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Abstract

Cigarette smoking significantly increases the risk of cancer and cardiovascular diseases as well as 

premature death. Aromatic amines (AAs) such as o-toluidine, 2-aminonaphthalene and 4-

aminobiphenyl are found in cigarette smoke and are well-established human bladder carcinogens 

presumably acting via the formation of DNA adducts. These amines may be metabolized in the 

liver to acetylated or glucuronidated forms or oxidized to a hydroxylamine which may react with 

protein and DNA to form adducts. Free, acetylated and glucuronidated AAs are excreted in urine 

and can be measured as exposure biomarkers. Using isotope dilution GC–MS/MS, our laboratory 

quantifies six urinary AAs that are known or suspected carcinogens–o-toluidine, 2,6-

dimethylaniline, o-anisidine, 1-aminonaphthalene, 2-aminonaphthalene and 4-aminobiphenyl–for 

large population studies such as the National Health and Nutrition Examination Survey 

(NHANES). We also monitor two additional corresponding structural isomers–2-aminobiphenyl 

and 3-aminobiphenyl–to verify isomer separation. A new and improved automated sample 

preparation method was developed to quantify these AAs, in which, sample cleanup was done via 

Supported Liquid Extraction (SLE+ ISOLUTE®) on a Hamilton STAR™ workstation. This 

automated method increased sample throughput by reducing sample cleanup time from 8 to 4 h 

while maintaining precision (intra and inter-run coefficient of variation <7%) and accuracy 

(±17%). Recent improvements in our GC/MS method have enhanced our assay sensitivity and 

specificity, resulting in longer analytical column life and maintaining or reducing the limit of 

detection for all six analytes. Indigo ASCENT™ software (3.7.1, Indigo BioAutomation, Inc.) is 

used for peak integration, calibration and quantification. A streamlined sample data flow was 

created in parallel with the automated method, in which samples can be tracked from receiving to 

final laboratory information management system output with minimal human intervention, 

minimizing potential human error. This newly validated, automated method and sample data flow 

are currently applied in biomonitoring of AAs in the US noninstitutionalized population NHANES 

2013–2014 cycle.
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Introduction

Cigarette smoking is a significant risk factor for cancer for both smokers and nonsmokers 

(1). Exposure of nonsmokers to second-hand tobacco smoke (SHS) has been linked to an 

increased risk of cancer, coronary heart disease and respiratory illnesses in both adults and 

children (2–8). As SHS causes premature death and disease in nonsmokers, its presence in 

the environment remains a significant public health concern (9). SHS is mainly composed of 

gases and particulate matters generated from a mixture of sidestream smoke, which is 

emitted from smoldering cigarettes between puffs and from exhaled mainstream smoke. The 

Surgeon General concluded in 2006 that there is no risk-free level of exposure to SHS.

Smoking tobacco and inhaling SHS may be major sources of exposure to several aromatic 

amines (AAs) (10–12), which are suggested to be principal agents for the development of 

bladder cancer in humans (13). The total nitrogen content in tobacco leaves—as derived 

from nitrates, ammonia, amino acids, amides and alkaloids—ultimately con-tributes to the 

formation of AAs in tobacco smoke (14–16). Nitrate, which is introduced to the growing 

tobacco plant through the application of fertilizer, can be converted to ammonia, which, in 

turn, is converted to other nitrogenous organic compounds such as amino acids. Intermediate 

NH2 radicals, forming during the pyrolysis of ammonia during tobacco combustion, may 

react with aromatic CH groups (from compounds already present in the tobacco leaves) to 

form the AAs (17). In addition to the pyrosynthetic mechanism, AAs may also be 

transferred directly from the tobacco leaves into the smoke via thermal degradation of 

alkaloids and amino acids (18, 19).

In addition to tobacco smoke, other exposure sources of AAs include several chemical 

industry sectors such as dyes and pigments (e.g., azo dyes, indigo dyes), pharmaceuticals, 

pesticides, herbicides, synthetic rubber and plastics (20–24). In manufacturing these 

industrial chemicals, AAs are used as raw materials or intermediates, and therefore, they 

should not occur in the final products. As such, occupational exposure to AAs can occur by 

inhalation or skin contact during the production of chemicals that use AAs as raw materials 

or intermediates. AAs can also be found in environmental pollution such as diesel exhaust, 

combustion of wood chips and rubber and substances in charcoal barbequed meats and fish 

(25, 26). Natural occurence of AA was reported, for example, in the aroma components of 

black tea and certain vegetables (27, 28). Other potential sources include emissions from 

cooking oils (e.g., vegetable, sun-flower and refined lard oil) (29).

The International Agency for Research on Cancer has classified several AAs as carcinogenic 

to humans (Group 1) or possibly carcinogenic to humans (Group 2B): AAs such as o-

toluidine (OTOL), 2-aminonapthalene and 4-aminobiphenyl, for example, are well-

established human bladder carcinogens (13, 30, 31). Several AAs are on the FDA’s list of 

harmful and potentially harmful constituents since the passage of The Family Smoking 

Prevention and Tobacco Control Act in 2009 and the creation of the Center of Tobacco 

Products (32). During smoke inhalation, AAs are first carried into the bloodstream from the 

lungs, metabolized by the liver, then travels to the bladder to be eventually excreted out of 

the body through urination. The amine functional groups may be metabolized in the liver to 
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the acetylated and/or glucuronidated forms, or they may be oxidized to a hydroxylamine 

form, which undergoes further conversion via an acetylation reaction to form an N-acetoxy 

metabolite. The N-acetoxy metabolite is able to undergo nonenzymatic break-down to yield 

the reactive nitrenium ion, nitrene or a free radical that can covalently bind to tissue 

macromolecules (proteins) and DNA to form adducts (20, 33, 34). Formation of the 

hydroxylamine metabolite is considered the primary pathway to AA carcinogenicity in the 

bladder (20), whereas the acetylated and glucuronidated forms of AAs (excreted in urine) 

are the products of the body’s detoxification metabolism pathway. As such, the free, 

acetylated and glucuronidated AAs excreted in urine allow them to be surrogate biomarkers 

of AA exposure.

These compounds have been traditionally measured by manual approaches involving 

laborious and time-consuming sample preparation steps. Intricate sample cleanup—often 

utilizing hydrolysis, direct liquid–liquid extraction and/or a solid-phase extraction step— is 

necessary due to the complexity of the matrix analyzed (e.g., smoke, wastewater, urine, 

serum, breast milk) and the ultralow levels of AAs (4, 5, 14, 35, 43). Acid hydrolysis—with 

hydrochloric or sulfuric acid—followed by basification of hydrolysate, is the most common 

step taken toward deconjugating AAs in urine samples; methods involving enzyme and base 

hydrolysis have also been validated (4, 43). As for sample analysis, gas chromatography 

(GC)—following a derivatization pretreatment step—is the most common separation 

technique, though some labs have developed various liquid chromatography (LC) methods 

(4, 38, 40, 41). Detection systems range from single-, triple-quadrupole or orbitrap mass 

analyzers to flame ionization detector (35), UV–Vis spectrophotometer (41), electron-

capture detector (5) and electrochemical detector (4), where mass spectrometry is the most 

commonly used detection technique (36–40, 42, 43). Electron impact (EI) ionization, 

negative-mode chemical ionization applying methane as reactant gas (33, 36) and positive-

mode electrospray ionization (ESI+) (38) are all common ionization methods applied in 

conjunction with the various GC-MS or LC-MS methods developed to detect AAs.

In this paper, we present a newly validated method that replaces our previous manual sample 

preparation method (44) with an auto-mated approach using a Hamilton STAR™ 

workstation. It is the first time an automated sample preparation approach is reported. In 

addition, we also report a new streamlined sample data flow created in parallel to the 

automated sample preparation method, in which samples can be tracked from receiving to 

final laboratory information management system (LIMS) output with minimal human 

intervention. In our new method, six AAs are quantified: o-toluidine, 2,6-dimethylaniline 

(26DM), o-anisidine (OANS), 1-aminonaphthalene (1AMN), 2-aminonaphthalene (2AMN) 

and 4-aminobiphenyl (4ABP). Two additional related structural isomers are monitored to 

ensure isomeric separation: 2-aminobiphenyl (2ABP) and 3-aminobiphenyl (3ABP) (Figure 

1).

Method and materials

Materials

Native (unlabeled) standards used to make calibration curves were purchased from Fluka, 

Aldrich and Sigma (Sigma-Aldrich, St. Louis, MO). OTOL-13C6, OANS-2H7, 1AMN-2H9 
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were purchased from Medical Isotope (Pelhem, NH); 2AMN-2H7 was purchased from CDN 

Isotopes (Pointe-Claire, Quebec, Canada); 4ABP-2H9 was purchased from Cambridge 

Isotope Laboratory (Andover, MA) and 26DM-2H6 was purchased from Toronto Research 

Chemical (North York, Canada). All native standards used for the second source accuracy 

test were purchased from Toronto Research Chemical, except for 4ABP, which was 

purchased from Sigma. Sodium hydroxide pellets (semiconductor grade) were purchased 

from Sigma. High-purity hydrochloric acid, pentafluoropropionic anhy-dride (PFPA) and 

trimethylamine hydrochloride (TMA-HCl) were obtained from Sigma-Aldrich. All solvents 

were GC2 grade, except for water, which was HPLC-grade. All solvents were purchased 

from Burdick and Jackson Labs (distributed by VWR, Suwanee, GA), and all gases were 

ultrahigh purity grade. Isolute™ support liquid extraction (SLE) cartridges were purchased 

from Biotage (Charlotte, NC). Vials of 4.5-mL high recovery samples were purchased from 

ChemGlass (Vineland, NJ). EP Scientific 10-mL silanized glass tubes were purchased from 

LabDepot (Dawsonville, GA). Wheaton 1-mL amber crimp GC vials with 300-μL insert and 

SUN-Sri 11-mm aluminum crimp caps with rubber septum were ordered from ThermoFisher 

Scientific (Suwanee, GA). All GC–MS/ MS supplies were purchased from Agilent 

Technologies (Santa Clara, CA); all filter tips for sample aliquoting in the Hamilton 

Microlab STAR™ Liquid Handling Workstation were purchased from the Hamilton 

Company (Reno, NV).

Instrument

All sample and internal standard aliquoting was performed on the Hamilton Microlab 

STAR™ Liquid Handling Workstation, which was customized with a recessed deck to 

handle the physical dimensions of high-volume cartridges (Figure 2). The Hamilton STAR 

was configured with four 5-mL channels and eight 1-mL channels, compression-induced O-

Ring expansion (CO-RE) paddle grippers, autoload and barcode reader and four custom-

built deep well vacuum chambers. The 5-mL pipetting channels used 4.5-mL CO-RE tips 

with filters and the eight pipetting channels utilized both 1000-and 50-μL CO-RE tips with 

filters.

Automated sample preparation

Urine samples were transferred from cryovials in 2 mL aliquots, along with approximately 

450 pg of internal standard (45 μL of 10 pg/μL internal standard solution in ethanol) into 

high recovery vials by the Hamilton STAR liquid handling system. All samples were 

aspirated using capacitance liquid-level detection and dispensed using jet empty settings. 

Samples were mixed (consisting of a rapid aspirate and dispense cycle of 500 μL into the 

same container) thrice prior to being transferred to the high recovery vials to ensure 

uniformity. The Hamilton Autoload and Barcode Scanner were used to scan and decode 

Code 128 barcodes affixed to the original sample containers. A Microsoft Excel (Microsoft 

Corporation, Redmond, WA) output file of the scanned vials was generated to assure sample 

tracking and placement. The delivery volumes of 45 μL and 2 mL were verified 

gravimetrically with less than 1% error using the Hamilton Volume Verification Kit (Reno, 

NV) and a Mettler-Toledo High Precision Weight Module, Model WXS205SDU (Columbus, 

OH).
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Urine samples were hydrolyzed with 50 μL of 10 M NaOH and incubated at 90°C for 

approximately 15 h on a hot plate (VWR). After cooling to room temperature, the samples 

were relocated to the Hamilton deck, where the total volume was transferred onto Isolute™ 

SLE cartridges. These cartridges were placed in custom 10-mL cartridge holders over the 

deep well vacuum chambers. Silanized glass tubes, placed in custom tube holders, were 

positioned under the Isolute SLE cartridges using the CO-RE paddle grippers. Analytes were 

then eluted with three washes of 3 mL dichloromethane and collected into the silanized glass 

tubes. The silanized glass tubes were then transferred to a Thermo Scientific Savant 

SPD2010 SpeedVac Concentrator (Holbrook, NY), where the contents were evaporated to 

approximately 250 μL. To the concentrated eluate, 3 μL of 1.0 M TMA (1.0 g of 98%-purity 

TMA-HCl dissolved in 2 mL water, neutralized with 1–3 μL of 10 M NaOH, then extracted 

TMA with 5 mL hexane) and 3 μL of PFPA were added and kept capped at room 

temperature for 30 min to complete derivatization of the AAs. Afterward, the derivatized 

samples were manually transferred via pipette to 1-mL amber GC vials with 300 μL insert 

and further evaporated to completion in the Savant. An amount of 10 μL of toluene was 

added to each vial to reconstitute the sample. The vials were subsequently capped and 

vortexed before being stored in −20°C or analyzed on the GC–MS/MS.

GC–MS/MS analysis

All analyses were performed on two Agilent 7890–7000 C GC–MS/MS. The 7890 GCs 

were equipped with multimode inlet and Agilent single taper liner (4 mm ID) with glass 

wool. The use of liners with glass wool helped minimize contamination of the column with 

sample residues while maintaining the signal sensitivities of all analytes (as compared to the 

signal sensitivities recorded from injections made on a single taper plain liner). The injection 

mode was pulsed splitless at 30 psi for 0.35 min to minimize diffusion and improve analyte 

transfer onto the analytical column. The injection volume was 1 μL, and the injection port 

temperature was held at 250°C for the duration of each analytical run. A two-column setup 

connected by a purged union was used: the analytical column used was the Agilent J&W 

DB-FFAP (30 m × 0.25 mm × 0.25 μm), which is composed of a nitroterephthalic-acid-

modified polyethylene glycol stationary phase of high polarity; the second column in series 

(“postcolumn”) was the Agilent inert fused silica (1.0 m × 0.15 mm), which connected the 

analytical column to the MS transfer line. The GC oven was initially set to 80°C for 2 min 

after sample injection, then heated to 180°C at 30°C/min ramp rate, then to the final 

temperature of 240°C at 15°C/min ramp rate. Each analytical run was operated under a 

constant 1.68 mL/min flow rate on the analytical column and 1.85 mL/min on the 

postcolumn, using helium as the carrier gas. To remove high-boiling sample matrix 

components from the analytical column, reduce interferences in subsequent sample 

injections and increase the overall column life, a postcolumn backflushing method was 

included. The backflush was setup for five void volumes, keeping a −2.20 mL/min constant 

back flow on the analytical column at 240°C. The transfer line and MS source temperatures 

were both at 280°C. The MS source mode was positive EI ionization. EI mass spectra were 

obtained at ionization energy of 70 eV and gain was set to 20 (×105). For quantitative 

analysis of the AAs, multiple reaction monitoring was chosen. Ultrahigh purity nitrogen was 

used as the collision gas, and ultrahigh purity helium was used as the quenching gas. Details 
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of instrument operational conditions and the ions used for quantitation are listed in 

Supplementary Tables S1 and S2.

Sample data flow

An automated system for tracking sample data was created in parallel with the automated 

sample preparation method (Figure 3). Samples are received and logged into the LIMS 

reporting system before they are queued for preparation and analysis. Samples to be 

prepared were scanned by the Hamilton STAR, which, upon completion, generated an 

output file. The Hamilton output file was run through an Excel macro which generated two 

modified sequence files: one to be imported into Agilent MassHunter and one to be 

uploaded to Indigo ASCENT™ once Agilent GC/MS analyses were completed. Once the 

raw data were acquired from the GC–MS/MS, they could either be analyzed in Agilent 

MassHunter Quantitative software or uploaded to Indigo ASCENT™ for automatic peak 

integration. A formatted output file containing the final calculated concentration data was 

generated and was directly uploaded to the LIMS system. Unknown samples were evaluated 

individually according to set quality assurance (QA) rules, including difference in retention 

times of internal standard and native ion transition peaks, confirmation ion ratio, internal 

standard peak area and concentration exceeding calibration dynamic range. Individual 

samples and/or analyte would be flagged for repeat or dilution if any of the QA rules were 

violated. Batch quality controls (QCs) were evaluated according to modified Westgard QC 

rules (45). A batch would be rejected and repeated if any of the QC rules were violated. In 

addition, the blank was examined, and the entire batch was rejected and repeated if blank 

level exceeded the established limit for each analyte. (The blank limit for each analyte was 

obtained from 50 individual runs, only one run per day, over a period of several months.) 

Final results that passed all QA and QC rules were exported to a final reporting system such 

as National Health and Nutrition Examination Survey (NHANES).

Results

All six quantified AAs (OTOL, 26DM, OANS, 1AMN, 2AMN and 4ABP) and 

corresponding structural isomers—m-toluidine (MTOL), p-toluidine (PTOL), 2,3-

dimethylaniline (23DM), 2,4-dimethylaniline (24DM), 2,5-dimethylaniline (25DM), 3,4-

dimethylaniline (34DM), 3,5-dimethylaniline (35DM), m-anisidine (MANS), p-anisidine 

(PANS), 2ABP, and 3ABP—were separated using GC. Figure 4 shows the total ion counts 

(TIC) of the six quantified AAs and the 11 structural isomers in a calibration standard, to 

validate isomeric separation from the target analytes. The TIC of the six quantified AAs and 

two of the monitored structural isomers (2ABP and 3ABP) in a urine sample is also shown 

in Figure 4. The high degree of sensitivity and specificity of this method allows detection of 

all six target analytes at trace levels (parts-per-trillion) in human urine samples.

Limit of detection

Since our previous work (44), in which the limit of detection (LoD) was estimated using the 

extrapolated, limiting standard deviation obtained from calibration curves, the LoD in this 

study was determined according to the guideline for determination of LoD by the Clinical 

and Laboratory Standard Institute (46) using the four LoD pools: LoD0, LoD1, LoD2 and 
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LoD3. The pools were made using filtered nonsmoker urine and spiked at 0, 20, 40 and 60 

ng/L for six analytes: OTOL, 26DM, OANS, 1AMN, 2AMN and 4ABP. The analyte LoDs 

(ng/L) were estimated from 50 independent analytical runs, one analytical run per day. 

Because OTOL is detected in the blanks, its LoD was calculated using the equation: 3σblank 

= LoD, where σblank is the standard deviation of calculated blank levels from 54 individual 

runs. The analyte LoDs are listed in Table I.

Precision

To determine intrarun and inter-run precision, two pools were used. The pools were prepared 

in-house from urine collected (with CDC Institutional Review Board approval) from 

nonsmokers and spiked with a standard solution of native (unlabeled) analytes at 

approximately 125 and 500 ng/L. The coefficient of variation (CV) for intraday (n = 5) and 

interday (n = 5) runs are calculated and listed in Table II. Intraday and interday CV values, 

for all AAs at each spiked concentration, were below 10%.

Accuracy

Accuracy was determined by spiking known amounts of AA standard solution into hexane 

(accuracy in solution) and urine (accuracy in matrix). The accuracy was calculated using the 

equation: ((measured [AA] − nominal [AA])/nominal [AA]) × 100%. To test accuracy in 

solution, five levels of testing calibrators were prepared and run with the hexane calibration 

curve used for AA quantitation in urine samples. The native AAs used to spike the testing 

calibrators were purchased from vendors or lot numbers different from ones used for making 

the hexane calibration curve. As this evaluation is necessary to ensure accuracy of the 

hexane calibration curve, these testing calibrators are analyzed every time a new set of 

hexane calibration curve is prepared for analysis, or a new internal standard spiking solution 

is made. Results are listed in Table II. To test accuracy in matrix, replicates of AA-spiked 

urine samples, at three different concentrations, were analyzed. All spiked urine samples 

were prepared as unknown samples and run in triplicate over 2 days. For all samples tested, 

the calculated accuracy was ±17% for all analytes, and thus, accuracy in matrix tests was 

acceptable (Table II).

Analytical specificity

A high degree of analytical specificity was achieved for each analyte with this assay. 

Monitoring the correct retention times (±0.001 to 0.03 min relative to corresponding internal 

standards), confirmation ion ratios (which was obtained daily from the calibration standards 

and compared against the ratios calculated for each study sample) and precursor/product ion 

transitions helped ensure a high degree of specificity and minimized the influence from any 

potential interference(s).

Carryover

Sample carryover was examined by comparing successive pairs of injections of the highest 

calibrator (100 or 1,280 pg/μL) or high QC samples, with a toluene solvent blank. (The 

highest calibrator for OTOL was 1,280 pg/μL to accommodate for higher levels of this 

analyte detected in unknown samples.) No carryover was observed in the solvent blank after 
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any injection of the highest calibrator or high QC. As a precaution, one toluene solvent 

blank was injected following injection of a full set of calibration standards and after each 

QC high sample. A toluene solvent blank was also injected at the beginning of each 

analytical batch to ensure no system contamination prior to standard and sample analyses. 

Between each individual injection, the syringe barrel was washed six times by drawing 3 μL 

of toluene.

Recovery

Sample matrix effects for each analyte were evaluated. Urine samples were spiked with a 

known amount of labeled AA internal standards and carried through the sample preparation 

process, as mentioned above. The percent recovery was calculated as the ratio of the 

response (peak area counts) of internal standards in urine samples to the responses of 

internal standard in the calibration standards. The average recovery was greater than 85% for 

all AAs.

Linearity limits

We have confirmed linear responses for all analytes (R2 ≥ 0.98) across a broad dynamic 

range, from 0 to 100 pg/μL (for 26DM, OANS, 1AMN, 2AMN and 4ABP) and from 0 to 

1,280 pg/μL (for OTOL), with the lowest nonzero standard concentration being 0.5 pg/μL. 

The dynamic range for OTOL was extended in order to quantitate higher levels of OTOL in 

the urine samples. Regressions were calculated by plotting the quotients of the peak areas 

for each native analyte and that of the labeled analyte (the response ratio) as a function of the 

nominal concentration; a weighting factor of 1/x was used for all analytes. The calculated 

concentration of analytes in study samples was reported if the value was within the lowest 

and highest calibrators. Samples with analyte concentration exceeding the highest calibrator 

were repeated with appropriate dilution to bring the concentration within the validated 

dynamic range.

Matrix equivalence

The influence of urine matrix on the hexane (nonmatrix) calibration curve used for daily 

quantitation was estimated. A urine calibration curve was prepared by spiking standards of 

AAs at different levels in blank urine samples. The urine standards were subjected to the 

same sample preparation protocol as unknown urine samples (as described in the 

“Automated sample preparation” section above). The calibration curves built in urine matrix 

were run in parallel with calibration curves prepared in hexane (see Figure 5, for 4ABP). 

The averages of the slopes (n = 3) of each set of calibration curves were compared to assess 

the influence of matrix effects on AAs. As shown in Table I, the slope differences for all six 

analytes were within ±5%. These results indicate that a urine matrix has minimal impact on 

the quantitation of AAs based on calibration curves prepared in hexane.

Thaw-refreeze and storage stability

The long-term storage stability of analytes in unprocessed samples was tested with spiked 

urine at low and high concentrations that had been stored at −70°C for 2 years. The results 

from this study indicate that long-term storage at −70°C has minimal impact on sample 
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integrity (Table III). The effect of repeated thaw and refreeze (T/RF) cycles (−70°C – room 

temperature) on unprocessed urine samples was determined for each analyte. The results 

indicate that all six analytes are stable following at least five T/RF cycles, with average 

sample loss staying within the range of 5–17%. Results for individual analytes are listed in 

Table III.

Processed samples were either immediately analyzed on a GC– MS/MS system or 

provisionally stored at −20 ± 4°C until they could be analyzed. (During GC–MS/MS 

analysis, processed samples were stored in a cooled (10°C) autosampler.) To evaluate 

storage stability at −20°C, five spiked nonsmoker samples were injected after processing. 

The initial measurements are listed as “Day 1” in Table III. After initial injection, these 

samples were stored at −20°C for 1 week, then reinjected (“Week 1” measurement) and 

stored again at −20°C for 13 weeks then reinjected for a final time (“Week 13” 

measurement). The results from repeated injections of samples stored at −20°C indicate that 

analytes in processed samples are stable for up to 13 weeks, with a majority of the repeated 

measurement yielding ±10% difference from initial measurement (Table III). Likewise, the 

results from repeated injections of a sample stored in the autosampler indicate that analyte 

levels are not significantly impacted by short-term (24 and 72 h) storage conditions 

following the initial day (“Day 1”) sample was placed on autosampler and analyzed (Table 

III). The effect on analyte stability due to the length of time needed to process urine samples 

at room temperature (23°C ± 1°C) was also assessed. The results listed in Table III show 

insignificant changes in analyte levels.

Ruggedness test

To test the ruggedness of both the sample preparation and the GC– MS/MS method, QC 

samples were prepared and run under varied conditions in five parameters, each tested 

separately. Ruggedness was tested to determine which of the parameters (if any) would 

potentially affect assay accuracy. The parameters tested include: (i) injection port 

temperature; (ii) injection pulse pressure; (iii) amount of PFPA used during derivatization; 

(iv) sample hydrolysis duration and (v) the lot/work order of DB-FFAP column used for 

analysis. Samples were tested for all parameters at below, above and normal operating 

conditions. For all parameters tested, less than 17% difference in concentration was 

calculated for all analytes, with the majority at or below 10%. The complete set of result is 

listed in Supplementary Table S3.

Instrument cross-validation

For our assay, two Agilent GC–MS/MS systems were used to analyze processed samples. 

For the AA assay, five spiked and one nonspiked nonsmoker urine samples were used for 

instrument cross-validation. The Pearson coefficient for all six quantified analytes was 

within the range of 0.97–0.99.

QC characterization

The two QC pools used for this method—QC low (spiked at approximately 125 ng/L for all 

analytes) and QC high (spiked at approximately 500 ng/L for all analytes)—were 

characterized with 39 replicates from each pool, spanning almost 10 months. QC 
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characterization statistics was subsequently used to verify methodological precision for each 

analytical run according to modified Westgard QC rules (45). No significant changes in 

concentration were observed for any analyte, in either QC pool, over the duration of the 

characterization period, or 16 months after the QC pools were prepared (Supplementary 

Table S4).

Validation of Indigo ASCENT™

Indigo ASCENT™ is a software used in our laboratory to automatically integrate 

chromatograms based on proprietary algorithms. To ensure the accuracy of automatic 

chromatographic peak integration, quantitated results from 150 samples obtained from 

Agilent MassHunter Workstation Quantitative Analysis and Indigo ASCENT™ were 

compared to ensure that the measurements of analyte concentrations were equivalent. A 

nonparametric test (Mann–Whitney) concluded that the calculated results obtained from 

Indigo ASCENT™ and MassHunter Workstation were statistically equivalent.

Discussion

Automation of sample preparation processes became a necessary part of biomonitoring 

measurements applied to large population studies such as NHANES. Analyzing more than 

5,000 samples per 2-year cycle requires increased throughput compared with typical manual 

sample preparation. The automated workstation allows the analyst to increase the necessary 

sample throughput by reducing the time it takes to aliquot samples. Compared to our 

previous manual sample preparation method (44), the new automated sample preparation 

method effectively reduces the sample cleanup time from 8 to 4 h, while improving and 

maintaining the high precision of the assay.

The LoDs obtained from our method were within the range of 1.5 ng/L (26DM, OANS, 

1AMN, 2AMN and 4ABP) to 111.2 ng/L (OTOL), with 1AMN, 2AMN and 4ABP 

exhibiting detection limits lower than 3 ng/L. With LoDs of most analytes below 16 ng/L, 

our new method’s detection limits are either lower than (4, 5, 38, 39, 41–43) or comparable 

to (35–37, 40, 44) the detection limits reported by other groups. It is important to note that 

the LoDs reported in the literature were estimated based on either the calibration curves used 

to analyze samples or through analysis of chromatographic peaks that had signal-to-noise 

ratios greater than 3 (37, 40, 44). For instance, the lowest detection limits for OTOL and 

26DM were reported to be 5.2 and 9.3 ng/L, respectively, using aqueous standards to 

estimate each value (37); the lowest detection limits for 1AMN, 2AMN and 4ABP were 

reported to be 5.0, 3.0 and 1.5 ng/L, respectively, using solvent standards to estimate each 

value (40). Analyte LoDs in our assay were obtained from 50 individual runs, using three 

spiked levels and one nonspiked level of nonsmoker urine samples. The use of spiked urine 

samples to determine analyte LoDs allowed us to account for sample matrix effects directly, 

in contrast to other methods (4, 35, 37, 40), where nonmatrix standard(s) and information 

from the calibration curve were used to estimate the LoD. In obtaining relatively low analyte 

LoDs (particularly for 1AMN, 2AMN and 4ABP), we are able to apply our method to detect 

the candidate AAs at trace levels (ppb to ppt). Furthermore, as we have optimized our 

method toward using lower sample volumes—2 mL, compared to reported ranges of 4–20 
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mL (4, 5, 35, 44)—the method becomes more practicable for use in epi-demiological studies 

and large surveys such as the NHANES.

Typically, 30–60-m long columns, coated with phenyl-or methyl-based stationary phases 

(midpolar to nonpolar range, respectively), have been used for AA analysis (5, 33, 36, 37, 

39). Our assay was previously developed and validated using the midpolar Agilent J&W 

DB-17MS column (30 m × 0.25 mm × 0.25 μm), which is composed of a (50%-phenyl)-

methylpolysiloxane stationary phase (44). However, the highly polar DB-FFAP column 

proved to be much more rugged and specific to the analytes in the assay panel. Specifically, 

when analyzing urine samples with the DB-17MS column, 26DM’s quantitation ion peak 

almost exclusively coeluted with an interfering peak, making accurate detection and 

quantification of this analyte to be particularly difficult. As shown in Supplementary Figure 

S1, with the use of the DB-FFAP column, analytical resolution was greatly enhanced for the 

26DM analyte. Furthermore, when operating with the DB-FFAP column, we were able to 

reduce the LoD of 4ABP in urine samples from approximately 9.0 to 1.8 ng/L. The marked 

improvement in 4ABP’s detection rate (with both the quantitation and confirmation ions) 

was largely due to the lower level of column bleed exhibited by the DB-FFAP column, at the 

operational temperature utilized. With better detection of both the quantitation and 

confirmation ions, we were more confident in identifying the 4ABP analyte from a complex 

matrix such as urine.

For the first time, we report the use of SLE, Isolute™ cartridges in sample cleanup of 

urinary AAs following hydrolysis. These cartridges have a hydrophilic frit that enables water 

and other aqueous components of the urine samples to absorb onto the bedding material 

quickly, followed by extraction of the AAs with DCM. The SLE replaced multiple steps 

used in our previous sample pretreatment process (44) that involved liquid–liquid extraction 

with hexane, back extraction with 0.1 M HCl and cleanup with a hydrophilic– lipophilic-

balanced cartridge. The use of SLE cartridges can also potentially replace other labor-

intensive sample cleanup steps reported in the literature (4, 5, 35–43).

The automated sample data flow reduces potential human error in sample tracking, handling 

and data analysis. All relevant sample information, such as the sample ID, sample volume 

and any dilution factors are saved with each raw data file as the samples are analyzed on the 

GC–MS/MS. Our current method setup allows for one of two data analyses processes to 

occur: one, through the Agilent MassHunter Quantitative Analysis software; and the other 

was through Indigo Biosystems ASCENT™ platform. Although results obtained from either 

software platforms were proven to be statistically equivalent, we currently use Indigo 

ASCENT™, exclusively, to analyze all sample data. Through the use of Indigo ASCENT, 

numerous custom QA rules could be imbedded to ensure consistent evaluation of each 

analyte on a sample-to-sample, batch-by-batch basis.

Conclusion

Overall, the new automated method is time-efficient and precise. At least two batches of 32 

samples can be prepared each day when higher sample throughput is needed (compared to 1 

batch of 43 samples). Laboratory automation has improved the overall accuracy and 
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precision of the analytical method, whereas the newly implemented sample data flow has 

improved sample tracking and data analysis, including evaluation of individual sample QA 

and run QC. The complete sample data flow, from sample receiving to final result reporting, 

is efficient and minimizes potential source(s) of human errors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of eight AAs. Analytes that are quantified are indicated with an asterisk.
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Figure 2. 
Schematic for Hamilton STAR with a customized receding deck that can accommodate high 

cartridge sample preparation: (a) custom 10-mL cartridge holders; (b) custom 10-mL tube 

holders; (c) eight 1-mL channels; (d) four 5-mL channels; (e) CO-RE paddle grippers; (f) 

barcode reader; (g) custom vacuum chambers.
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Figure 3. 
Sample data flow chart.
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Figure 4. 
The TIC of six quantified AAs and two of the monitored isomers in an urine sample 

containing approximately 100 ng/L of each target analyte (repre-sented as dashed line) is 

overlaid on the TIC of a calibration standard containing 100 pg/μL of each target analyte 

(represented as solid line). The three insets show the related structural isomers of OANS, 

OTOL and 26DM, each spiked at 100 pg/μL.
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Figure 5. 
Matrix equivalence of 4ABP in urine (matrix) and hexane (nonmatrix) standards. Hexane 

curve (n = 1) is plotted with solid circular markers, and urine curve (n = 1) is plotted with 

solid triangular markers. Calibration curves, from either set of matrix, show good linearity 

for a broad dynamic range (0.5 to 98 pg/μL).
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