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Abstract

Bisphenol analogues, amphenicol antibiotics, and phthalate have widely aroused public concerns due to their adverse effects on
human health. In this study, a rapid and sensitive method for determination of nine bisphenol analogues, three amphenicol
antibiotics, and six phthalate metabolites in the urine based on ultra-high-performance liquid chromatography coupled with
triple quadrupole tandem mass spectrometry was developed and validated. The sample pretreatment condition on the base of
mixed-mode anion-exchange (Oasis MAX) SPE was optimized to separate bisphenol analogues and amphenicol antibiotics from
phthalate metabolites: the former were detected with a mobile phase of 0.1% ammonium water solution/methanol containing
0.1% ammonium water solution in negative mode, whereas the latter were determined with a mobile phase of 0.1% acetic acid
solution/acetonitrile containing 0.1% acetic acid in negative mode. The limits of detection were less than 0.26 ng/mL for
bisphenol analogues, 0.12 ng/mL for amphenicol antibiotics, and 0.14 ng/mL for phathalate metabolites. The recoveries of all
target analytes in three fortification levels ranged from 72.02 to 117.64% with the relative standard deviations of no larger than
14.51%. The matrix effect was adjusted by isotopically labeled internal standards. This proposed method was successfully
applied to analyze 40 actual urines and 13 out of 18 studied compounds were detected.

Keywords Bisphenol analogues - Amphenicol antibiotics - Phthalate metabolites - Mixed-mode solid-phase extraction - Ultra
performance liquid chromatography-tandem mass spectrometry - Urine sample

Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00216-018-1062-2) contains supplementary
material, which is available to authorized users.

Bisphenol A (BPA) and phthalates are widely used in the
manufacture of common consumer products such as food con-
tainers, paper, water pipes, toys, or personal care and medical
products [1, 2]. Numerous researches have documented ef-
fects of BPA and DEHP as endocrine disruptor and have been
potentially linked to adverse health effects as diabetes, obesity,
or cancer [3—6]. As a result of the public concern and govern-
mental regulations on BPA, some compounds are being used
as alternative substances to replace BPA. These chemicals are
structurally similar to BPA and collectively referred to as
bisphenol analogues. Although a total of 16 bisphenol ana-
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logues have been documented for industrial applications, BPF
(4,4"-methylenediphenol), BPS (4-hydroxyphenyl sulfone),
and BPAF (4,4'-hexafluoroisopropylidene diphenol) are
among the main substitutes of BPA in the manufacturing of
polycarbonate plastics and epoxy resins. Elevated concentra-
tions of BPF, BPS, and BPAF have been reported in the biotic
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environment and human urine from some regions [7, 8].
Moreover, laboratory studies have found that many bisphenol
analogues exhibited endocrine disrupting effects, cytotoxicity,
genotoxicity, reproductive toxicity, dioxin-like effects, and
neurotoxicity [7]. However, the population epidemiological
studies on the associations between bisphenol analogues ex-
posure and adverse health effects are still limited.

Amphenicol antibiotics including chloramphenicol (CAP),
thiamphenicol (TAP), and florfenicol (FF) were used as vet-
erinary drugs to treat infections in animals. The association of
CAP with many health side-effects such as bone marrow sup-
pression and carcinogenic properties was reported in human
[9]. However, there is up to date lack of epidemiological data
to assess CAP carcinogenicity and effects on reproduction
which makes the establishment of an ADI (acceptable daily
intake) for CAP not feasible [10]. Although thiamphenicol
(TAP) and florfenicol (FF) are widely used as the replacement
of CAP in animals, the information on human exposure to
TAP and FF through intaking animal food is scarce.

The determinations of bisphenol analogues, phthalates me-
tabolites, and CAP in urinary species have been done by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
[11-17] or gas chromatography-mass spectrometry (GC-
MS) [18, 19]. However, to our best knowledge, there is no
study performed to simultaneously assess the human exposure
to bisphenol analogues, amphenicol antibiotics, and
phthalates as well as their health risks in epidemiological
study. The aim of this study is to develop and validate a reli-
able and sensitive analytical method for the simultaneous de-
termination of selected bisphenol analogues, amphenicol an-
tibiotics, and phthalate metabolites in human urine species by
ultra-high performance liquid chromatography coupled with
triple quadrupole tandem mass spectrometry (UHPLC-MS/
MS). The application of the proposed method is investigated
through analysis of authentic school children urine samples.

Experimental
Chemicals and reagents

Analyte standards included nine bisphenol analogues
(bisphenol A, bisphenol B, bisphenol AF, bisphenol AP,
bisphenol E, bisphenol F, bisphenol P, bisphenol S, and
bisphenol Z), three amphenicol antibiotics (chloramphenicol,
thiamphenicol, and florfenicol), and six phthalate metabolites
(monoethyl phthalate, mono(2-ethylhexyl)phthalate, mono(2-
ethyl-5-carboxypentyl)phthalate, mono[(2-
carboxymethyl)hexyl]phthalate, mono(2-ethyl-5-
oxohexyl)phthalate, and mono(2-ethyl-5-hydroxyhexyl)
phthalate. Other standards included 4-methylumbelliferone
glucuronide and 4-methylumbelliferone (4-MU). All of these
standards were purchased from Sigma-Aldrich (St Louis, MO,
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USA) or Dr. Ehrenstorfer (Augsburg, Germany). Thirteen iso-
topically labeled internal standards (IS) of MEP-13C2,
MEHP-'3C,, MECPP-'*C,, MEOHP-'3C,, MCMHP-"3C,,
MEHHP-"°C,, BPA-d, BPF-do, BPS-"°C},, BPAF-"°C,,,
CAP-D;, FF- D3, and TAP-D; were supplied by Cambridge
Isotope Laboratories (Andover, MA, USA). Compound names,
chemical structures, and physical-chemical properties of the
target analytes are listed in Table 1. HPLC grade of ethyl ace-
tate, LC-MS grade of methanol (MeOH), acetonitrile (ACN),
ammonium water, acetic acid, and ultra-pure water were from
Sigma-Aldrich (St Louis, MO, USA) or Fisher Scientific (Fair
Lawn, NJ, USA).

Urine sample

The synthetic urine devoid of all target compounds was pre-
pared as described in the report from Bruno Alves Rocha et al.
[13] and Uzqueda et al. [20]. Briefly, 3.8 g of potassium chlo-
ride, 8.5 g of sodium chloride, 24.5 g of urea, 1.03 g of citric
acid, 0.34 g of ascorbic acid, 1.18 g of potassium phosphate,
1.4 g of creatinine, 0.64 g of sodium hydroxide, 0.47 g of
sodium bicarbonate, and 0.28 mL of sulfuric acid were added
into 500 mL of ultra-pure water and stirred for 60 min. All
reagents were at least analytical grade and obtained from
Sigma-Aldrich (St Louis, MO, USA).

Authentic urine samples were acquired from our previous
studies [21] in which first morning urinary specimen were
collected from 40 school children aged 8—11 years in the
Chinese primary schools. All samples of the subjects were
stored at — 80°C after collection for analysis.

Preparation of buffer solutions, stock solutions,
calibration solutions, and quality control samples

The sodium dihydrogen phosphate buffer (50.0 mM, pH 6.0)
was prepared by dissolving 1.560 g of sodium dihydrogen
phosphate dihydrate in 200.0 mL of ultra-pure water. The
pH value was adjusted to 6.0 with an aqueous 14.0 M solution
of sodium hydroxide. The ammonium acetate buffer (1.0 M,
pH 6.0) was prepared by dissolving 7.710 g of ammonium
acetate in 100.0 mL of ultra-pure water. The pH value was
adjusted to 6.0 with the concentrated acetic acid solution.

Stock solutions of standards of bisphenol analogues,
amphenicol antibiotics, and phthalate metabolites and isotopi-
cally labeled IS were prepared gravimetrically in methanol at a
concentration of 100 pg/mL. Working stock solutions were
made at a concentration of 1.0 pg/mL for each analyte by
diluting the stock solutions with methanol. Calibration stan-
dards were prepared by dilution of working standard mixtures
to provide concentrations. All stock solutions were stored at —
20 °C, while all the calibration solutions were stored at 4 °C
and allowed to equilibrate to laboratory temperature for at
least 15 min before use.
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Table 1

Physicochemical properties and structures of all targeted analytes

Compound  Acronym  CAS MW Log K" pKa Structure
number
Bisphenol ~ BPA 80-05-7 228.115  4.04 9.78-
A 10.39 O O
HO OH
Bisphenol ~ BPAF 1478-61-1 336.0585 4.77 9.13- FF FFF
AF 9.74
T,
Bisphenol ~ BPAP 1571-75-1  290.1307 5.18 9.66- Q
AP 10.27
T,
Bisphenol  BPB 77-40-7 242.1307 4.49 9.77-
B 1038 O O
HO OH
Bisphenol E BPE 2081-08-5  214.0994 3.74 9.81-
L 1039 O O
HO OH
Bisphenol F BPF 620928 200.0837 3.46 9.84- O O
1045 110 OH
Bisphenol P BPP 2167-51-3  346.1933 6.72 9.78- o
10.38  HO 0 O
Bisphenol S BPS 80-09-1 250.0300 2.32 7.42- ﬁ
8.03 |S|\©\
o)
H OH
Bisphenol Z BPZ 843-55-0 268.1463  4.91 9.76-
10.37 ‘
o,
Chloramphe ~CAP 56-75-7 323.129  0.88~122  7.49~ ﬂ)
I
nicol 9.61 "
Thiampheni ~ TAP 15318-45-3 356222 -0.33 9.03
col
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Table 1 (Continued)

Compound ~ Acronym  CAS MW Log K" pKa® Structure
number
Florfenicol ~ FF 73231342 358213 -0.04 9.76 d

Cl

A\
e R
H;C \\
o
Monoethyl ~ MEP 2306-33-4 194.184  1.99 3.08 CHj;
phthalate o ’/
o O
OH
Mono(2-eth MEHP 4376-20-9 278.343  4.66 3.08 CHs
ylhexyl) H;C \/\)ﬁ
phthalate o
o (6]
¢ OH
CH; 0
Mono(2-eth  MEHHP  40321-99-1  294.347  3.19 3.08
s}
yl-5-hydrox oH o
hexyl OH
yhexyl) oS
phthalate
Mono(2-eth  MEOHP  40321-98-0  292.337  3.22 3.08 CHy o
yl-5-oxohex o o
o
yh CH
phthalate OH
Mono[2-(et MECPP 40809-41-4  308.326  3.34 3.03 WO
hyl-5-Carbo o O o oH
xypentyl)he
H5C
xyl]
phthalate
Mono[2-(ca  MCMHP  82975-93-7  294.347  3.49 3.08 0 o
rboxymethy oH "
Dhexyl] o
phthalate o

? Data were obtained from Human Metabolome Database, Chemspider, or [22]
® Data were from Human Metabolome Database
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Quality control (QC) samples consisting of bisphenol ana-
logues, amphenicol antibiotics, and phthalate metabolites
were prepared by adding appropriate volume working stock
solutions into a 10-mL volumetric flask and diluting with
synthetic urine to volume. QC samples of 10 ng/mL were used
for solid-phase extraction (SPE) optimization. QC samples of
1,5,25,50, and 150 ng/mL were applied to method validation
and quality control for analysis of real urine sample.

Sample preparation

An aliquot (1.0 mL) of urine sample was spiked in succession
with 10.0 pL of 13 isotope labeled IS mixture at a concentra-
tion of 1000 ng/mL, 10.0 uL of 4-MU-13C4 at a concentration
of 10.0 pg/mL and 10.0 puL of 4-methylumbelliferone glucu-
ronide at a concentration of 10.0 pg/mL. And then the sample
was buffered with 200.0 uL of 1.0 M ammonium acetate
(pH 6.0) and 20.0 uL of -glucuronidase aqueous solution
(197,114 units/mL) from Helix pomatia (type H-2, Sigma-
Aldrich). The mixture was thoroughly vortexed for 1 min
followed by incubation in a water bath at 37.0°C overnight
to hydrolyze the analyte conjugates. Deconjugation efficiency
was approximately 100% under such conditions.

After hydrolysis, the urine sample was loaded onto an Oasis
MAX cartridge (6 cm’/ 150mg, Waters, Milford, MA, USA)
which was preconditioned with 4.0 mL of methanol and
4.0 mL of water. The cartridge was then sequentially washed
with 4.0 mL water and 4.0 mL of 50.0 mM sodium dihydrogen
phosphate buffer (pH 6.0). The analytes were eluted into two
separate fractions. Firstly, the bisphenol analogues and
amphenicol antibiotics were eluted with 5.0 mL of ethyl acetate
after neutral or basic urine impurities were eliminated with
4.0 mL of 30% methanol solution (v/v). Secondly, the phthalate
metabolites were eluted with 5.0 mL of methanol containing
1% formic acid (v/v) after the cartridge was sequentially
washed by 4.0 mL of water to wash off the buffer and
4.0 mL of 30% methanol solution containing 1% formic acid
(v/v) to remove acidic urine impurities. Two fractions of eluate
were separately concentrated to dryness at 40 °C under a gentle
stream of nitrogen. The residue containing bisphenol analogues
and amphenicol antibiotics was redissolved in 200.0 uL of
50% methanol solution (v/v), whereas another residue contain-
ing phthalate metabolites was redissolved in 200.0 puL of 50%
acetonitrile solution (v/v). All the reconstituted solutions were
centrifuged at 16000 rpm for 15 min and transferred to glass
vials for UHPLC-MS/MS analysis.

Instrumentation

UHPLC-MS/MS analysis was performed using an ultra-high
performance liquid chromatography Nexera X2 coupled to an
API 8050 triple stage quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan). MS/MS detection was via

electrospray ionization (ESI) in negative ion mode using
multiple-reaction monitoring (MRM) transitions for quantifi-
cation of each compound (see Table 2). Nitrogen was used as
the desolvation gas, and argon was as the collision gas. The
source conditions were set as follows: the flow rates of nebu-
lizing gas, drying gas, and heating gas were set to 3.0, 10.0,
and 10.0 L/min, respectively. The interface voltage was set to
4.0 kV. The DL temperature and heat block temperature were
set to 250 and 400 °C, respectively. Transitions with opti-
mized conditions for MS/MS are listed in Table 2.

Chromatographic separation of bisphenol analogues and
amphenicol antibiotics were achieved using a C;g column
(100 mm x 2.1 mm x 1.7 pm, Acquity UPLC BEH). Mobile
phases was composed of 0.1% ammonium water solution (v/v)
(A) and methanol containing 0.1% ammonium water solution
(v/v) (B) with a flow rate of 0.2 mL/min. The gradient program
of mobile phase B was as follows: staring at 10% for 0.20 min,
then increasing to 100% over 3.8 min and held for 1.5 min,
finally returning to 10% over 0.2 min and kept for 5.6 min to
re-equilibrate the mobile phase. The run time was 11.30 min.
The column temperature was maintained at 40 °C. The phthal-
ate metabolites were analyzed with a Phenyl-Hexyl column
(50 mm x 2.1 mm x 1.7 pm, Acquity UPLC CSH). The mo-
bile phases included 0.1% acetic acid solution (v/v) (A) and
0.1% acetic acid in acetonitrile (v/v) (B) with a flow rate of
0.2 mL/min. The gradient program of mobile phase B was as
follows: starting with 10% for 0.20 min, then increasing to
85% over 2.65 min and held for 0.20 min, and finally
returning to 10% over 2.95 min and kept for 2.80 min. The
run time was 8.80 min. The column temperature was set at
40 °C. Retention time of each analyte is given in Table 2.

Before analysis, injections of a double procedural blank
were performed to ensure system stability and cleanliness
followed by a system suitability test, performed by injecting
the low-level QC sample containing all targeted analytes.
After the injection of a further double blank and a reagent
blank, analysis was started with injections of six-point calibra-
tion curve followed by a blank injection. The QC samples
were interspersed evenly throughout the study samples.
Following analysis of 15-20 study samples, four QC samples
(two low-level and two high level) and a reagent blank were
injected. The background concentrations obtained from the
procedural blanks were deducted from the sample analysis.
And glassware used for experiments was baked for 4 h at
400 °C in a muftle furnace to remove phthalate metabolites
and bisphenol analogues contamination.

Quantification of the samples
All analytes were quantified by means of isotopic dilution in-
ternal standard calibration. BPA-d, was used for BPA, BPZ,

BPB, BPE, and BPB, while BPF-d,, was for BPF, BPS-°C,,
was for BPS, BPAF—BCQ was for BPAF and BPAP, CAP-d;
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Table2  Chromatographic and mass spectrometric characteristics of the analytes in human urine

Analyte RT (min) Precursor ion (m/z) Product ion (m/z) Q1 pre bias (V) CE (V) Q3 pre bias (V)
BPA 6.683 227.00 212.00° 11.0 18.0 13.0
133.05° 11.0 24.0 13.0
BPA-d, 6.680 231.20 216.20° 11.0 19.0 14.0
135.15° 14.0 26.0 12.0
BPAF 6.517 335.95 266.00 ° 17.0 22.0 12.0
178.05° 17.0 45.0 11.0
BPAF-3C,, 6.512 346.05 276.05° 16.0 25.0 22.0
277.15° 24.0 13.0 12.0
BPAP 6.986 289.10 274.05 ¢ 11.0 22.0 12.0
273.10° 14.0 36.0 18.0
BPB 6.903 240.90 212.05% 12.0 17.0 13.0
211.05° 12.0 28.0 21.0
BPE 6.492 212.95 198.00 © 11.0 18.0 12.0
197.05° 11.0 28.0 20.0
BPF 6.251 198.85 77.05 12.0 26.0 26.0
105.05° 11.0 22.0 10.0
BPF-d; 6.233 209.15 97.10® 15.0 23.0 13.0
110.05° 15.0 23.0 13.0
BPS 0.884 248.75 108.00 * 12.0 26.0 10.0
91.95° 12.0 34.0 13.0
BPP 7.587 345.05 330.15° 17.0 28.0 15.0
315.10° 10.0 38.0 21.0
BPS-3C,, 0.880 261.00 113.95? 13.0 27.0 11.0
98.00 ° 13.0 36.0 13.0
BPZ 7.153 266.95 173.102 14.0 26.0 11.0
223.00° 13.0 32.0 14.0
CAP 5.996 321.05 152.15¢ 11.0 17.0 15.0
257.10° 16.0 12.0 11.0
CAP-ds 5.993 326.05 157202 16.0 18.0 16.0
262.10° 16.0 13.0 12.0
TAP 5.094 354.10 185.15* 13.0 20.0 12.0
290.10° 13.0 13.0 13.0
TAP-d; 5.081 359.05 188.15 ¢ 11.0 21.0 12.0
295.10° 11.0 13.0 13.0
FF 5.527 356.05 336.05° 13.0 10.0 11.0
185.15° 10.0 19.0 12.0
FF-d; 5.526 361.00 341.05° 18.0 11.0 11.0
121.15° 18.0 13.0 11.0
MEP 4978 193.10 77.10 11.0 17.0 16.0
121.10° 11.0 12.0 13.0
MEP-'3C, 4975 197.10 79.10 22.0 17.0 16.0
124.15° 22.0 14. 12.0
MEHP 6.279 277.15 134.10 * 14.0 15.0 26.0
77.10® 13.0 22.0 11.0
MEHP-"C, 6.278 281.10 137.10® 13.0 15.0 27.0
79.05° 13.0 22.0 11.0
MEHHP 5277 293.15 14520 % 14.0 14.0 14.0
121.05° 14.0 18.0 11.0
MEHHP-3C, 5.275 297.20 145252 14.0 15.0 14.0
124.15° 14.0 22.0 12.0
MEOHP 5371 291.15 143.20° 14.0 14.0 14.0
121.10° 15.0 18.0 12.0
MEOHP-C, 5.366 295.15 143202 14.0 14.0 14.0
124.10° 15.0 18.0 12.0
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Table 2 (continued)

Analyte RT (min) Precursor ion (m/z) Product ion (m/z) QI pre bias (V) CE (V) Q3 pre bias (V)
MECPP 5.299 307.15 159.25¢% 15.0 13.0 10.0

121.10° 15.0 23.0 12.0
MECPP-3C, 5.296 311.15 159.25 ¢ 20.0 14.0 20.0

113.20° 15.0 29.0 11.0
MCMHP 5.471 307.15 159.25 ¢ 15.0 11.0 10.0

113.15° 15.0 29.0 11.0
MCMHP-C, 5.473 311.15 159.30 ¢ 15.0 11.0 10.0

141.25° 15.0 24.0 13.0

# Quantification ion

® Confirmation ion

was for CAP, FF-d; was for FF, and TAP-d; was for TAP. The
data were fitted to a linear least square regression curve with a
weighting index of 1/x. All analytes and IS were identified by
their chromatographic retention times and by two mass transi-
tions (shown in Table 2) following the criteria in European
Commission Decision 2002/657/EC [23].

Method validation

Method validation for the proposed method was performed in
accordance with the guidelines on bioanalytical method vali-
dation from the European Medicine Agency (EMA) and US
Food and Drug Administration (FDA) guidelines. Validation
parameters include linearity, limit of detection (LOD), limit of
quantitation (LOQ), precision, accuracy, matrix effects, and
stability of analytes.

Linearity was assessed using an 8-point calibration curve
with three replicates. The LOD and LOQ were determined by
spiking decreasing concentrations of the mixed standard solu-
tion into blank synthetic urine. The LOD and LOQ were cal-
culated as 35, and 10S,, where S, is the standard deviation as
the concentration approaches zero [14]. Accuracy and preci-
sion were evaluated simultaneously by analyzing low, inter-
mediate, and high concentration levels of QC samples injected
with five replicates on five different days. The matrix effect
was calculated as the ratio of the slope of the working curve
obtained with synthetic urine matrix extracts to that of the
calibration curve obtained from standard solutions [24, 25].
The stability of the injected analyte was investigated by stor-
ing the QC samples in the autosampler at 4 °C and by reanal-
ysis of the QC samples maintained in the autosampler for 72 h.
For the analyte to be considered stable, the difference had to
be within + 10% of the original value. The stability of working
standard solutions was evaluated by determinations of freshly
made QC samples spiked at low, intermediate, and high con-
centration levels of standard solutions at three replicates and
reanalysis of the QC samples stored at 4 °C for 72 h. For the
same level of QC samples, the difference of determinations at
0 and 72 h should be less than 10%.

Result and discussion
Optimization of LC-MS/MS conditions

Mass spectrometric conditions were investigated using the
analyte standards on the base of peak intensity. To ensure
optimal performance of mass spectrometer, compound-
dependent parameters were individually optimized via direct
infusion of each analyte standard. For each target compound
and isotopically labeled analogous standard, two MRM tran-
sitions were respectively chosen as quantification and confir-
mation ions. The optimal mass spectrometric analysis charac-
teristics are displayed in Table 2.

Chromatographic conditions were evaluated by analyses of
the QC samples and spiked real urinary samples on the base of
peak intensity and chromatographic separation. It has been
reported in the previous studies [12, 13, 15] that bisphenol
analogues, amphenicol antibiotics, or phthalates metabolites
were separated using different LC conditions. Similarly, in this
study, bisphenol analogues, amphenicol antibiotics, and
phthalates metabolites were divided into two fractions for
analysis. In the preliminary experiments, the chromatographic
separation condition adapted from one of our previous studies
[15] was used for separation of phthalates metabolites. The
results indicated that chromatographic separation of the
phthalates metabolites especially for MECPP and MCMHP
were not done well in the spiked real urinary samples when
using 0.1% acetic acid/acetonitrile as mobile phase (data not
shown). The minor change of mobile phase was performed
and then the optimal chromatographic separation for all
phthalates metabolites were achieved when using 0.1% acetic
acid/0.1% acetic acid in acetonitrile as mobile phase (see
Electronic Supplementary Material (ESM) Fig. S1). The chro-
matographic separations of bisphenol analogues and
amphenicol antibiotics were also investigated with the follow-
ing mobile phases, i.e., water/methanol, 0.1% ammonium wa-
ter/methanol, 0.1% ammonium water/methanol containing
0.1% ammonium water, respectively. Their gradient elution
programs of were adapted from the previous studies [13, 14,
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Fig. 1 Influence of elution

solvent on the recovery of
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22,26,27]. As indicated in ESM Fig. S2, bisphenol analogues
and amphenicol antibiotics were simultaneously separated
well and better peak intensities were achieved for all of them
using 0.1% ammonium water/methanol containing 0.1% am-
monium as mobile phase. Therefore, 0.1% ammonium water/
methanol containing 0.1% ammonium was chosen for chro-
matographic separation of bisphenol analogues and
amphenicol antibiotics, and 0.1% acetic acid/0.1% acetic acid
in acetonitrile for separation of phthalates metabolites.

Optimization of SPE procedure

Mixed-mode polymeric sorbents have a polymeric backbone
capable of retaining compounds through both reversed-phase
and ionic interactions. The presence of ionic interactions

Fig. 2 Influence of pH value on
recovery of bisphenol analogues 120
and amphenicol antibiotics in QC

samples of 10 ng/ml 100 ]

o]
o
|

Recovery (%)
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allows basic or acidic compounds to be selectively extracted
from complex matrices. These sorbents have been applied to
maximize the extraction of analytes in complex sample ma-
trixes and minimize matrix effects by separating the basic,
acidic, and neutral substances into different fractions, thus
decreasing the extract complexity. [28—30]. According to our
previous study [15], the mixed-mode SPE (reversed-phase
and anion-exchange Oasis MAX sorbent) was selected to ex-
tract and clean-up all the analytes in this study. As inferred
from for the pKa values in Table 1, bisphenol analogues and
amphenicol antibiotics have lower acidic properties than
phthalates metabolites. Theoretically, bisphenol analogues
and amphenicol antibiotics might be protonated at low or in-
termediate pH values hereby decreasing ionic interactions
with quaternary amine groups of Oasis MAX sorbent,

V2 BPA
XN BPZ

m FEEHE BPF
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B BPS
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TAP
B3 FF
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whereas phthalate metabolites could be deprotonated at high
or intermediate pH values, thereby increasing retention by
reversed-phase and ionic interactions with Oasis MAX sor-
bent. Therefore, all the analytes might be separated into two
fractions resulting from optimization of elution solvent and
pH value of the loaded buffer solution.

Optimization of elution solvent

In the preliminary experiments, elution solvents were adapted
from a previous study [15] in which methanol was applied to

w27z MEP
Y MEHP
BEEE MEHHP
E MEOHP
(I MECPP
EHEE MCMHP

A LLLILLLLILLLLLL LS LI LLLLIILSLLIL S LS LA LSS S AL LA LL A L LA S S 5
VL LLLLLLLLLLLSLLLLLLLLLLLLLLLLILLLLLLLLL LIS LLLLL LS LIS L L LSS LS

AAAAAAALLANANANLALANEAREAARULUURUAN UL DU UL NN NN

ANAANARRRRRRRRERRRRANRRERRRRRRNNRANR AN AN RANNNNN

elute bisphenol analogues and amphenicol antibiotics from
Oasis MAX sorbent and methanol containing 1% formic acid
was used to elute phthalate metabolites from the same sorbent.
The results indicated that the methanol containing 1% formic
acid was suitable for elution of phthalate metabolites with
good recoveries; however, BPS and BPAF were not complete-
ly eluted by methanol (data not shown). Given the bisphenol
analogues and amphenicol antibiotics have low water solubil-
ity except BPS, three types of organic solvents including
methanol, acetonitrile, and ethyl acetate were used to evaluate
the elution capabilities of bisphenol analogues and

Table 3  The linearity, sensitivity, and matrix effect of all targeted analytes
Compound Linearity Sensitivity Matrix effect (%)

Range (ng/mL) r LOD (ng/mL) LOQ (ng/mL) Before-adjusted After-adjusted
BPA 0.5-50 0.997 0.13 0.38 58.81 -9.36
BPF 0.5-50 0.999 0.13 0.42 35.63 -13.29
BPS 0.25-50 0.999 0.06 0.22 81.49 —15.42
BPAF 0.2-50 0.995 0.05 0.17 45.13 —10.39
BPAP 0.2-50 0.998 0.03 0.12 47.17 19.63
BPZ 0.5-50 0.998 0.26 0.81 68.37 25.17
BPB 0.2-50 0.998 0.04 0.14 62.44 19.78
BPE 0.2-50 0.999 0.21 0..71 64.81 24.87
BPP 0.5-50 0.984 0.15 0.52 46.75 3.68
CAP 0.05-50 0.997 0.02 0.05 43.63 6.24
TAP 0.5-50 0.998 0.12 0.33 49.84 3.12
FF 0.06-50 0.993 0.02 0.07 34.36 13.30
MEP 0.5-200 0.999 0.14 0.48 68.12 —10.20
MEHP 0.1-200 0.998 0.03 0.12 35.25 —1.09
MEHHP 0.1-200 0.997 0.03 0.09 16.57 -3.85
MEOHP 0.1-200 0.998 0.02 0.07 25.19 537
MECPP 0.1-200 0.998 0.01 0.04 12.80 3.19
MCMHP 0.1-200 0.998 0.02 0.07 32.50 -9.26
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Table 4 The accuracy and precision of the proposed method for all
targeted analytes (n=5)

Compound  Spiked (ng/mL) Recovery (%) Precision (%)
Intra-day  Inter-day

BPA 1 104.32 2.85 343
5 102.47 232 1.53

25 112.85 6.80 2.60

BPF 1 101.23 5.55 348
5 94.97 7.69 9.84

25 113.28 9.07 5.98

BPS 1 98.72 7.06 6.28
5 104.89 522 1.34

25 113.42 2.02 0.26

BPAF 1 89.08 4.86 8.32
5 96.00 6.66 2.71

25 115.80% 393 6.26

BPAP 1 83.32 5.98 4.82
5 94.36 9.65 436

25 83.34 9.02 3.15

BPZ 1 81.23 8.85 8.59
5 72.02 12.31 9.99

25 83.03 10.10 7.55

BPB 1 87.18 5.72 4.85
5 81.18 5.55 327

25 95.55 5.38 4.25

BPE 1 91.08 10.18 432
5 94.31 1.82 11.56

25 111.34 8.92 1.31

BPP 1 98.54 2.86 7.83
5 87.67 3.63 12.23

25 108.24 10.39 3.92

CAP 1 101.32 9.82 743
5 104.35 4.93 5.28

25 112.13 5.99 727

TAP 1 101.34 6.14 3.82
5 117.64 1.45 0.85

25 106.16 2.99 3.10

FF 1 93.29 5.17 6.24
5 95.95 322 1.48

25 100.77 4.46 1.04

MEP 1 108.11 7.35 2.96
5 111.21 5.31 5.21

150 109.37 2.30 3.79

MEHP 1 110.98 5.55 8.86
5 103.90 9.62 445

150 101.37 2.20 4.46

MEHHP 1 100.70 525 3.56
5 104.59 9.32 391

150 92.84 3.85 1.47

MEOHP 1 108.29 4.46 721
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Table 4 (continued)

Compound  Spiked (ng/mL) Recovery (%) Precision (%)
Intra-day  Inter-day
5 112.59 2.55 1.33
150 103.23 4.68 0.33
MECPP 1 88.26 10.38 3.13
5 109.13 9.33 691
150 95.58 8.49 4.58
MCMHP 1 85.68 7.82 9.76
5 97.28 14.51 2.87
150 104.91 3.79 6.46

amphenicol antibiotics. As shown in the Fig. 1, the recoveries
of bisphenol analogues and amphenicol antibiotics were
found optimal when using ethyl acetate rather than methanol
or acetonitrile as elution solvent. Finally, ethyl acetate was
selected for eluting bisphenol analogues and amphenicol an-
tibiotics and then methanol containing 1% formic acid was
chosen for eluting phthalate metabolites.

Optimization of pH values of the loaded buffer solution

The pH value was one important factor for changing the re-
tention of compounds on mixed-mode SPE sorbents. In the
present study, a series of buffer solutions across a pH range of
5.0-9.0 were investigated by the recoveries of each analyte in
QC samples of 10 ng/mL. As shown in Figs. 2 and 3, the
average recoveries of amphenicol antibiotics and phthalate
metabolites varied in small scale at pH between 5.0 and 9.0
with deviations of less than 3.11 and 4.52%, respectively.
However, the recoveries of nine bisphenol analogues altered
inconsistently at pH from 5.0 through 9. For example, the
recoveries of BPAP varied from 73.02 to 108.76% with a
deviation of 23.70%. In the case of all bisphenol analogues,
the maximum recoveries of the analytes were acquired while
the pH value of buffer solution was adjusted to 6.0 (as shown
in Fig. 2). Consequently, a 50-mM sodium dihydrogen phos-
phate buffer of pH 6.0 was chosen as optimal.

Method validation

The validation of the method was performed with synthetic
urine due to the absence of true blank urine samples without
all targeted analytes.

The correlation coefficients () of all target compounds were
greater than 0.993, except for BPP (0.984). The LOD and LOQ
for each analyte are shown in Table 3. The LOD of bisphenol
analogues ranged from 0.03 to 0.26 ng/mL, those of amphenicol
antibiotics ranged from 0.02 to 0.12 ng/mL, and those of
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Table 5  Analysis of urine samples of school age children by the proposed method

Compound All (ng/mL) Boy (ng/mL) Girl (ng/mL) Detection frequency (%) Range (ng/mL)
BPA 2.03% (1.61)° 221 (1.79) 1.85 (1.53) 97.5 <LOD-7.4362
BPS 1.58 (424 x 107%) 232 (424 %107%) 855x101 (4.24%x10%) 250 <LOD-37.562
BPF 191x107 (9.19x10%)  2.76x101(9.19%x102)  1.06x101(9.19x102%)  17.5 <LOD-1.9857
BPAF 405%x102(3.53x10%)  423x102(3.53x10%)  386x102(3.53%x10%) 75 <LOD-0.1076
BPE n.d n.d n.d 0 n.d

BPB n.d n.d n.d 0 n.d

BPAP n.d n.d n.d 0 n.d

BPZ n.d n.d n.d 0 n.d

BPP nd n.d n.d 0 n.d

CAP 722x102(3.76x10%)  751x102(3.42x10%)  6.92x102(4.19x10%)  70.0 <LOD-0.3904
TAP 1.26x107'(8.48 x 1072) 1.68x 1071(8.48 x 1072) 8.48 x 107%(8.48 x 1072) 75 <LOD-0.7833
FF 247x1072(1.41 %1072 1.71x1072(1.41 x 102 3.15%x 1072141 x 1072 17.5 <LOD-0.2419
MEP 78.18(21.90) 25.00(17.99) 131.35(28.50) 100 1.111-1838
MEHP 12.45(5.93) 15.33(6.01) 9.58(5.93) 100 0.3864-140.4
MEHHP 62.41(35.42) 78.12(41.42) 46.71(33.62) 100 3.644-542.1
MEOHP 39.21(25.53) 48.10(26.81) 30.32(24.68) 100 1.839-322.3
MECCP 68.77(34.71) 85.59(44.06) 51.96(33.05) 100 3.099-810.7
MCMHP 35.59(21.43) 43.26(26.60) 27.92(18.90) 100 2.254-285.4

n.d not detected
#Mean value

®Median value

phathalate metabolites ranged from 0.01 to 0.14 ng/mL. This
method provided better sensitivity than previous studies [13, 15].

The accuracy and precision of the method were assessed by
the recovery and relative standard deviation (RSD), respec-
tively. Table 4 showed the information on accuracy and pre-
cision of bisphenol analogues, amphenicol antibiotics, and
phthalate metabolites at three different concentrations levels.
For bisphenol analogues, the recoveries ranged between 72.02
and 115.80% with intra-day RSDs from 1.82 to 12.31% and
inter-day RSDs from 0.26 to 12.23%; for amphenicol antibi-
otics, the recoveries ranged between 93.29 and 117.64% with
intra-day RSDs from 1.45 to 9.82% and inter-day RSDs from
0.85 to 7.43%; for phthalate metabolites, the recoveries
ranged between 85.68 and 112.59% with intra-day RSDs from
2.20 to 14.51% and inter-day RSDs from 0.33 to 9.76%.

Matrix effects during ESI were caused by non-target ana-
lyte from the sample, which could suppress or enhance the
ionization of target compound. Table 3 indicates the after-
adjusted isotopically labeled internal standard curve method
favoring the decrease of matrix effects compared to before-
adjusted standards curve method. The working standard solu-
tions in the QC samples used for the validation of the method
were stable at 4 °C for 72 h (see ESM Table S1). The analytes
in the injection sample were also stable at 4 °C for 72 h (data
not shown). The comparison of performance characteristics of
the proposed method with that of the previously published
methods is shown in ESM Table S2.

Application to human samples

Following validation, the proposed method was applied to
analyze the urine samples collected from 40 Chinese school
age children. The results are summarized in Table 5. All the
studied analytes were found in urine samples except for BPAP,
BPB, BPE, BPP, and BPZ. For bisphenol analogues, the BPA
was most widely detected followed by BPS, BPF, and BPAF,
which was similar with other reported studies [13, 14, 31]. The
median concentrations of bisphenol analogues found were
1.61 ng/mL for BPA, 4.24 x 102 ng/mL for BPS, 9.19 x
1072 ng/mL for BPF, and 3.53 x 1072 ng/mL for BPAF, re-
spectively. The result tended to be lower than other studies
[14, 31].

The medium concentrations of amphenicol antibiotics were
1.61 ng/mL for CAP, 8.48 x 10" ng/mL for TAP, and 1.41 x
1072 ng/mL for FF and the detection frequency ranged from
7.5 to 70.0%. All the phthalate metabolites were detected over
the study participants and the concentrations were comparable
with the previous studies [15, 21, 32, 33].

Conclusions
In this study, a rapid and sensitive method was developed and

validated for simultaneous determination of 18 bisphenol an-
alogues, amphenicol antibiotics, and phthalate metabolites in
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human urine. Mixed-mode SPE was used for selective extrac-
tion and clean-up of all the studied analytes which resulted in
superior chromatographic separation and mass spectrometric
analysis of them. The results showed the method had satisfac-
tory accuracy and precision. The proposed method was ap-
plied to human samples and occurrence of the target com-
pounds was found in the samples of the subjects of school
age children. The analytical method should be of great benefit
in supporting exposure assessment and epidemiological study
of targeted environmental pollutants.
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