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Abstract

Heterocyclic aromatic amines (HCAA) are listed by the US Food and Drug Administration (FDA)
as harmful or potentially harmful constituents of tobacco smoke. However, quantifying HCAA
exposure is challenging. In this study, we developed a sensitive, precise and accurate isotope
dilution, liquid chromatography-tandem mass spectrometry (LC-MS/MS) method to quantify
urinary HCAAs in smokers and nonsmokers. The high throughput robotic sample preparation
system could handle a throughput of over 300 samples per day, while maintaining intra-day and
inter-day imprecision and bias <10%. The limits of detection of carcinogenic HCAASs ranged from
0.31-0.83 pg/mL. The validated method was applied to measure HCAAs in urine collected from
smokers and non-smokers. This sensitive and efficient analytical method is ideal to support large-
scale biomonitoring studies of HCAA exposure.
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Introduction

Tobacco use is the single largest preventable cause of illness and death in the United States.
[1] Heterocyclic aromatic amines (HCAAS) comprise an important class of carcinogens
formed during combustion processes (e.g. smoking tobacco), as well as cooking meats at
high temperature (see Electronic Supplementary Material Figure S-1).[2-4] The
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International Agency for Research on Cancer (IARC) lists a number of HCAASs as possible
and probable carcinogens, including 2-amino-9H-pyrido[2,3-b] indole (AaC), 2-amino-3-
methyl-9H-pyrido[2,3-b] indole (MeAaC), 3-amino-1, 4-dimethyl-5H-pyrido [4,3-b Jindole
(Trp-P-1), 3-amino-1-methyl-5H-pyrido [4,3-b] indole (Trp-P-2), 2-amino-6-
methyldipyrido[1,2-a:3",2"-d]imidazole (Glu-P-1), 2-aminodipyrido[1,2-a:3’,2-d]imidazole
(Glu-P-2), 2-amino-3-methyl-3H-imidazo[4,5-f]quinolone (1Q) and 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP).[5] Both toxicological and epidemiological studies link
HCAA exposure with elevated cancer risk.[6-10] Two beta-carboline HCAAs, 1-Methyl-9H-
pyrido[3,4-b]indole (harman) and 9H-Pyrido[3,4-b]indole (norharman) are the most
abundant HCAAs in cigarette smoke condensate.[2, 11] Additionally, harman and norhaman
may modulate nicotine action.[12] Because of their associated health risks, it is important to
assess exposure to both potentially carcinogenic HCAAS, as well as harman and norharman.

HCAA:Ss are excreted in urine, which, owing to its noninvasive collection, is a convenient
biofluid for large-scale epidemiological investigation of HCAA exposure.[13-16] However,
measurement of HCAASs in urine is challenging, as their concentrations are often low.
Fluorescence and ultraviolet methods were insufficiently sensitive to detect HCAAs at ppt
levels.[14, 17] Gas chromatography mass spectrometry (GC/MS) significantly lowers the
limit of detection (LOD) for HCAAs, but requires complex derivatization and cleanup,
which reduce analytical throughput.[16] Although LC-MS/MS avoids the difficulties of
derivatization and achieves a LOD in low pg/mL levels,[15, 18, 19] previously reported
methods are insufficiently sensitive to detect MeAa.C in smokers, which is roughly tenfold
lower than Aa.C in cigarette smoke condensate.[2, 20, 21] Another challenge for analysis of
urinary HCAA: s is the labor intensive and time consuming nature of previously reported
sample preparation methods, a factor that significantly reduces analytical throughput.[15, 16,
18, 22-24] To satisfy the requirement of large-scale studies, we developed and validated a
sensitive, precise and accurate method that uses isotope dilution LC-MS/MS for
simultaneous analysis of structurally diverse HCAASs in human urine samples. The use of a
robotic automation system substantially speeded sample preparation and improved
throughput, while reducing human errors. Overall, this method is robust, efficient and labor-
saving for urinary HCAA analysis.

Experimental Procedures

Materials

Harman, Norharman, AaC, MeAa.C, Trp-P-1, Trp-P-2, Glu-P-1, Glu-P-2, 1Q, PhIP and
their corresponding isotope-labeled analogs—Harman-13C2, 1°N; Norharman-D7;
AaC-15N3; MeAaC-D3; Trp-P-1-13C2,15N; Trp-P-2-13C2,15N; Glu-P-1-13C3; Glu-
P-2-13C2,15N; 1Q-D3; and PhIP-D3—were purchased from Toronto Research Chemicals
Inc. (North York, ON, Canada). LC/MS grade acetonitrile (ACN) from Fisher Scientific
(Pittsburgh, PA, USA) and LC/MS grade water from J.T. Baker (Center Valley, PA, USA)
were used for mobile phase preparation. LC/MS grade ammonium hydroxide from Sigma-
Aldrich (St. Louis, MO, USA) was used for pH adjustment. All other reagents were at least
high performance liquid chromatography (HPLC) grade. Ninety-six-well plates of
ISOLUTE SLE+ (supported liquid extraction) and EVOLUTE® CX (mix mode of cation
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exchange resin, CX) for sample preparation were purchased from Biotage Inc (Charlotte,
NC, USA).

Instrumentation

LC-MS/MS—Samples were analyzed using Shimadzu LC-30AD HPLC module
(Columbia, MD, USA) in tandem with AB Sciex API 5500 QTRAP system (Framingham,
MA, USA). Chromatographic separation was conducted on a reversed phase column
(Agilent Zorbax Eclipse Plus C18, 2.1x100 mm 3.5 pm; CA, USA). Sample was eluted by a
linear gradient of mobile phase A (0.05% ammonium hydroxide in H,O, v/v) and mobile
phase B (100% ACN) at a flow rate of 0.4 mL/min. Mobile phase B was increased from 5 to
36% (v/v) from 0-5 min, kept at 36% over 1.5 min, changed from 36 to 98% over 1 min, and
kept at 98% for 2.5 min, then changed back to 5% in 0.01 min and kept at equilibration for 2
min. Post-column infusion of ACN at 0.2 mL/min was used to increase the signal response
of HCAAs. The mass spectrometric analysis was carried out in the positive ion mode with
the following parameters: lonSpray voltage at 2000 V, source heater temperature at 650 °C,
curtain gas at 35 psi, ion source gas 1 at 60 psi, ion source gas 2 at 70 psi, and collision gas
at high level. The compound dependent parameters are summarized in Table 1. All LC-
MS/MS data were recorded at unit mass resolution in multiple reaction monitoring (MRM)
mode. Scheduled MRM algorithm acquisition method was also applied in analysis.
Analyst® software 1.6 (Applied Biosystems) was used for operation of the LC-MS/MS
system.

High throughput robotic automation system for sample preparation—Sample
dispensing and tube—to—96-well plate reformatting were conducted on Microlab Star Liquid
Handling Workstation from Hamilton Robotics (Reno, NV, USA). The Perkin Elmer
Staccato system for sample preparation was purchased from PerkinElmer (Boston, MA,
USA). The Staccato automation system consisted of a Caliper SciClone G3 Automated
Liquid Handing Workstation, Mitsubishi S Series Melfa RV-6SDL Industrial Robot,
BIOTAGE Turbovap 96 Automated Evaporation system, FluidX Impression Enhanced Rack
Scanner, Thermo Scientific ALPS 3000 sealer, Hettich Gmbh & Co. KG Rotanta 460
Robotic centrifuge, and FluidX Capping/Decapping System (Figure 1).

Preparation of standard solutions

Individual stock solutions of native and isotopically-labeled HCAAs were prepared by
accurately weighing and dissolving each pure standard in methanol. Calibration curve
standards at 11 concentration levels were prepared by serial dilution and mixing of stock
solutions in 10% methanol in H,O containing 0.1% formic acid (Table 2). Aliquots of 10 pL
of each calibration standard were injected in the LC-MS/MS for analysis. Calibration curves
were constructed by plotting the peak area ratios of the standards and IS against the
concentrations ratio of standards and IS using weighted linear regression (weight = 1/X).
Only values within the linear range of the assay (Table 2) were reported.

Sample preparation

Sample preparation was conducted on a fully automated and integrated robotic system
without the need of manual intervention. Aliquots of 50 pL of isotopically-labelled solution
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containing 150, 150, 25, 25, 19.5, 19.2, 39.2, 53.7, 15, 12.5 pg of harman, norharman, Aa.C,
MeAaC, Trp-P-1, Trp-P-2, Glu-P-1, Glu-P-2, 1Q, PhIP, respectively were spiked into 0.5
mL of urine samples in a polypropylene 96-well plate. The urine samples were then basified
by 50 uL of 10 N NaOH. To measure total urinary HCAAs—including free and conjugated
forms—basified urine samples were hydrolyzed at 70 °C for 5 hours, followed by two-step
solid phase extraction.[15] Because the recommended capacity of each well of 96-well
Isolute SLE+ plate is 0.4 mL, which is less than our sample volume (0.5 mL specimen plus
50 pL of IS and 50 pL of NaOH), each basified urine sample was split into two equal
portions and dispensed into two adjacent wells in the 96-well Isolute SLE+ plate. Each split
sample was then recombined by elution into a single well of a 48 deep well plate before
proceeding to the EVOLUTE® CX SPE step. After transferring samples into Isolute SLE+
plates, positive pressure of 1 psi was applied on Isolute SLE+ plate for 20 seconds to initiate
sample loading. Four minutes were allowed for the urine sample to be absorbed by Isolute
SLE+ resin. Then, 2.25 mL of dichloromethane (DCM) was added to each well of the SLE+
plate, and HCAAs were eluted by gravity. The collected DCM eluent was acidified by
addition of 40 pL of formic acid. The 96-well EVOLUTE® CX plate was pre-washed with
5% ammonia hydroxide in methanol (1 mL/well) and conditioned sequentially with
methanol (1 mL/well) and 2% formic acid in methanol (1 mL/well). Acidified DCM eluent
from Isolute SLE+ plate was loaded onto conditioned EVOLUTE® CX plate by gravity.
EVOLUTE® CX plate was washed sequentially with 2% formic acid in methanol (1 mL/
well), water (1 mL/well) and 30% methanol in water containing 2% ammonia hydroxide (1
mL/well). Positive pressure of 3 psi was applied at each wash for 2 min. EVOLUTE® CX
plate was then dried under nitrogen flow of 30 psi for 10 min. Analytes were eluted from
EVOLUTE® CX plate by 2 x 0.5 mL of 5% ammonia hydroxide in methanol under gravity
for 10 min and then at a positive pressure of 1 psi for 3 min. The eluent was collected into a
new polypropylene 96-well plate, followed by complete drying under nitrogen. The residue
was reconstituted with 50 pL of 10% methanol in water containing 0.1% formic acid (v/v),
followed by thorough vortex mixing. An aliquot of 10 pL was injected into the LC-MS/MS
for analysis (Figure 1).

Method validation

Precision and accuracy—Urine samples containing low, medium or high levels of
HCAASs were prepared by spiking blank urine with different levels of HCAA standard
solutions. The intra-day precision and accuracy were evaluated by analyzing replicates of
HCAA-spiked urine samples at three different levels within one day. The inter-day precision
and accuracy were evaluated by analyzing the spiked urine samples at three different levels
on three to six separate days. The intra-day and inter-day precision were calculated as the
relative standard deviation (RSD). Accuracy was calculated using the equation: (determined
value - nominal value)/nominal value x100%.

Sensitivity—The LOD and limit of quantification (LOQ) for all HCAAs were calculated
based on the extrapolated standard deviation at zero concentration.[25] Four to five spiked
urine pools at low concentrations (see Electronic Supplementary Material Table S-1) were
prepared and analyzed repeatedly on different days (N>34). The standard deviation of each
pool was plotted against the concentration. Sy is the estimated standard deviation when the
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urinary concentration is extrapolated to zero concentration. HCAA LODs and LOQs were 3
times and 10 times S, respectively. Because endogenous urinary harman and norharman in
human urine are significantly higher than the LOD and LOQ of the present method,
estimation of LOD and LOQ for harman and norharman was conducted by using synthetic
urine (Ricca Chemical Company, Arlington, TX).

Matrix effect—Calibration curves of HCAAS in urine matrix were prepared by spiking
standards of HCAAs at different levels in blank urine matrix (Table 2). Equivalent on-
column amounts of HCAAs in water calibration curves were injected for the LC-MS/MS
analysis. The calibration curves built in urine matrix after sample extraction were run in
parallel, with calibration curves built in water matrix. The averages of the slopes of the
calibration curves for urine matrix and water matrix were compared to assess the influence
of matrix effect on the curves. lon suppression or enhancement was estimated by comparing
the peak area of un-extracted isotopically-labeled IS dissolved in extract of blank urine with
the peak areas of an equivalent amount of IS dissolved in water matrix.

Extraction recovery—Amounts of 150, 150, 25, 25, 19.5, 19.2, 39.2, 53.7, 15, 12.5 pg of
isotopically-labeled harman, norharman, AaC, MeAaC, Trp-P-1, Trp-P-2, Glu-P-1, Glu-
P-2, 1Q, PhIP, respectively, were spiked into 0.5 mL of urine samples. The urine samples
were extracted by following the sample preparation procedure described above. Extraction
recovery for each analyte was calculated by comparing the peak areas of isotopically-labeled
internal standard in extracted urine samples with that of equivalent amounts of the un-
extracted internal standard solutions dissolved in the extract of blank urine.

Stability of spiked urine samples at low, medium and high levels—Freeze-thaw
(-70 °C-room temperature) stability was evaluated by measuring spiked urine samples at
high and low concentrations subjected to four freeze—thaw cycles before sample preparation.
Stability at room temperature was evaluated by maintaining spiked urine samples at high and
low concentrations at room temperature for 24 h before sample preparation. The stability of
samples in auto-sampler was evaluated by analyzing extracted samples at high and low
concentrations after being placed in the auto-sampler at 15 °C for 24 h.

Method application

This method was applied to the analysis of HCAASs in urine samples from 28 nonsmokers
and 48 smokers who had been exposed to mainstream cigarette smoke. Spot urine samples
of all anonymous smoker and nonsmoker were collected by Tennessee Blood Services
(Memphis, TN, USA) with Institutional Review Board (IRB) approval. No dietary
restrictions were applied on participants. See Electronic Supplementary Material Table S-2
for the detail information.

Results and Discussion

Robotic automation system for sample preparation

A number of HCAAs are classified as possible and probable carcinogens by IARC.[5]
Large-scale population biomonitoring studies could provide valuable information about
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human exposure to HCAAs from various sources, such as inhaled tobacco smoke and
ingested well-done meats. However, the low sensitivity and throughput of previous
analytical methods for measurement of urinary HCAAS have been major obstacles for large-
scale epidemiologic studies. Recently, automatic, on-line, in-tube, solid-phase
microextraction (SPME) was used to increase the throughput of urinary HCAA analysis.[26]
Compared with previously reported manual methods, SPME significantly improved
analytical throughput, but at the cost of higher background noise in the chromatogram.[26]
In the present study, a two-step SPE with multiple intensive washing procedures was used to
minimize chromatographic background noise from matrix. At the same time, we enhanced
throughput via use of a robotic automation system (Perkin Elmer Staccato system) for
sample preparation and increased the sensitivity by using API1 5500 QTRAP LC-MS/MS for
sample analysis. The automated sample preparation system could process over 300 urine
samples per day unattended, and thus meet the throughput needs of large-scale epidemiology
studies.

Chromatography optimization

The selection of appropriate HPLC columns and mobile phase are critical to HCAA
analysis. Among different type of columns, Agilent Zorbax Eclipse Plus C18 2.1x100 mm
3.5 um gave the best peak shapes and minimal column adsorption for most HCAASs (see
Electronic Supplementary Material Figure S-2). HCAAs are weak bases, and the
chromatography could be substantially influenced by the pH of the mobile phase. Optimal
chromatography, in terms of separation, retention, and peak shapes, was obtained by using
0.05% NH4OH in water (pH 10.5) as aqueous phase. The signal response of the targeted
HCAAs was further enhanced at base mobile phase (Figure 2). Post-column infusion of
ACN also improved the signal-to-noise ratio for the targeted HCAAs (Figure 3).

Method validation

The current method featured an intensive sample cleanup procedure (diatomaceous earth
SPE in tandem with mixed mode of cation exchange SPE) using robotic automation system
for extraction of HCAAs from urine samples. Urine samples were basified with 10N NaOH
for extraction of HCAAs on Isolute SLE+ plates. The sample pH was tested at different
volume ratios of sample over 10N NaOH. At range from 1:50 to 1:10 (10N NaOH: urine
sample; v/v) the sample pH plateaued at pH 14. And we finally chose ratio at 1:10 as
reported previously.[15] The methanol percentage in washing solution for HCAA extraction
on EVOLUTE® CX plate was optimized. 30% methanol in washing solution that we used in
our method could maximize the retention of polar HCAAs on EVOLUTE® CX plate, while
maintain sufficient washing efficiency. (see Electronic Supplementary Material Figure S-3)
Representative chromatograms of spiked urine samples and urine samples from smokers are
shown in Figure 4 and Figure 5, respectively. Under the described chromatographic
conditions, HCAAs were well separated from endogenous interferences in the urine matrix.

Calibration curves of ten HCAAs were linear over the ranges specified in Table 2
(R2>0.998). The influence of urine matrix on the calibration curves was estimated by
comparing the slopes of calibration curves built by using urine matrix and water matrix.
These slopes differed by <5%, indicating that urine matrix has minimal impact on the
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quantification of HCAAs based on calibration curves prepared in water (Table 2). Relatively
large y-intercept values were found in urine calibration curves of harman and norharman,
resulting from high endogenous levels of harman and norharman in the blank urine pool.
Since harman and norharman were found in both smoker and nonsmoker urine pools, and
there is no analyte-free blank urine, water calibration curves were used to quantify HCAAs
in urine samples as described previously.[15, 18]

Intra-day and inter-day RSD at low, medium and high concentrations for all HCAAs were
below 10% (Table 3). Intra-day and inter-day accuracy ranged between 90-110% (Table 3).
Except for harman and norharman, HCAA LOQ ranged from 1.0-2.8 pg/mL, and LOD
ranged from 0.31-0.83 pg/mL. Harman and norharman exhibited superior sensitivity on API
5500 QTRAP at their optimal MS parameters. To allow linear quantification of all analytes
following a single sample injection, compound-specific parameters of the MS instrument for
harman and norharman were “de-tuned” to avoid saturation of the MS detector. De-tuning
compound-specific parameters (mainly through de-tuning collision energy) was performed
to reduce the MS signal responses of harman and norharman by about 25-fold. As a result of
de-tuning, the LOD of harman and norharman were higher than the LOD of the other
HCAAs analyzed. HCAA extraction recoveries varied from 44 to 93% (Table 3). In sample
preparation, adsorption of some HCAAs to the container was noticed during the last step of
solvent evaporation under N,. Glass containers that are even silanized showed high tendency
of HCAA adsorption. Polypropylene containers could reduce the extent, but could not
completely prevent the adsorption. Adsorption of HCAASs to the container may in part
contribute to the low recoveries of some HCAAs. lon suppression reduced signal responses
by 15 to 49% (Table 3). Because the extent of ion suppression and HCAA recoveries varied
among analytes, corresponding isotopically-labeled internal standards were used to assure
accurate measurement of each HCAA.

The stability of ten HCAASs was evaluated under various conditions. As shown in Table 4, all
HCAASs were stable in urine after four freeze—thaw cycles at -70 °C and stable at room
temperature for at least 24 hours. In addition, all HCAAs were stable in the extracted
samples at autosampler for at least 24 hours.

Method application

The current method was successfully used to quantify targeted HCAAS in urine collected
from smokers and non-smokers. AaC and MeAa.C are the predominant carcinogenic
HCAA:s in cigarette smoke. [2] Urinary concentrations of AaC were significantly higher in
smokers (51.2+75 pg/ml) than in non-smokers (11.8+38 pg/ml) (P<0.05) (Figure 6).
Similarly, about 4-fold difference in urinary AaC was found between smokers (around 26
pg/ml) and non-smokers (around 6.5 pg/ml) in previous study. [18] Urinary MeAaC in
smokers were not characterized before because of the insufficient sensitivity.[18] In the
present study, MeAaC could be detected in 46 out of 48 smokers at 4.0+6.4 pg/ml and in 6
out of 28 non-smokers at 2.3+6.4 pg/ml. Urinary concentrations of PhIP and the two beta-
carboline HCAAs evaluated, harman and norharman, were similar in smokers and non-
smokers. As there are reports that the half-lives of HCAA are relatively short (< 24 hours),
the urinary HCAA levels probably reflect the short-term exposure to HCAA [27, 28].
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Measurement of HCAA in hair could be an alternative analysis to determine the long-term
exposure to HCAA.[29, 30]

Conclusion

We have developed a sensitive, high throughput analytical method using isotope dilution
tandem mass spectrometry coupled with robotic sample preparation for quantification of
urinary heterocyclic aromatic amines in smokers and non-smokers. The sensitivity,
precision, accuracy and throughput are adequate for use in large-scale biomonitoring studies.
Such studies can provide population-scale data about the magnitude and prevalence of
exposure to these compounds, as well as relative source contributions (e.g., cigarette smoke
vs. diet) and exposure trends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Detector Q3

LC/MS/MS analysis

Figure 1.
High throughput robotic sample preparation system coupled with LC-MS/MS.
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Figure 2.
Effects of pH of mobile phases on the signal responses of HCAAs. HCAA standards (on-

column amount of 10 pg) were applied for LC-MS/MS analysis. The gradient program was
run as described in the experimental section. Four types of mobile phase A (5 mM
ammonium formate at pH 3.8, 5.7, 8.8 and 0.05% NH4OH in H,O at pH 10.5) were tested
for best signal responses of HCAAs.
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Figure 3.
Effects of post-column infusion of ACN (at 0.2 mL/min) on the signal responses of HCAASs.
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MRM chromatograms of blank urine sample spiked with 10 pg/mL of HCAAs. The urine
samples were hydrolyzed at 70 °C for 5 hours under base conditions and prepared by robotic
sample preparation system prior to LC-MS/MS analysis.
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Figure 5.
Representative MRM chromatograms of total urinary HCAAs detected in smokers with

AaC at 69.8 pg/mL, MeAa.C at 4.58 pg/mL, PhIP at 3.35 pg/mL, Harman at 774 pg/mL,
Norharman at 371 pg/mL. The urine samples were hydrolyzed at 70 °C for 5 hours with
basic condition and prepared by robotic sample preparation system prior to LC-MS/MS
analysis.
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Figure 6.

Comparison of total urinary HCAAs in smokers and nonsmokers. (A) Urinary harman and
norharman; (B) urinary AaC, MeAaC, PhIP. The urine samples were hydrolyzed at 70 °C
for 5 hours with basic condition and prepared by robotic sample preparation system prior to

LC-MS/MS analysis.
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