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Abstract

Epidemiological studies often call for analytical methods that use a small biospecimen volume to quantify trace level expo-
sures to environmental chemical mixtures. Currently, as many as 150 polar metabolites of environmental chemicals have
been found in urine. Therefore, we developed a multi-class method for quantitation of biomarkers in urine. A single sample
preparation followed by three LC injections was optimized in a proof-of-approach for a multi-class method. The assay was
validated to quantify 50 biomarkers of exposure in urine, belonging to 7 chemical classes and 16 sub-classes. The classes
represent metabolites of 12 personal care and consumer product chemicals (PCPs), 5 polycyclic aromatic hydrocarbons
(PAHs), 5 organophosphate flame retardants (OPFRs), 18 pesticides, 5 volatile organic compounds (VOCs), 4 tobacco
alkaloids, and 1 drug of abuse. Human urine (0.2 mL) was spiked with isotope-labeled internal standards, enzymatically
deconjugated, extracted by solid-phase extraction, and analyzed using high-performance liquid chromatography-tandem
mass spectrometry. The methanol eluate from the cleanup was split in half and the first half analyzed for PCPs, PAH, and
OPFR on a Betasil C18 column; and pesticides and VOC on a Hypersil Gold AQ column. The second half was analyzed
for tobacco smoke metabolites and a drug of abuse on a Synergi Polar RP column. Limits of detection ranged from 0.01
to 1.0 ng/mL of urine, with the majority <0.5 ng/mL (42/50). Analytical precision, estimated as relative standard devia-
tion of intra- and inter-batch uncertainty, variabilities, was <20%. Extraction recoveries ranged from 83 to 109%. Results
from the optimized multi-class method were qualified in formal international proficiency testing programs. Further method
customization options were explored and method expansion was demonstrated by inclusion of up to 101 analytes of endo-
and exogenous chemicals. This exposome-scale assay is being used for population studies with savings of assay costs and
biospecimens, providing both quantitative results and the discovery of unexpected exposures.
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Introduction
P41 Syam S. Andra In the United States (US), individuals have > 400 detectable
syam.andra@mssm.edu exposure biomarkers with about 150 observed in urine per

the latest National Health and Nutrition Examination Survey
(NHANES) report from March 2021 [1]. Human exposures
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USA volatile organic compounds (VOCs), and tobacco smoke. A

wide range of public health concerns and health effects have
been associated with their exposures [3]. The vast range of
exposures to environmental chemical mixtures is complex,
but they represent the real-life scenario that humans face [4].
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Exposomics include a broad range of xenobiotic and endog-
enous biomarkers of exposures and biological response [5].
Better definition of multiple exposures will improve research
on health outcomes and on exposure source identification
[6].

Most targeted analytical methods measure fewer than 15
biomarkers of exposure from a single chemical class in each
biospecimen [7]. Class-specific extractions and instrumental
analyses are used [8], for example, EP [9-11], PAH [12],
OPFR and dialkyl phosphates (DAPs) [13], OP pesticides,
pyrethroids, and herbicides [14], PHTH [15], VOC [16],
and tobacco smoke [17]. Biospecimen availability is often
limited in epidemiological studies restricting the number of
possible targeted assays [18]. To overcome these barriers,
multi-class techniques are gaining popularity using extrac-
tions that enrich different classes of chemicals in human
specimens and simultaneous detection. Thus, multi-class
chemicals can be measured without using separate conven-
tional workflows, thereby reducing time, cost, and sample
volume [19-26]. Reported multi-class methods cover a range
of exposure biomarkers from two [21, 24-26] to three [19,
23], four [20], or six [22] broad chemical classes. An over-
view of multi-class methods relevant to this study is sum-
marized in Table 1 [19-37], and salient features of recent
ones are provided in Table S1 [19, 20, 22].

Our objective of developing a new analytical method was
to achieve a broader range of biomarkers that represent prev-
alent exposures in the general population [1]. Because many
common environmental biomarkers are measured in urine,
we sought to combine available analytical methods and to
make modifications that capture a possible range of common
environmental exposures using one sample and one labora-
tory procedure. For the proof-of-approach of a multi-class
method, 50 biomarkers of exposure in urine, also referred to
as analytes, belonging to 7 environmental chemical classes
and 16 sub-classes, were included in the method develop-
ment [Table 2]. Analytes represent urinary metabolites of
12 EP, 5 PAH, 5 OPFR, 18 pesticides, 5 VOC, 4 tobacco
alkaloids, and 1 drug of abuse. The resulting method can be
applied to chemically similar endogenous and exogenous
exposures, and other lifestyle choices, such as steroids,
hormones, phytoestrogens, vitamins, pharmaceuticals, and
drugs of abuse. Savings in assay costs and biospecimens
result.

Materials and methods
Standards and reagents
Reference standards # 1-6, 8—12, 23-38, 40, and 46-47

were purchased from Cambridge Isotope Laboratories,
Inc. (Tewksbury, MA, USA), whereas # 7, 39, and 48-50

@ Springer

from Sigma-Aldrich (St. Louis, MO, USA), and # 13-22
and 41-45 from Toronto Research Chemicals (North York,
ON, Canada). Vendor and product information for native
and labeled standards are given in Table S2. Purity for all
standards ranged from > 90 to 99.9%. LC/MS grade acetic
acid (> 99.7%), acetonitrile (> 99.9%), ammonium acetate
(>99 .0%), ethyl acetate (> 99.9%), formic acid (> 99.0%),
methanol (> 99.9%), and water were purchased from Fisher
Scientific (Hampton, NH, USA). Three commercial enzymes
[38] were purchased from Sigma-Aldrich with their product
number in parentheses: (i) H-1: f-glucuronidase from Helix
pomatia, type H-1 (#G0751) with a B-glucuronidase activity
> 300,000 units/g solid and sulfatase activity 10,000 units/g
solid. (ii) ALS: BGALA-RO B-glucuronidase/arylsulfatase
from Helix pomatia (#10127698001) with a -glucuronidase
activity ~100,000 units/mL and sulfatase activity ~47,500
units/mL, and (iii) K-12: p-glucuronidase from E. coli-
K12 (#03707601001) with a p-glucuronidase activity
~140 units/mg protein. Standards for enzyme hydrolysis
and deconjugation efficiency experiments were purchased
from Toronto Research Chemicals with their abbreviation
and product number in parentheses: 4-methylumbellifer-
one (MU, #M333000), 4-methylumbelliferone-'*C, (*C,-
MU, #M333002), 4-methylumbelliferyl f-D-glucuronide
(MUG, #M334550), 4-methylumbelliferyl sulfate (MUS,
#M333100), bisphenol A B-D-glucuronide (BPAG,
#B519510), bisphenol A-monosulfate (BPAS, #B519560),
triclosan O-f-D-glucuronide (TCSG, #T774260), triclosan
O-sulfate (TCSS, #T774265), and mono-2-ethylhexyl
phthalate glucuronide (MEHPG, #M542500). All solvents,
reagents, and synthetic urine (UTAK, Valencia, CA, USA)
were tested for presence of analytes of interest, and none was
above the limits of detection (LODs). Working and inter-
mediate stock solutions of all native standards and labeled
internal standards were prepared as separate mixtures at 1
mg/mL and 1 pg/mL in acetonitrile and stored at —20 °C.

Method development
Urine preparation, deconjugation, and one-step extraction

Urine processing for total forms (sum of free, aglycone, and
conjugates of individual analyte) was based on analytical
method of the Centers for Disease Control and Prevention
(CDC) [39], with some modifications [40]. We customized
the pretreatment step to provide clean baseline and adequate
recoveries. All specimens, quality controls, and working
standard solutions were thawed and equilibrated to room
temperature. Sample tubes were vortexed at 1300 rpm for 5
min on Multi Reax vibrating shaker (product # 545-10000-
00, Heidolph North America, Wood Dale, IL) and centri-
fuged at 4000 rpm for 15 min (Eppendorf centrifuge 5810,
Eppendorf, Hauppauge, NY). Urine sample preparation and
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Table 1 (continued)

(5

Number of sample Urine aliquot
volume

preparation steps
(number of urine

aliquots)

Total number of analytes

List of broad chemical classes (sub-classes in parentheses) [acro-

nyms in square brackets]

Number of
chemical
classes

Study # Reference

Springer

0.5 mL

Environmental phenols (bisphenols, benzophenones, antimicrobi- 19

Asimakopoulos et al. [34] 1

17

als, parabens, industrial ethers).

1.0 mL

Pesticides (organophosphorus pesticides, synthetic pyrethroids,

Davis et al. [35]

18

herbicides).
Pesticides (metabolites of organophosphorus pesticides, pyre-

2.0 mL

19

Olsson et al. [36]

19

throids, herbicides, insect repellent).

5.0mL

14

Environmental phenols (parabens, benzophenones, bisphenols).

1

Vela-Soria et al. [37]

20

*Perfluorinated alkylated substances (PFAS) class with two reported analytes, PFOA and PFOS, was excluded because their exposure biomarkers are not best studied in urine [70-72].

pretreatment was automated using a liquid handler (epMo-
tion 5075vtc; Eppendorf, Hauppauge, NY). Urine (0.2 mL)
was transferred to a 96-deep well plate (DWP) with 2 mL
well volume (product #951033600, Eppendorf, Hauppauge,
NY), spiked with 20 pL of labeled internal standards mixture
at a concentration of 200 ng/mL. After vortexing for 5 min at
700 rpm, the urine sample was buffered with 100 pL of 1.0
M ammonium acetate solution at pH 5.0 adjusted with ace-
tic acid, and 25 pL of p-glucuronidase/arylsulfatase enzyme
from Helix pomatia that had an approximate specific activity
of 100,000 units/mL B-glucuronidase and 47,500 units/mL
sulfatase [38]. The DWP was incubated overnight at 37 °C
at 300 rpm on a Mixmate vortexer (product # 022674200,
Eppendorf, Hauppauge, NY) to hydrolyze the conjugates.

Solid-phase extraction

The enzymatic deconjugation provides a solution of free
polar analytes, the total of free plus bound metabolites from
the original urine sample. The hydrolysates containing total
forms of analytes were extracted by solid-phase extraction
(SPE) using an Oasis HLB hydrophilic-lipophilic balanced
reversed-phase 96-well plate (30 mg sorbent per well, 30
pm particle size; Waters Corporation, Milford, MA). The
procedure was automated using a liquid handler (epMotion
5075vtc; Eppendorf, Hauppauge, NY). The first step was to
equilibrate the wells by adding 1 mL of methanol and con-
ditioning with 1 mL of water. The second step was to acidify
the enzymatic digestates of urine with 750 pL of 0.67% for-
mic acid, vortex, and load onto the preconditioned 96-well
SPE plate. Third, the native and corresponding labeled ana-
lytes were eluted twice with 0.75 mL methanol. The two
eluates for each sample were pooled in a fresh DWP, vor-
texed, split into two equal volumes, and transferred to two
separate fresh DWPs. Each half was evaporated to dryness
under a gentle nitrogen stream with a SPE Dry 96 evaporator
(Biotage, LLC; Charlotte, NC). Extract 1 was reconstituted
with 0.1 mL of acetonitrile:water (50:50, v:v). Extract 2 was
reconstituted with 0.1 mL of 0.1% acetic acid in water. The
two extracts were analyzed by LC-MS/MS instrumentation
as described in the following sections.

Multi-class separation and liquid chromatography (LC)

The two extracts were analyzed with three LC injections
optimized for analytical separations of the mixture of 50
standards from seven environmental chemical classes
(Graphical abstract, Fig. 1). Chromatographic separation
was achieved using an Exion ultrahigh-performance liquid
chromatographic (UHPLC) system from Sciex (Framing-
ham, MA, USA). Injection I with 20 pL of extract 1 was
made on a Betasil C18, 5 pm, 2.1 X 100 mm analytical col-
umn with 2.1 X 10 mm guard column (Thermo Scientific,
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Waltham, MA, USA) to resolve compounds and metabolites
of EP, PAH, and OPFR (chemical class # 1-3). Injection 2
with 20 pL of extract 1 was on a Hypersil Gold AQ, 3 pm,
3.0 X 150 mm analytical column with 4.0 X 10 mm guard
column (Thermo Scientific, Waltham, MA, USA) to resolve
compounds and metabolites of pesticides and VOCs (chemi-
cal class # 4-5). Injection 3 with 10 pL extract 2 was on a
Synergi Polar RP, 2.5 pm, 2.0 X 100 mm analytical column
with 2.0 X 4.0 mm guard column (Phenomenex Inc., Tor-
rance, CA, USA) to resolve compounds and metabolites of
tobacco smoke and drugs of abuse (chemical class # 6-7).
Mobile phases, flow rate, and gradient details are provided
in Table S3. Calibration levels and SPE extracts were main-
tained at 4 °C in the autosampler, while the LC columns
were maintained at 40 °C. Autosampler rinsing solution was
0.5 mL of acetonitrile:water (70:30, v:v).

Tandem mass spectrometry (MS/MS)

The mass spectrometry in multiple-reaction monitoring
mode (MRM) was used for data acquisition of each target
analyte. MRM method with quantifier and qualifier ion
transitions provides detection/quantification and identifica-
tion/confirmation, which is essential to targeted analyses.
A Sciex 6500+ triple quadrupole mass spectrometer (MS)
equipped with electrospray ionization (ESI) source (SCIEX,
Framingham, MA, USA) was operated in positive or nega-
tive ionization mode, sequentially or concurrently (detailed
later), for the detection and quantitation of analytes of inter-
est. Nitrogen served as curtain and collision gas. Ion source
and gas parameters were set to the following values: curtain
gas flow = 25 psi; nebulizer gas (ion source gas 1) = 50 psi;
heater gas (ion source gas 2) = 55 psi; source temperature =
500 °C; and collision gas value = 8. Ion source voltage was
set at 5500 V or —4500 V in the positive and negative ESI
mode, respectively. The most prominent ion transition was
used for quantitation and the most intense second ion transi-
tion was used for confirmation. Analyte specific parameters
such as declustering potential, entrance potential, collision
exit potential, and collision energy were individually opti-
mized by direct syringe infusion of each compound into the
mass spectrometer. Optimized instrumentation parameters
for each individual analyte are provided in Table 3.

Method validation and application

Method validation steps included determining LOD, limit
of quantification (LOQ), LOD and LOQ by reproducibil-
ity, calibration range, recovery of blank and matrix spikes,
matrix effect on LOD, matrix effect on recovery and repro-
ducibility, sample storage stability, accuracy, and intra- and
inter-batch precision (repeatability). Instrument calibration

range was determined by injecting 20 pL of 0.1 to 1000 ng/
mL of native standards mixture solutions, which yielded a
linear regression curve with 2 > 0.99. Calibration curves
were based on plotting the ratio of the target ion area of
the quantitation MRM transition to that of the ion area of
corresponding isotope-labeled internal standard against the
spiked concentration of the target analyte (ng/mL) with
1/x weighting. The LOD (signal/noise > 3) and LOQ were
calculated as 3S (three times standard deviation) [41] and
10S [42], respectively, of ten replicate analyses of a syn-
thetic urine (matrix-blank) spiked with 1.0 ng/mL of native
standards mixture. Although the matrix-matched calibra-
tion curve was linear, the instrument response was not pro-
portional and noise level was not consistent in the lower
end particularly between LOD and LOQ in the samples.
Hence, a signal-to-noise ratio of 5 + 10% CV (coefficient
of variation) was considered acceptable in this concentra-
tion range.

Quality controls (QC) included in each batch were proce-
dural (reagent-based), instrumental (no reagent, no matrix),
and matrix pool blanks, in-house urine QC pool spikes of
native standards mixture at low (0.5-5.0 ng/mL), medium
(10-50 ng/mL), and upper range (100-1,000 ng/mL) of
assay validation. Urine QC pool was prepared by mixing
urine samples collected from anonymous volunteers, which
were individually screened for analytes of this study inter-
est prior to mixing to achieve a low-level QC with at least
50% of analytes < 1.0 ng/mL. Higher level QC pools were
obtained by spiking with native standards. Efficiency of
the deconjugation step was assessed and optimized using
MU and its conjugates as test substrates [43]. MUG and
MUS were spiked at five levels (0.1, 1, 10, 100, and 1,000
ng/mL) in water (reagent-blank) and synthetic urine, and
followed the multi-class urine SPE analytical procedure
to determine recovery of MU and efficiency of deconjuga-
tion step. Our lab, the Senator Frank R. Lautenberg Labo-
ratory, is part of the Children’s Health Exposure Analysis
Resource (CHEAR), Human Health Exposure Analysis
Resource (HHEAR), and P30 Transdisciplinary Center on
Early Environmental Exposures (TCEEE). We participated
and qualified in proficiency testing (PT) programs for bio-
markers of exposures to environmental chemicals conducted
by G-EQUAS (The German External Quality Assessment
Scheme for analyses in biological materials) (http://www.g-
equas.de/) and OSEQAS (Organic Substances in urine Qual-
ity Assessment Scheme) by the Centre de Toxicologie du
Quebec (CTQ) (https://www.inspq.qc.ca/en/ctq/eqas/oqe-
sas/description) [44]. To present the proof-of-approach of
this method, 15 urine samples, from children and adults,
both genders, donated by volunteers and purchased from
Lee Biosolutions, Inc. (Maryland Heights, MO, USA), were
analyzed for the 50 analytes.

@ Springer
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Table 2 (continued)

&

PT, yes/no

CAS# NIST
SRM,
yes/no

Analyte code

Analyte # Full analyte name

Sub-chemical class

Sub-
chemical
class #

Chemical class

Chemi-
cal class

Springer

No* Yes

54-11-5
486-56-6

NIC

Nicotine

45

Tobacco smoke

15

Tobacco alkaloids and metabo-

Yes

No*

COT

Cotinine

46
47

lites

No* No

34834-67-8

HCOT

Hydroxycotinine

No Yes

76014-81-8

4-(Methlynitrosamino)-1-(3- NNAL

48

pyridyl)-1-butanol (total)

No No

494-04-2

NICTL

Nicotelline

49

104874-50-2 Yes No

THC-COOH

11-Nor-9-carboxy-A9-

50

Cannabinoids

16

Drugs of abuse

tetrahydrocannabinol

*NIST SRM 3672 reference values for nicotine, cotinine, and hydroxycotinine are for the free forms (non-conjugated species only) but not the total forms [free + conjugates]. This multi-class

assay involves an enzymatic deconjugation step for analyzing total forms only.

Internal Standard | _____
(**C, or d,)

0.2 mL
specimen

| Enzymatic deconjugation |
v
| Incubation (overnight, 37°C) |

Total
forms

Solid phase extraction (SPE)
- Automated liquid handler

- High-throughput 96-well plate
- Oasis HLB (polymeric RP)

- Elution with methanol

| Eluate * |
¥

| Split and Evaporate to dryness |
L2 v

Single aliquot
extraction

|

Reconstituted
Extract-2
0.1% acetic acid in water

Reconstituted
Extract-1
acetonitrile:water
(50:50, v:v)

‘ Injectlon1 Injectlon-z | Injection-3 ‘

| LC-1: Betasil | | LC-2: Hypersu l LC-3: Synergi

MS (ESI, -ve) MS (ESI, -ve) MS (ESI, +ve)

- Phenols - Pesticides - Tobacco smoke

- PAH - VOC - Drugs of abuse

- OPFR - Psychosocial stress*

Multi-class assay for the
Exposome (exo- and endogenous)

Fig. 1 Multi-class urine assay for multi-analyte exo- and endogenous
polar metabolites. *Cortisol and cortisone are the endogenous bio-
markers for psychosocial stress in our multi-class method

Results and discussion

Global analysis of external exposomic breadth is a challenge
due to complexity of exposures to environmental chemical
mixtures, diversity of their chemical properties, differences
in metabolism, and trace level concentrations found in
humans. Hence, typical class-specific and separate analyti-
cal methods are in use. Recent multi-class methods report
a single sample preparation for simultaneous extraction of
urinary metabolites of EP, PHTH and pesticides [19], or EP
and PAH [20], or OPFR and pesticides [21], respectively.
However, to the best of our knowledge, there is no reported
method for the simultaneous extraction of seven classes of
this study’s interest, which include VOC, tobacco smoke,
and drugs. Steps and challenges involved in developing
and validating a method for all these analytes are discussed
below.

Automated low-volume and high-throughput assay

High throughput for bioanalytical methods is rate-limited
by the number of biological and liquid handling steps. A
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user-friendly automated sample preparation was achieved
with the epMotion 5075vtc liquid handler. The unit sup-
ports low-volume aliquoting of reagents and matrix, pipet-
ting range of 0.2 pL—1 mL, diluting, adding internal stand-
ards mixture, various extractions (liquid-liquid, solid-phase,
supported liquid extraction etc.), thermal incubation range
of 0-110 °C, and mixing range of 300-2000 rpm. The plat-
form also supports online sample extraction (liquid-liquid
extraction, solid-phase extraction, protein precipitation, etc.)
using single and 8 channel dispensing tools. The developed
high-throughput automated method is rugged and enabled
us to process 96 samples per batch per day, improved overall
efficiency, and reduced tedious sample handling steps and
human errors if any. Moreover, it enabled us to work with
a low-volume urine sample (0.2 mL) and labeled standards
mixture (20 pL), with a systematic measurement error <
1.0% at low volumes in the range of 1-50 pL, compared with
the reported urine volume of 0.5-3 mL used for relevant
multi-class analysis elsewhere [19, 20].

Enzyme selection for hydrolysis and use
of a deconjugation probe

Upon exposure, environmental chemicals undergo phase I
and II metabolism [45]. Biomarkers in the chemical classes
of our study undergo mainly phase II metabolism. Previ-
ous studies have reported urinary excretion of phase II
conjugates (aglycone, conjugated glucuronide, and sulfate
forms) for EP [46, 47], PAH [48], OPFR [49], and OP and
pyrethroid pesticides [50]; aglycone and glucuronide con-
jugates for phthalates [51], tobacco smoke [52], opioids
[53], and cannabinoid [54]; mercapturic acid conjugates
for VOC metabolites [55]; and aglycone forms for phenoxy
acid herbicides [56], neonicotinoids [57], and DAPs [58].
Accordingly, the choices of enzyme for deconjugation of
urine metabolites in the CDC methods were (i) H-1 enzyme
for EP [9], OPFR and DAPs [13], tobacco smoke [17], and
OP pesticides, pyrethroids, and herbicides [14]; (ii) ALS
enzyme for PAH [12]; (iii) K-12 enzyme for phthalates and
phthalate alternatives [15]; and (iv) no enzyme for VOC
[16]. Complete hydrolysis of conjugates is not only depend-
ent on the enzyme type but also amount, buffer pH, incu-
bation temperature, and duration [19, 38, 59]. Thus, the
choice and amount of p-glucuronidase and (aryl) sulfatase
varied for biomarker panels. Enzymes with sulfatase activ-
ity resulted in unreproducible results of the non-oxidative,
primary phthalate monoester metabolites (discussed later).
This limited the choice of biomarkers that could be included
in our multi-class method.

We tested the deconjugation efficiency of the multi-class
analytes by including conjugate forms in water and synthetic
urine samples [43], i.e., MUG, MUS, BPAG, BPAS, TCSG,
TCSS, and MEHPG (glucuronide of mono-2-ethylhexyl

phthalate, MEHP), in the range of 0.1-1,000 ng/mL. Agly-
cone and conjugate forms were quantified before and after
enzymatic treatments to calculate deconjugation efficiency
[43]. ALS enzyme was used in this study for its ability to
completely deconjugate O-glucuronides and sulfates of
EP, and N-glucuronide of TCC [38]. ALS enzyme was the
choice in recent multi-class methods [19, 20]. ALS enzyme
activity was evaluated at five stages, as follows. Aglycone
forms of the test analytes were extracted from 0.2 mL urine
with Oasis HLB SPE and quantified by LC-MS/MS. Stage
(i) test samples were spiked with glucuronide or sulfate con-
jugates of test analytes at 0.1, 1, 10, 100, or 1,000 ng/mL and
incubated to assess spiked levels of conjugate on recoveries
(Fig. 2). Complete hydrolysis was observed for conjugate
levels up to 1,000 ng/mL. Sample dilution or a smaller ali-
quot (< 0.1 mL) is suggested for analytes > 1,000 ng/mL,
which are atypical in a general population and non-smokers
[1], for a satisfactory deconjugation recovery under these
enzymatic conditions. (ii) the conjugate spiked samples
were incubated for 1, 8, 16, or 24 h to assess incubation
time effect on recoveries (Fig. S1B). Measured aglycone
levels did not change significantly with incubation time
between 8 and 16 h. Hence, hydrolysis time of 16 h was
selected to perform an overnight incubation that fit post-
deconjugation sample cleanup and extraction steps during
typical work hours the following day. (iii) The conjugate
spiked samples were incubated with ALS enzyme using 5,
25, or 50 pL enzyme/0.2 mL urine (i.e., ALS of 2.5, 12.5,
25 units/pL urine) to assess enzyme amount for satisfac-
tory hydrolysis (Fig. S1C). Aglycone levels increased with
higher enzyme units. (iv) the conjugate spiked samples were
incubated in 1.0 M ammonium acetate buffer at pH 4.5, 5.0,
or 5.5 (Fig. S1D). No difference was observed between pH
5.0 and 5.5; therefore, 5.0 was used for the rest of this work
per manufacturer recommended pH range, while 5.5 was
used by [19, 20], and (v) the conjugate spiked samples were
incubated at room temperature (25 °C, 37 °C, or 50 °C) to
assess enzyme activity at different temperatures (Fig. S1E).
Hydrolysis was optimal at 37 °C. We found that incubation
with 25 pL ALS/0.2 mL urine (i.e., ALS of 12.5 units/pL
urine) for 16 hin 1.0 M pH 5.0 ammonium acetate buffer at
37 °C ensured the complete deconjugation of biomarkers in
the chemical classes we report.

NIST Standard Reference Materials (SRMs) 3672 and
3673 for organic contaminants in smokers’ and non-smok-
ers’ urine, respectively, have certified or reference mass frac-
tion values for conjugated forms of EP, PHTH, PAH, and
VOC metabolites [60]. Hydrolysis of EP and PAH metabo-
lites in NIST SRMs using the optimized enzyme conditions
were in the satisfactory range of 80-120% and > 130% for
MEHP. We observed a significant variation in recoveries of
MNBP, MIBP, and MEHP from NIST SRM 3672, attribut-
able to arylsulfatase activity in the ALS enzyme (Fig. 3).

@ Springer
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Enzymes with (aryl)sulfatase activity can hydrolyze phtha-
late diesters in the lab environment to monoesters through
lipase/esterase activity, depending on the deconjugation con-
ditions, resulting in artificial elevation of phthalate biomark-
ers [61, 62]. Because of the relatively high MEHP in blanks
and higher recoveries > 130% from spiked MEHPG in the
lower spike range 0.1-10 ng/mL in samples incubated with
ALS enzyme for > 8 h, and inconsistent QC performance for
MNBP, MIBP, and MEHP, we have excluded PHTH from
the multi-class assay. This was not the case with a shorter
incubation of 1 h, similar to the other multi-class method
with a 2 h step [19]. However, 1 h incubation was not suf-
ficient for complete deconjugation of sulfates of EP. Lipase-
mediated alkyl/aryl sulfatase hydrolysis of methyl paraben
(MEPB) to p-hydroxybenzoic acid resulted in recovery <
80-50% at ALS > 30 units/pL urine [38], which was not
observed in our study range of ALS enzyme 2.5-25 units/puL
urine. Methanol addition prior to enzymatic deconjugation
quenched lipase activity and resulted in full recovery of EP
including MEPB [38]. We plan in future to test methanol
addition to prevent lipase hydrolysis of phthalate diesters
in order to add this class to the assay. Further, an enzy-
matic deconjugation is required for a method to be applied
in human biomonitoring of most common environmental
classes, a step not used in [22].

Analyte extraction, separation, detection,
and quantification

SPE is generally considered to provide efficient cleanup,
increased selectivity, and lowered solvent usage, suitable
for large sample size and high throughput [7], compared to
liquid-liquid extraction (LLE) in a multi-class method [22].
Oasis HLB SPE, a polymeric sorbent with hydrophilic-lipo-
philic balance [63], was determined to be suitable for this
study, after testing various sorbent materials; it has also been
a preferred universal sorbent in other multi-class methods
[20, 35, 36]. Oasis HLB provided enhanced retention of low
pKa analytes such as DAPs when enzymatic digestates were
acidified prior to loading, following the “pK,-rule” [64],
similar to observations in other multi-class methods [19,
20]. Exclusion of a water wash step improved DAPs recov-
ery with no significant difference in extract matrix effects for
the range of analytes. Wash with pure organic solvent (100%
methanol) provided satisfactory recoveries for the study ana-
lytes, compared to the use of a combination of organic sol-
vents in other multi-class methods such as acetonitrile:ethyl
acetate (1:1, v:v) [19] or methanol:dichloromethane (50:50,
v:v) [20]. In future expansion of the method, we plan to use a
combination of organic solvents to elute analytes with higher
logK,,, than those of this study’s analytes. Poor recovery of
BP3 was reported when reconstituted in the pre-injection
mobile phase, typically a high aqueous and low organic

condition [24]. Therefore, we increased the organic content
by using acetonitrile:water (50:50, v:v) for reconstitution and
observed improved BP3 recovery. SPE recoveries of metabo-
lites of EP, PAH, VOC, and tobacco smoke in NIST SRM
3672 from Oasis HLB were compared with sorbents used
in representative single-class assays by following reported
sample cleanup steps [40, 65-67] (Fig. S2). Recoveries of
81-110% were obtained for all analytes from Oasis HLB and
considered satisfactory in comparison with 91-104% from
SPE sorbents and protocols used in respective single-class
assays. The optimized Oasis HLB SPE conditions achieved
a satisfactory balance between recoveries and matrix effects,
a desirable key feature for a multi-class with differing polari-
ties, as demonstrated for all chemical classes of this study
interest by using previous years’ proficiency test materials
where reference values are available. NIST SRM 1507b was
used to test THC-COOH recovery and found satisfactory.

The cleanup of ours and other reported multi-class meth-
ods [19, 24-26] yields deconjugated monoesters and oxida-
tive metabolites of phthalate diesters. However, our choice
of enzyme ALS is ideal for EP [41, 46], PAH [48], OPFR
[49], and OP and pyrethroid pesticides [50]. While it deconju-
gates other analytes, including monoesters of phthalates and
phthalate alternatives, we observe elevated MEHP, MNBP,
MIBP, and mono-2-ethylhexyl terephthalate (MEHTP), but
not oxidative metabolites in the blanks. We believe this is due
to the lipase/esterase activity of the sulfatase in ALS enzyme
with an ability to hydrolyze extraneous phthalate diesters to
monoesters and thus elevate their levels that are not due to
human exposure [62]. Oxidative phthalate metabolites result
from metabolism and are not compromised by extraneous
diesters during sample handling or analysis [51]. Therefore,
we perform a separate assay using K-12 enzyme for PHTH. In
addition, glyphosate and its metabolite aminomethyl phospho-
nic acid (AMPA) are highly polar zwitterions and not retained
or resolved by conventional reverse-phase SPE sorbents or LC
columns [68]. Therefore, we currently perform a separate assay
using a mixed-mode SPE sorbent and an ion chromatographic
column for measuring underivatized polar ionic pesticides in
urine [69]. We did not measure legacy long-chain per- and
polyfluoroalkyl substances (PFAS) such as perfluorooctane
sulfonate (PFOS) and perfluorooctanoate (PFOA) in this urine
multi-class method. Although there have been a few limited
reports including a multi-class [22], PFAS detection in urine
is infrequent or below method detection limits. Therefore,
PFAS are best studied in blood matrices and urinary assays
are not considered validated quantitative biomarkers [70, 71].
By contrast, it is a possibility that the short-chain and more
polar PFAS replacements such as perfluorobutanoate (PFBA),
perfluorobutane sulfonate (PFBS), ADONA, and GenX with
shorter biological half-lives have significant elimination in
urine, which should be checked [70, 72].

@ Springer



5956

JaganiR. etal.

Fig.2 Deconjugation efficiency
based on known glucuronide
and sulfate conjugate levels (ng/
mL), showing range of concen-
trations. The range of recoveries
indicates the necessity to moni-
tor deconjugation. See Fig. S1
for more information on decon-
jugation efficiency based on

the duration of incubation (h),
amount of enzyme (ALS units/
pL urine), pH, and incubation
temperature (°C). Conjugates
were spiked at 0.1, 1, 10, 100,
or 1,000 ng/mL into synthetic
urine, and incubated with 25 pL. 40
ALS enzyme/0.2 mL urine (i.e.,
ALS enzyme of 12.5 units/pL
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Previous reports provide background information on
suitable chromatography and mass spectrometry conditions
for target chemical classes. We tested several LC columns
and mobile phases to find maximize class coverage with a
minimum number of injections of the same extract. Table S3
shows optimized LC gradients for the three injections. First,
as expected EP were resolved satisfactorily on a Betasil C18
column (2.1 X 100 mm, 5 pm) [73]. However, in contrast to
the acidified aqueous condition reported elsewhere [73], a
combination of neutral water and acetonitrile mobile phases
helped with inclusion of PAH and OPFR metabolites in the
same LC run (Fig. 4A). Notably, the optimized Betasil LC
gradient separated isomer peak pairs of PAH metabolites,
e.g., NAPI (metabolite of naphthalene and insecticide, car-
baryl) and NAP2 (metabolite of naphthalene only) [74]; and
OPFR, e.g., DOCP and DPCP (isomer metabolites of tri-
cresyl phosphate) [75]. Similarly, the second injection, as
expected, provided DAPs with long retention times, start-
ing after 3 min. The 6 analytes in this sub-class separated
well from each other and matrix ions, using Hypersil Gold
AQ column (3.0 X 150 mm, 3 pm) [21]. In addition, the

@ Springer

optimized Hypersil LC gradient also had good results for
metabolites of other pesticides and VOC (Fig. 4B). Sepa-
ration of isomer pairs of pesticides, e.g., CIS-DCCA and
TRANS-DCCA (cis and trans isomer metabolites of perme-
thrin) [76]; and VOC, e.g., 2-HPMA (propylene oxide bio-
marker) and 3-HPMA (acrolein biomarker) [77], was pos-
sible. Third, as expected, Synergi Polar RP (2.0 X 100 mm,
2.5 pm) resolved tobacco smoke [65] and drugs of abuse
[78], and allowed simultaneous determination of NNAL
with tobacco smoke metabolites (Fig. 4C) similar to [79].
Nicotelline [80], a minor tobacco alkaloid and a biomarker
of combusted tobacco use [81], was included in the 3rd
injection. We plan in future to add anatalline, another minor
tobacco alkaloid and a biomarker of smokeless tobacco use
[82]. Mass spectrometry parameters were further optimized
in the ESI positive mode for insecticides (DEET) [36],
tobacco smoke [65], and drugs of abuse [78], and in the ESI
negative mode for the rest of the target analytes [21, 28, 36,
39]. Table 3 shows optimized MS/MS parameters for tar-
get analytes in three separate and sequential injections, and
observed retention times. MRM provides a highly specific
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Fig.3 Effect of deconjugation enzyme on phthalate metabolites
recovery from NIST SRM 3672. Enzymatic hydrolysis using aryl-
sulfatase-free P-glucuronidase K-12 enzyme from E. coli resulted
in excellent recoveries (averages in the range of 94-100%). ALS
enzyme with B-glucuronidase and sulfatase activity is essential to
completely deconjugate glucuronides and sulfates of multi-class uri-
nary metabolites included in this study, but not for phthalate metabo-
lites. Lipase/esterase activity of ALS enzyme may lead to hydroly-
sis of extraneous, not relevant to exposure and non-metabolized,
phthalate diesters, and result in significant variation in recoveries,
especially MNBP, MBP, and MEHP. (a) NIST SRM 3672 was incu-
bated with 25 pL. ALS/0.2 mL urine (i.e., ALS enzyme of 12.5 units/
pL urine) for 16 h in 1.0 M pH 5.0 ammonium acetate buffer at 37

data acquisition, which is unique for each analyte, and mul-
tiple transitions can be run within a given time frame. Sensi-
tivity in all three LC methods was further enhanced by using
a Scheduled MRM program. Typical MRM chromatograms
for all target analytes are shown from an unspiked (native)
(Fig. S3) and a 1 ng/mL spiked QC urine pool (Fig. S4).
Customizing an assay, or panel tailoring, can be done
to include additional analytes from a given class or other
classes, and to regroup analytes that are compatible with
more than one LC and/or MS condition. Possibilities to
tailor our multi-class method are (i) expand one LC panel
by adding other analytes within a chemical class, e.g.,
other EP analytes such as HB4, 4OHBP, BP2, and BP8 can
be included in the Betasil assay (Fig. 4A); (ii) expand a LC
panel by adding other chemical classes, e.g., biomarkers
of lifestyle choices such as metabolites of alcohol, opiates/
opioids, stimulants, prescription drugs, pain, and fever
relievers. For example, biomarkers of psychosocial stress
such as cortisol and cortisone can be included in the Syn-
ergi assay (Fig. 4C). Method expansion enabled inclusion

°C. Aglycone forms of the test analytes were extracted from 0.2 mL
urine with Oasis HLB SPE and quantified by LC-MS/MS to esti-
mate percent deconjugation and spike recovery. Reference mass frac-
tion values (pg/kg) for selected phthalate metabolites in NIST SRM
3672 are 2.99 (MCPP), 94.5 (MEP), 8.37 (MBZP), 10.6 (MNBP),
6.40 (MIBP), 4.13 (MEHP), 35.2 (MECPP), 14.9 (MEOHP), and
24.8 (MEHHP). (b) MCPP, mono-(3-carboxypropyl) phthalate; MEP,
monoethyl phthalate; MBZP, monobenzyl phthalate; MNBP, mono-
n-butyl phthalate; MIBP, mono-isobutyl phthalate; MEHP, mono-
(2-ethylhexyl) phthalate; MECPP, mono-(2-ethyl-5-carboxypentyl)
phthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; and
MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate.

of up to a total of 101 analytes in 3-tailored injections.
The expanded method with an additional 51 analytes was
optimized and validated by spiking QC urine at two levels
(1 and 10 ng/mL) (data not shown); (iii) switch most of
the pesticides and metabolites from Hypersil to Betasil
panel to acquire EP, PAH, OPFR, and pesticides, except
for DAPs, in a single injection (1st); and (iv) reduce the
number of LC panels by simultaneous positive and nega-
tive ion scanning with 5 ms polarity switch time in the
same injection, using concurrent acquisition. This detector
technology helped to analyze biomarkers of psychosocial
stress together with EP, PAH, and OPFR metabolites in
Betasil panel (Fig. S5), and tobacco smoke and drugs of
abuse together with pesticides and VOC metabolites in
Hypersil panel (Fig. S6), thereby acquiring all 101 ana-
lytes in two tailored injections. Further, a 4th injection
with extract 2 on a Zorbax SB column using the polarity
switching feature allowed analysis of steroids and water-
soluble vitamins (Fig. S7). New chemical classes in the
4th injection will require further validation and thus are
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Fig.4 Extracted ion chromatograms of a standard mixture of 101 analytes
under 3 different LC separation conditions described in “Materials and meth-
ods.” The 50 biomarkers represent exposures to multiple environmental
chemical classes for which quantitative methods are shown [#1-50]. An addi-
tional 51 analytes are shown to illustrate expanded capability of the multi-
class method to measure other biomarkers within a chemical class and other
similar classes [#A-AY]. Panels A—C represent 3 separate and sequential
injections of a 20 pL standards mixture, with 20 ng/mL of each analyte, on
a Betasil [A], Hypersil [B], and Synergi [C] LC column [#1-50]. Fifty expo-
sure biomarkers of interest. Betasil [3A]: (1) BPA, (2) BPF, (3) BPS, (4) BPZ,
(5) TCS, (6) TCC, (7) BP1, (8) BP3, (9) BUPB, (10) ETPB, (11) MEPB,
(12) PRPB, (13) NAP1, (14) NAP2, (15) PYR1, (16) FLUO2, (17) PHEN3,
(18) BCETP, (19) BDCPP, (20) DPHP, (21) BCPP, and (22) DBUP. Hypersil
[3B]: (23) CINAG, (24) AND (25) PNP, (26) TCP, (27) MDA, (28) DMP,
(29) DMTP, (30) DMDP, (31) DEP, (32) DETP, (33) DEDP, (34) PBA, (35)
FPBA, (36) CIS-DCCA, (37) TRANS-DCCA, (38) PCP, (39) 24D, (41)
HEMA, (42) 2-HPMA, (43) 3-HPMA, and (44) SPMA. Synergi [3C]: (40)
DEET, (45) NICT, (46) COTT, (47) HCOT, (48) NNAL, (49) NICTL, and
(50) THC-COOH. Possible 51 exposure biomarkers measured in the same
injections are additional 9 environmental phenols, 6 PAH metabolites, 3
OP flame retardants, 7 pesticides, 3 VOCs, 4 tobacco smoke, 17 substance
abuse, and 2 psychosocial stress biomarkers [#A-AY]. Betasil [Fig. 4A]:
(A) 4-hydroxybenzoic acid (HB4), (B) 2-hydroxyphenanthrene (PHEN?2),
(C)  1-hydroxyphenanthrene/9-hydroxyphenanthrene  (PHEN1/PHENO),
(D)  9-hydroxyphenanthrene/1-hydroxyphenanthrene  (PHEN9/PHENI1),
(E) 4-hydroxyphenanthrene (PHEN4), (F) 3-hydroxyfluorene (FLUO3),
(G) 9-hydroxyfluorene (FLUO9), (H) 4-hydroxybenzophenone (4OHBP),
(I 2,2'44-tetrahydroxybenzophenone (BP2), (J) 2,2"-dihydroxy-methoxy-
benzophenone (BP8), (K) di-benzyl phosphate (DBZP), (L) 3,4-dihydroxy
benzoic acid (DHB34), (M) di-o-cresylphosphate (DOCP), and (N) di-p-cre-
sylphosphate (DPCP). Hypersil [Fig. 4B]: (O) 2,4,5-trichlorophenoxyacetic
acid (245T), (P) n-acetyl-s-(2-carbamoylethyl)-l-cysteine (AAMA), (Q)
n-acetyl-s-(3,4-dihydroxybutyl)-l-cysteine (DHBMA), (R) 4-chlorophenol
(MCP4), (S) 2.,3,5,6-tetrachlorophenol (TECP2356), (T) 2,4,5-trichlorophe-
nol (TCP245), (U) 24.6-trichlorophenol (TCP246), and (V) n-acetyl-s-(2-
cyanoethyl)-I-cysteine (CEMA). Synergi (Fig. 4C): (W) n-nitroso anatabine
(NAT), (X) 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), (Y)
n-nitrosonornicotine  (NNN), (Z) 4-hydroxy-4-(3-pyridyl)-butanoic acid
(HyPyBut), (AA) cannabidiol (CBD), (AB) tetrahydrocannabinol (THC),
(AC) n,n-diethyl-3-(hydroxymethyl) benzamide (DHMB), (AD) 2-isopro-
pyl-4-methyl-pyrimidinol (IMPY), (AE) 3-(ethylcarbamoyl) benzoic acid
(ECBA), (AF) clothianidin (CLOT), (AG) imidacloprid (IMID), (AH)
3-(diethylcarbamoyl) benzoic acid (DCBA), (Al) caffeine (CAFF), (AJ)
acetaminophen (APAP), (AK) amphetamine, (AL) buprenorphine, (AM)
cocaethylene, (AN) cocaine, (AO) codeine, (AP) ecgonine methyl ester
(EME), (AQ) fentanyl, (AR) hydrocodone, (AS) 3,4-methylenedioxy-N-
ethylamphetamine (MDEA), (AT) 3,4-methylenedioxymethamphetamine
(MDMA), (AU) methamphetamine, (AV) morphine, (AW) oxycodone,
(AX) cortisol, and (AY) cortisone.
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Table 4 Matrix-based method limits of detection (LOD) and quantifi-
cation (LOQ), QC urine pool levels, spike extraction efficiencies (EE)

in QC urine pool, accuracy and precision from inter-batch assays pre-

sented as relative error (RE), relative standard deviation (RSD), and
coefficient of variation (CV).

Analyte Analyte code LOD, ng/mL  LOQ, ng/mL  QC urine pool, 1 ng/mL spike in QC urine 10 ng/mL spike in QC
# (see mean pool urine pool
Table 2) conc.*, ng/mL (n =30, 3 replicates x 10 (n =30, 3 replicates X 10

batches) batches)

EE, RE, RSD, CV, EE, RE, RSD, CV,

% % % % % % % %
1 BPA 0.2 0.6 1.5 101 1 1 4 91 -9 10 8
2 BPF 0.1 0.2 2.0 83 -16 17 13 88 -12 13 12
3 BPS 0.1 0.2 2.3 95 -7 7 10 91 -9 9 2
4 BPZ 0.04 0.1 0.01 89 -12 13 4 102 2 2 10
5 TCS 0.7 2 136 97 -2 2 10 90 -8 9 10
6 TCC 0.2 0.6 1.4 90 -10 10 15 96 -4 4 9
7 BP1 0.1 0.2 17 97 -3 3 3 87 -13 14 4
8 BP3 1 3 48 98 -2 2 15 94 -6 6 4
9 BUPB 0.03 0.1 0.20 89 -11 12 6 92 -8 8 3
10 ETPB 0.03 0.1 8.3 97 -3 3 2 86 -14 15 5
11 MEPB 0.1 0.3 35 101 1 1 4 88 -12 12 4
12 PRPB 0.02 0.1 59 97 -3 3 3 83 -16 18 7
13 NAP1 0.5 2 1.1 102 1 1 16 87 -13 14 15
14 NAP2 0.7 2 3.6 93 -7 17 13 89 -11 11 10
15 PYRI1 0.1 0.2 0.14 83 -17 18 6 114 14 13 13
16 FLUO2 0.03 0.1 0.21 97 -2 2 16 101 1 1 9
17 PHEN3 0.1 0.3 0.48 100 0 0 16 115 15 14 7
18 BCETP 0.5 2 39 88 -15 17 9 84 18 19 3
19 BDCPP 0.1 0.4 0.67 94 -6 6 17 93 -7 17 14
20 DPHP 0.1 0.2 0.97 92 -7 8 4 92 -8 8 8
21 BCPP 0.2 0.8 0.83 101 1 1 16 88 -12 13 14
22 DBUP 0.3 1 0.11 86 -14 15 9 83 -17 18 9
23 CINAG6 0.3 1 0.12 87 -13 14 13 86 —-15 16 11
24 AND 0.1 0.5 0.85 109 11 11 9 113 13 13 13
25 PNP 0.3 1 0.87 98 -2 2 5 95 -5 5 7
26 TCP 0.01 0.02 0.48 94 -6 6 8 102 2 2 5
27 MDA 0.4 1 0.35 101 2 2 12 103 3 3 9
28 DMP 0.6 2 1.8 92 -7 1 3 99 -1 1 14
29 DMTP 0.8 3 1.6 106 6 6 10 108 8 8 7
30 DMDP 0.1 1 0.45 104 3 3 19 106 6 6 8
31 DEP 0.8 3 2.6 95 -6 6 7 83 -17 18 5
32 DETP 0.1 0.3 1.5 103 1 1 18 85 -17 18 11
33 DEDP 0.8 3 0.66 100 0O 0 16 88 —-12 13 11
34 PBA 0.02 0.1 1.6 90 -10 10 4 85 -15 17 7
35 FPBA 0.02 0.1 0.03 88 -12 13 4 91 -9 10 8
36 CIS-DCCA 0.6 2 0.87 92 -8 11 92 -8 9 17
37 TRANS-DCCA 0.1 04 22 97 -2 11 89 -11 12 15
38 PCP 0.1 0.4 0.55 93 -6 7 114 14 13 10
39 24D 0.2 0.7 0.43 84 -15 16 14 97 -3 4 7
40 DEET 0.4 1 0.64 102 1 1 13 96 -4 4 8
41 HEMA 0.1 0.5 1.7 101 3 3 16 83 -17 18 5
42 2-HPMA 0.1 0.2 38 101 0 0 16 87 -9 10 14
43 3-HPMA 0.3 1 536 100 0 0 14 96 -3 3 19
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Table 4 (continued)

Analyte Analyte code LOD, ng/mL.  LOQ, ng/mL.  QC urine pool, 1 ng/mL spike in QC urine 10 ng/mL spike in QC
# (see mean pool urine pool
Table 2) conc.*, ng/mL (n =30, 3 replicates X 10 (n =30, 3 replicates X 10
batches) batches)
EE, RE, RSD, CV, EE, RE, RSD, CV,
% % % % % % % %
44 SPMA 0.03 0.1 0.16 98 -2 2 7 99 -1
45 NIC 04 1 178 102 2 2 9 92 -7 8
46 COT 0.3 0.9 233 100 0 0 9 91 -9 10 11
47 HCOT 0.04 0.1 282 102 3 3 4 93 -7 7 5
48 NNAL 0.1 0.2 0.30 96 -3 4 14 91 -9 10 10
49 NICTL 0.03 0.1 0.03 87 -13 14 6 90 -10 10
50 THC-COOH 0.1 0.2 29 93 -7 7 6 93 -7 7 6

*Average of the instrument readouts were presented for the QC urine pool, despite some < LOD.

not included in this report. In addition, there are biomark-
ers of interest in urine that did not perform in our multi-
class method (Table S4).

Method performance

Matrix effects were resolved by using both stable isotope-
labeled internal standards and matrix-matched calibration
standard curves. An eleven-point calibration curve was
used for quantification of target analytes and correspond-
ing labeled ones prepared in acetonitrile:water (50:50,
v:v), except for TCS, TCC, PCP, 24D, and 245T prepared
in acetonitrile:water (70:30, v:v) based on their solubility.
Acetonitrile in the calibration solutions prevented adhe-
sion of analytes to the labware. Calibration curves were
constructed with increasing levels up to 1000 ng/mL using
water (reagent-based), synthetic urine (matrix-based), and
a QC pool from real urine as matrices. A comparison was
made between the slopes of the regression obtained from the
three calibration curves, and no significant difference was
observed (a = 0.1). Slope deviation of the calibration curves
was calculated from the 10 batches and was < 20%. Signal
suppression or enhancement (SSE) was evaluated as the ratio
of slope of the calibration curve built in urine matrix and
that from one built in a reagent-based water. SSE of the 50
analytes in this study was in the range of 0.8—1.2, which was
considered acceptable. Satisfactory linearity (+* > 0.95) was
observed for calibration curves built in all three matrices.
Correlations were r > 0.95 in urine matrices compared with
those in water (2 > 0.99). Matrix effects were evaluated
by comparing recoveries of spiked target analytes in each
matrix. Measured concentrations showed deviations of <
20% indicating no significant matrix effects.

A linear dynamic range of up to 6 orders of magnitude
can be achieved on the Sciex 6500+ mass spectrometer,
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which helps quantification of a large number of diverse
analytes whose concentration varies widely in urine in a
single injection. In addition, this system with a multi-chan-
nel electron multiplier improves detection without raising
signal/noise ratio at low levels (> LOQ-0.5 ng/mL), and a
dead time correction algorithm with elevated pulse count-
ing improves detection without saturation at high levels
(>100-1000 ng/mL). Carryover was assessed at three stages:
liquid handler, SPE, and LC. Carryover was nonexistent for
most analytes and low for hydrophobic ones. Carryover was
avoided by using an automated sample and reagent handling,
a SPE setup with no crosstalk between reagent reservoirs,
pipettor tools, tips, and DWP wells, and a LC setup with
flow-through-needle design and an optimal pre-injection and
post-run column equilibration program. A pure organic sol-
vent injected after a run with the highest level of calibration
curve or a measured concentration in urine extract did not
show any carryover effects that are above LODs. A reagent-
based blank was used to monitor and quantify background
levels present in labware or inadvertent introduction during
sample cleanup. In addition to the reagent blank, we pre-
pared matrix-based blanks using synthetic urine and a QC
urine pool. Given the high sensitivity of the instrumentation
used and method developed, we were able to see trace levels
of some analytes in procedural blanks. The following ana-
lytes were in the range of 0.5-1.0 ng/mL: TCS, BP3, NAP1,
NAP2, BCETP, DMP, DMTP, DEP, DEDP, and CIS-DCCA.
Therefore, no true blank for all analytes in one or more of the
three matrices. However, all analytes in reagent blanks were
below corresponding LODs. Moreover, because no urine
analyzed was devoid of all analytes, and slope of calibration
curves prepared in synthetic urine and QC urine pool was
similar to those prepared in water, we chose a reagent-based
calibration curve in water for quantification.
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Table 5 Multi-class method analysis of 50 exposure biomarkers of interest in urine from volunteers (n = 15), compared with NHANES data
(total population, N = 373-5963).

Analyte # Analyte code Concentra-  This study (n = 15) NHANES, fourth national report
(see Table 2) tion on human exposure to
unit environmental chemicals, March
2021, total population,
(creatinine-unadjusted)
LOD Median Min. Max. Survey Sample LOD  50th percentile (95% CI)
(50th year size
percentile)
1 BPA pg/L 0.2 0.809 0.158 331  2015-16 2651 0.2 1.10 (1.00-1.20)
2 BPF pg/L 0.1 0.692 0217 1.39  2015-16 2651 0.2 <LOD
3 BPS pg/L 0.1 0.827 0.064 3.05 2015-16 2651 0.1 0.400 (.400-.500)
4 BPZ pg/L 0.04  0.000 0.000 0.000 N/A N/A N/A N/A
5 TCS pg/L 0.7 9.10 298 252 2015-16 2651 1.7 3.00 (2.50-3.80)
6 TCC pg/L 0.2 0.212 0.037 197  2015-16 2651 0.1 <LOD
7 BP1 pg/L 0.1 1.01 0314 224 N/A N/A N/A  N/A
8 BP3 pg/L 1 18.3 510 114 2015-16 2651 0.4 16.3 (13.8-19.7)
9 BUPB pg/L 0.03  0.240 0.039 48.0 2015-16 2651 0.1 <LOD
10 ETPB pg/L 0.03 2.28 0298 67.7  2015-16 2651 1 <LOD
11 MEPB pg/L 0.1 176 18.1 1136 2015-16 2651 1 28.2 (22.1-34.8)
12 PRPB pg/L 0.02 104 4.03 345 2015-16 2651 0.1 3.20 (2.40-4.50)
13 NAP1 pg/L 0.5 2.04 0262 9.63  2013-14 2640 0.06 1.16 (1.03-1.28)
14 NAP2 pg/L 0.7 4.95 1.66  20.1 2013-14 2641 0.09  4.11(3.67-4.61)
15 PYRI* ng/L 100 142 72 205 2013-14 2650 70 119 (111-127)
16 FLUO2* ng/L 30 203 54 768 2013-14 2650 8 158 (146-174)
17 PHEN3* ng/L 100 0.000 0.000 49 2011-12 2491 10 62.0 (57.0-66.0)
18 BCETP pg/L 0.5 0.495 0.000 0.809 2013-14 2651 0.08  0.390 (.350-.420)
19 BDCPP pg/L 0.1 0.547 0.157 127  2013-14 2646 0.11 0.880 (.790-.970)
20 DPHP pg/L 0.1 0.763 0429 4.17  2013-14 2660 0.16  0.820 (.750-.920)
21 BCPP pg/L 0.2 0.000 0.000 0.699 2013-14 2665 0.1 0.160 (.140-.180)
22 DBUP pg/L 0.3 0314 0.000 1.05 2013-14 2663 0.05  0.250 (.220-.280)
23 CINA6 pg/L 0.3 1.31 0.000 4.19 N/A N/A N/A  N/A
24 AND pg/L 0.1 0.000 0.000 126  2015-16 3012 0.2 <LOD
25 PNP pg/L 0.3 2.16 0264 18.6  2013-14 2584 0.1 0.610 (.554-.675)
26 TCP pg/L 0.01  0.815 0.152 355 N/A N/A N/A N/A
27 MDA pg/L 0.4 0.090 0.000 0.107 N/A N/A N/A  N/A
28 DMP pg/L 0.6 0.600 0.308 0.974 2011-12 2393 047  2.33(2.08-2.51)
29 DMTP pg/L 0.8 0.545 0.072 1.61 2011-12 2413 0.55 1.51 (1.34-1.71)
30 DMDP pg/L 0.1 0.016 0.001 0.367 2011-12 2426 0.51 <LOD
31 DEP pg/L 0.8 4.92 148 246  2011-12 2417 0.37  2.16 (1.90-2.52)
32 DETP pg/L 0.1 0.558 0.000 1.72  2011-12 2397 056 <LOD
33 DEDP pg/L 0.8 0.008 0.000 0.577 2011-12 2425 039 <LOD
34 PBA pg/L 0.02 0215 0.068 0.613 2013-14 2627 0.1 0.632 (.553-.732)
35 FPBA pg/L 0.02  0.036 0.017 0.058 2013-14 2669 0.1 <LOD
36 CIS-DCCA pg/L 0.6 0.116 0.000 0.612 N/A N/A N/A  N/A
37 TRANS-DCCA  pg/L 0.1 0.132 0.000 0.575 2013-14 2622 0.6 <LOD
38 PCP pg/L 0.1 0.437 0.182 0.943 N/A N/A N/A  N/A
39 24D pg/L 0.2 0.091 0.015 0.270 2013-14 2671 0.15  0.292 (.256-.327)
40 DEET pg/L 0.4 0.000 0.000 0.440 2013-14 2667 0.083 <LOD
41 HEMA pg/L 0.1 0.906 0223 270  2015-16 3015 0.791 <LOD
42 2-HPMA pg/L 0.1 50.5 120 114 2015-16 3014 53 28.2 (26.3-30.6)
43 3-HPMA pg/L 0.3 150 36.2 348 2015-16 2821 13 237 (209-266)
44 SPMA pg/L 0.03  0.265 0.194 0.406 2015-16 3015 0.6 <LOD
45 NIC pg/L 0.5 0.298 0.180 1.53  2015-16 373 10.5 1010 (652-1390)**
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Table 5 (continued)

Analyte # Analyte code Concentra-  This study (n = 15) NHANES, fourth national report
(see Table 2) tion on human exposure to
unit environmental chemicals, March
2021, total population,
(creatinine-unadjusted)
LOD Median Min Max.  Survey Sample LOD  50th percentile (95% CI)
(50th year size
percentile)
46 CcoT pg/L 0.3 0.471 0.105 648  2015-16 2209 0.03  0.203 (.181-.237)*
2015-16 373 0.03 2340 (2080-2620)**
47 HCOT pg/L 0.04 1.35 0.173 18.0  2015-16 2209 0.03  0.410 (.330-.479)*
2015-16 373 0.03 4270 (3320-5360)**
48 NNAL# pg/mL 100 165 69.0 381  2013-14 5963 0.6 < LOD*
2013-14 1209 0.6 192 (170-210)**
49 NICTL pg/L 0.03  0.062 0.000 0.391 N/A N/A N/A N/A
50 THC-COOH pg/L 0.1 0.073 0.000 0.300 N/A N/A N/A N/A

*Non-smokers and **smokers; # and ## analytes data were matched with the NHANES units; and N/A, not available.

The QC urine pool analyte concentrations were charac-
terized for each analyte (Table 4). Spiked QC urine pool
at two levels (1 and 10 ng/mL) was analyzed in triplicate
in 10 different analytical batches. Thus, we obtained a
total of 30 measurements of each analyte from each spike
to assess intra- and inter-batch variability. Accuracy was
assessed from extraction efficiencies (EE) of spiked ana-
lytes in the QC pool and calculated as [Measured conc.
(ng/mL) * 100] / [QC pool baseline conc. + Spiked conc.
(ng/mL)]. Precision was assessed as the CV at each level.
The inter-batch accuracy was reported as the relative error
(RE) of an expected concentration [QC pool baseline conc.
+ Spiked conc. (ng/mL)], and the uncertainty in measure-
ment (precision) as relative standard deviation (RSD) and
CV. The 1 ng/mL spiked QC pool had analytes recoveries
ranging from 83 to 109% EE, median 97% EE (Table 4).
Corresponding inter-batch precision (range, median) had
RSD of 0-18% (3.5%) and CV of 2-19% (9.5%). LOD for
all analytes ranged from 0.01 to 1.0 ng/mL of urine, with
the majority (42/50) < 0.5 ng/mL (Table 4). Likewise, LOQ
ranged from 0.02 to 3.2 ng/mL, with 33/50 analytes < 1.0
ng/mL. As expected, %CYV increased for analyte concentra-
tions < LOD. Samples were stable for 2-3 days at room
temperature and 2—3 years stored at —80 °C when accura-
cies were calculated compared to the original concentra-
tions. Similarly, extracts were found stable up to a week at 4
°C. We applied the multi-class method to participate in four
successive PT rounds of G-EQUAS (rounds 67 and 68) and
OSEQAS (rounds 1 and 2) in 2021 programs. The method
fared well; the submitted results were typically within the
tolerance range of the PT reference values (Table S5), and
thus considered validated. As expected, the average percent-
age of satisfactory results increased with target concentra-
tion level in the reference materials [44, 83].

@ Springer

Our method is a high-throughput and robust method, and
easily applicable to large sample sizes and studies. Using a
single liquid handler and UHPLC-MS/MS instrument, we pro-
cessed 96 samples cleanup in a day and completed LC injec-
tions of the 96 extracts each day, three LC replicate injections
corresponding to three LC assays in 3 days, and obtained quan-
tification results of biomarkers of exposure from 7 chemical
classes and 16 sub-classes in a 5-day week. Several aspects
of our method support its robustness including coverage of
diverse chemical classes coverage, wide calibration range,
reproducible sample cleanup, minimal cross contamination,
cleaner LC guard column and MS frontend (curtain plate and
orifice plate) for up to 1000 injections, no performance deg-
radation of chromatography, inter- and intra-batch reproduc-
ibility, sensitivity, selectivity, consistent proficiency test quali-
fication, and ability to analyze high volume of samples. For
demonstration, we applied the multi-class method to 15 urine
samples from a normal population, compared with median val-
ues from a latest NHANES survey where available (Table 5).
Overall presence of all target analytes in normal urine indicates
the utility of this method to survey and quantify biomarkers of
common exposures in a single urine specimen. Although the
number was small, the range of concentrations was consistent
with that from NHANES and other studies.

Conclusion

Knowledge of actual broad exposures will improve research on
health outcomes and on exposure source identification. Most
targeted methods measure fewer than 15 biomarkers from
a single chemical class in each biospecimen. Class-specific
extractions and instrumental analyses are used. However,
biospecimen availability is often limited in epidemiological
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studies restricting the number of single panel targeted assays.
Development of new analytical methods to measure biomark-
ers across a range of environmental classes can significantly
improve our capability to capture the totality of exposures
using one sample and one laboratory procedure. Although
previously reported multi-class methods have had similar sen-
sitivity, selectivity, and other method performance benchmarks
to ours, none of them provides the combination of broad cover-
age of environmental chemicals (7 classes and 16 sub-classes),
low-volume specimen requirement (0.2 mL), satisfactory full
recovery of polar conjugates (80—120%), and a high-through-
put analysis with minimal manual steps (96 samples per batch
per day). The slight disadvantage is a higher LOD (~0.5 ng/
mL) and uncertainty at very low levels (CV > 20%) in com-
parison with the corresponding classical single-class assays.
However, the limitations are outweighed by features like ability
to tailor the assay, add other endo- and exogenous chemicals
(as many as 101 analytes), and discovery of unexpected expo-
sures. Thus, it is suitable as an exposome-scale assay with
savings of assay costs and biospecimens. With continuous
improvements in sample cleanup, chromatography, and mass
spectrometry technologies, it will be possible to see further
evolution in multi-class methods to overcome current chal-
lenges and improve studying human exposome.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04159-4.
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