biospecimen for assessing tobacco 

or marijuana use primarily because 3OH-COT, COT, and COOH-THC are present in higher 

concentrations in urine than in other biological matrices [10,11]. In addition, urine sample 

collection is relatively easy and is not invasive. During the analysis of the target compounds, 

the MS was operated alternatively in positive and negative ESI mode. Polarity switching 

can only be applied when the target analytes (of a different ionization mode) are eluted 

from the column at least one minute apart to allow ionization stabilization. This requires 

proper selection of analytical columns and mobile phase. To our knowledge, this is the 

first method reported to measure 3OH-COT, COT, and COOH-THC simultaneously using 

SLE-LC-MS/MS.

In our method, SLE was used instead of traditional liquid-liquid or solid-phase extraction. 

In addition, the method used isotope dilution quantification, which corrects for extraction 

recovery in each sample. SLE permits the use of small volumes of urine (200 μL) and 

organic solvents (1.8 mL). The 96-well plate format allowed 78 unknown samples to be 

processed at a time given our QC protocol. Typically, SLE works best when targeted 

analytes are in their neutral forms. However, we found that sample pH adjustment using 

acetic acid or ammonium hydroxide led to unsatisfactory recoveries. Therefore, we chose to 

use the initial pH (5.1) after enzymatic digestion as a compromise, which resulted in better 

extraction recoveries for both COT and COOH-THC. SLE was found to be more suitable 

for COOH-THC and COT, which are less polar compounds. For the most polar analyte, 

3OH-COT, extraction recoveries were low. Low extraction recoveries of 3OH-COT in urine 

were observed in previous studies [33,34]. Despite low extraction recovery of 3OH-COT, 

the method demonstrated sufficient sensitivity during MS analysis and the use of isotope 

dilution allows for the automatic correction for recovery thus preserving the integrity of 

the quantitative value. Although assessing tobacco exposure can be adequately done using 

the concentrations of COT alone, concentrations of 3OH-COT will permit the evaluation of 

the associated toxicity of tobacco modified by the individual genetic polymorphisms [3,35]. 
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Thus, inclusion of 3OH-COT as one of the target analytes in the method has advantages for 

epidemiological studies.

The LOQ, method accuracy and precision, matrix effects, dilution effects, and autosampler 

stability were evaluated during the method validation. All of the studied parameters yielded 

satisfactory results. Within-day precisions and between-day precisions for all analytes were 

within ± 15 and ± 20 % RSD, as suggested by FDA and SWGTOX guidelines [29,30]. The 

accuracies for all analytes were acceptable according to the SWGTOX guidelines (±20 % 

of nominal concentrations). Minimal matrix effects were observed for 3OH-COT and COT. 

For COOH-THC, a higher degree of ion suppression was observed. It should be noted that 

each mine sample is unique and contains different concentrations of matrix compounds, thus 

the results may not reflect the matrix effects possibly happening in all unknown samples. 

However, because the method used the isotope dilution technique, matrix effects were 

adequately controlled for. The average ionization suppression did not exceed 25 % and the 

calculated %CVs of the suppression were lower than 15 % for all target analytes [30]. 

Thus, no further modification was required to overcome these matrix effects. In addition, the 

dilution integrity results were acceptable for all target analytes, with accuracy values ranging 

within ± 15 % of nominal concentration and precision values ranging within ± 15 % RSD 

[29].

The analysis of NIST samples indicates that the method has good performance and can 

produce accurate results (±20 % of the reference values). The analysis of G-EQUAS samples 

demonstrated that the method produced results comparable to laboratories that participated 

in the same proficiency testing program.

3OH-COT, COT, and COOH-THC were stable for at least 144 h in the autosampler at 10 

°C. Long-term and freeze–thaw storage stabilities were not assessed because they have been 

investigated by other laboratories. In general, total COOH-THC and COT are stable in urine 

up to 1 year of storage at −20 °C [36,37]. COT and 3OH-COT and their glucuronides are 

stable in urine through 6 freeze–thaw cycles [38]. In addition, urinary COOH-THC and 

COOH-THC-glucuronide are stable through 3 freeze–thaw cycles [39].

In this method, the LOQs for 3OH-COT, COT, and COOH-THC were 5.0, 2.5, and 2.5 

ng/mL, respectively. To analyze the target compounds in a wide range of concentrations, 

the calibration curves had dynamic concentration ranges greater than 1000-fold, resulting 

in lower accuracies for the low concentration calibrants. Accordingly, the LOQs were high 

for 3OH-COT and COT. However, lower LOQs could be achieved for 3OH-COT and COT 

by narrowing the concentration range of their calibration curves. Splitting the calibration 

curve for COT into two curves (1–100 ng/mL and 100–5000 ng/mL) would have resulted 

in an LOQ of 1 ng/mL for COT (Fig. S5). According to the literature, the LOQs for 

3OH-COT, COT, and COOH-THC were in the range of 0.5–9.5, 0.2–5.0, and 1.0–10 ng/mL, 

respectively [26,27,40,41]. These LOQs are applicable for analyzing urine samples obtained 

from active and passive tobacco and marijuana users. According to the Substance Abuse and 

Mental Health Services Administration, the cut-off value in confirmatory tests of COOH-

THC is set to 15 ng/mL in urine [42]. The cut-off value for urinary COT, proposed by 

different studies, varies from 40.5 to 91.7 ng/mL [43,44]. The cutoff for urinary 3OH-COT 
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was reported to be 128.0 ng/mL for the U.S. population [43]. Thus, based on the current 

LOQ, our method is sensitive enough to assess exposure to tobacco smoke among active 

smokers and passive-smokers as well as to assess co-exposure to tobacco and marijuana 

products via smoking.

This method used quadratic calibration models for quantification of 3OH-COT, COT, and 

higher concentrations of COOH-THC. Although linear calibration models are often used for 

quantification of urinary tobacco and marijuana metabolites in previous methods, quadratic 

calibration models are also applicable for quantitative analysis of urinary biomarkers 

[30,45]. When using the quadratic calibration models, urine samples must be diluted and 

re-extracted for analysis if the concentration of the target analytes in analyzed sample 

exceeded the highest calibrants.

The method was used to analyze urine samples obtained from pregnant African American 

women residing in the Atlanta metropolitan area. This method was developed specifically 

to evaluate this population because of their high self-report of marijuana use. Tobacco 

and marijuana metabolites were detected in 35 % of the samples, suggesting coexposures 

to tobacco and marijuana smoke. The observed wide range of metabolite concentrations 

indicate that these pregnant women are exposed to tobacco and marijuana products as 

active and passive users. Based on previous studies, pregnant women who were active 

tobacco users had urinary COT in a range of 19 to 28,020 ng/mL or greater than 100 

ng/mL [46,47]. In one study, active marijuana users had measured urinary COOH-THC 

levels in a range of 34 to 6,330 ng/mL [48]. These values noted in our investigation were 

comparable to concentrations of those who reported themselves as active users. Thus, it is 

evident that our method can be used to assess tobacco-marijuana exposures by measuring 

the concentrations of both tobacco and marijuana biomarkers. Based on our results, urinary 

COT and COOH-THC are excellent biomarkers that can be used to indicate exposure to 

tobacco and marijuana products or smoke. Urinary 3-OH-COT, COT, and COOH-THC have 

high sensitivity (>81 %) in indicating active users. Although poor specificity (42 %) was 

noted for 3OH-COT and COT in our study, it can easily be explained. Poor specificity 

was likely a result of either passive exposure or non-concordant self-report of tobacco 

use. Therefore, to assess exposures to tobacco and marijuana accurately and reliably, 

urinary biomarker measurements should be used, instead of self-report data collection. 

Moreover, recent studies among pregnant women suggest that tobacco and marijuana use are 

under-reported [49,50]. Thus, a method capable of detecting urinary tobacco and marijuana 

metabolites has important epidemiologic applications.

5. Conclusion

We developed a robust LC-MS/MS method that allows the simultaneous quantification of 

the principal tobacco and marijuana metabolites: 3OH-COT, COT, and COOH-THC. The 

method was fully validated and is suitable for the analysis of urine samples for assessing 

co-exposure to tobacco and marijuana products.
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%RSD relative standard deviations

SWGTOX Scientific Working Group for Forensic Toxicology

RR relative response

R2 correlation coefficient

%CV percent coefficient of variation
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Fig. 1. 
Typical chromatograms of trans-3′-hydroxycotinine (A), cotinine (B), and 11-nor-9-

caiboxy-Δ9-tetrahydrocannabinol (C) obseived in solvent blank (1), lowest calibrant (2), and 

unknown mine samples (3). Note: The concentrations of trans-3′-hydroxycotinine, cotinine, 

and 11-nor-9-carboxy-Δ9-tetrahydrocannabinol in unknown samples are 22.2 (A3), 10.5 

(B3), and 11.3 ng/mL (C3), respectively.
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Table 3

Descriptive data for trans-3′-hydroxycotinine (3OH-COT), cotinine (COT), and 11-nor-9-carboxy-Δ9-

tetrahydrocannabinol (COOH-THC) concentrations measured in urine samples collected from pregnant 

African American women participants in the Atlanta area.

Analyte Descriptive item All subjects Self-report user Self-report non-user

3OH-COT n (%) 146 (100.0) 25 (17.1) 121 (82.9)

Positive samples (%) 93 (63.7) 23 (92.0) 70 (57.9)

Geometric mean, ng/mL 35.8 754.1 19.0

50th percentile, ng/mL 16.0 1393.4 10.0

Range (min–max), ng/mL <LOQ-30194 <LOQ-21068 <LOQ-30194

COT n (%) 146 (100.0) 25 (17.1) 121 (82.9)

Positive samples (%) 94 (64.4) 24 (96.0) 70 (57.9)

Geometric mean, ng/mL 15.1 270.8 8.3

50th percentile, ng/mL 6.7 480.2 3.9

Range (min–max), ng/mL <LOQ-9448 <LOQ-9448 <LOQ-1957

COOH-THC n (%) 145 (100.0) 36 (24.8) 109 (75.2)

Positive samples (%) 53 (36.6) 29 (80.6) 24 (22.0)

Geometric mean, ng/mL 6.9 34.2 4.1

50th percentile, ng/mL <LOQ 29.3 <LOQ

Range (min–max), ng/mL <LOQ-4615 <LOQ-4615 <LOQ-771

Note: LOQ = limit of quantification: 5 ng/mL for 3OH-COT, 2.5 ng/rnL for COT and COOH-THC. For the urinary data analysis of tobacco 
metabolites, the total number of samples was 146. The total number of samples for the urinary data analysis of marijuana metabolites was 145 
because one subject was excluded due to missing self-report usage information. Self-report user information was collected based on the following 
questions: 1) Have you smoked cigarettes or cigars?, 2) During the last month, have you smoked marijuana?
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