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� A comprehensive sample treatment
is developed for determination of 21
bisphenols.

� It is based on the use of a supramo-
lecular solvent with restricted access
properties.

� Matrix-independent quantitation of
selected bisphenols by LC-MS/MS.

� Liquid and solid exposure samples
and biological fluids are efficiently
treated.

� The method meets the analytical and
operational features for epidemio-
logical surveys.
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The growing demand for a better understanding of the effects of chemical mixtures on human health has
fostered the need for extensive estimation of uptake rates from identified sources and/or biomonitoring,
which has encouraged the development of analyte- and matrix-independent analytical methods. In this
paper, we report a comprehensive sample treatment platform for the efficient extraction and interfer-
ence removal in the determination of twenty-one bisphenols and derivatives (log Kow from 1.254 to
6.564) in a variety of human exposure sources and biological fluids. Treatment of both liquid (canned
beverages, urine and serum) and solid (canned food, dust) samples was based on the use of low volumes
(190e200 mL) of a hexanol-based supramolecular solvent having properties of restricted access materials.
The efficient extraction of bisphenol and derivatives (absolute recoveries 70e114%) was due to the
mixed-mode mechanisms (hydrogen bonding, polar and dispersion interactions) and the huge number
of binding sites offered by the supramolecular solvent with properties of restricted access materials for
solute solubilization. Signal suppression or enhancement (SSE) values kept in the range 78e116% for
samples encompassing a wide range of macromolecules content (e.g. protein, fat, carbohydrates, etc.).
Quantification was carried out by liquid chromatography, electrospray tandem mass spectrometry using
external calibration. Method quantitation limits for bisphenols in liquid and solid samples were in the
interval 0.019e0.19 mg L�1 and 0.06e0.81 mg kg�1. The method was applied to the determination of
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bisphenols and derivatives in thirteen human exposure sources and biological fluids. Only four
bisphenols out of twenty-one were not found in the analyzed samples. This supramolecular solvent-
based bisphenol- and matrix-independent method constitutes a valuable strategy in terms of analyt-
ical and operational characteristics for the assessment of human exposure to mixtures of bisphenols and
derivatives.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

It has become increasingly evident that human exposure to
mixtures of chemicals, at individual concentrations considered
safe, may cause harmful effects [1]. Guidance for conducting risk
assessment for combined exposure to multiple chemicals has been
published by US EPA [2], the WHO/IPCS [3], and the European
Commission (EC) [4,5]. However, except for intentional mixtures
such as formulated products and mixtures included in specific
legislative frameworks (e.g. pesticides), most of the chemical risk
assessment is based on substance-driven and sector-specific [6e9].

Human exposure to chemicals can be assessed by estimating
uptake rates from identified sources and/or biomonitoring and, in
this respect, both the quality and quantity of available data, along
with the low cost, easy use and speediness of the procedures
involved, are essential for reliable exposure assessment [7]. Thus,
the ideal analytical method for supporting chemical risk assess-
ment would have to cope with the sensitive and selective deter-
mination of a large number of chemicals in a variety of exposure
sources and biological matrices, using simple, short and cost-
effective analytical runtimes.

Bisphenol mixtures meet several of the criteria set by the EC to
be considered of potential concern [4]. Thus, exposure of the hu-
man population to bisphenols is widespread; they are pseudo-
persistent; there is potential for adverse effects to the likely expo-
sure levels; there is a scientific base to predict that they will
probably act similarly; and threshold limits for the effects ofmost of
bisphenols and derivatives have been not established. So, the
knowledge about the extent and magnitude of human exposure to
these mixtures is essential for the development of the respective
legislative provisions.

Analytical methods reported so far do not meet the analytical
and/or operational requirements for simultaneously evaluating the
extent and magnitude of human exposure to a mixture of bisphe-
nols [10]. Major drawbacks arise from both sample treatment and
LC-MS/MS quantification, which results in matrix- and analyte-
dependent procedures. Thus, solvent extraction, mandatory for
the treatment of solid samples and widely used for the processing
of the liquid ones, is not well suited for the extraction of analytes
covering a wide polarity range [11,12].

On the other hand, multimode solid-phase extraction (SPE), able
to retain analytes based on different interaction mechanisms, is
only applicable to liquid samples and also involves multiple steps
(conditioning, loading, washing, elution, and evaporation), which
increases both time and costs compared to solvent extraction [13].
Molecular imprinted polymers (MIPs) are usually more effective
than conventional SPE sorbents for matrix components removal,
although their application is only limited to liquid samples (i.e.
canned energy drinks) [14]. Albeit QuEChERS has shown promising
results as applied to dairy products, major drawbacks include the
consumption of high volume of organic solvent (15mL/sample), the
need for sample clean-up and evaporation of 6 mL of extract, and
the requirement of using matrix-matched standard calibration for
bisphenols quantitation [15]. Thus, matrix effects continue being
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the major concern for quantification of bisphenols by LC-MS/MS,
particularly using electrospray ionization (ESI), which, in most
cases, makes it mandatory the use of matrix-matched calibration or
extensive sample preparation procedures for interference removal
[11e13]. On the other hand, the chromatographic conditions
required for achieving adequate sensitivity for bisphenol diglycidyl
ethers by LC-ESI-MS/MS (e.g. formation of [M þ NH4]þ adducts)
cause ion suppression in the determination of bisphenols, that
hindering their sequential determination [16].

This work was intended to develop a comprehensive sample
treatment platform able to simultaneously extract bisphenols in a
wide polarity range and remove matrix interferences from a large
variety of samples of interest for human exposure evaluation. For
this purpose, several advanced functional features of environment-
responsive supramolecular solvents (SUPRAS) [17] were brought
together, namely the high number of binding sites and polarity
microenvironments they offer, their capability to act as restricted
access materials (SUPRAS-RAM) through physical and chemical
mechanisms [18,19] and their ability to significantly reduce
phospholipid-based matrix effects [20]. These combined proper-
ties, in addition to the capability of SUPRAS to offer multiple
extraction mechanisms (e.g. dispersion, hydrogen bonding, polar,
etc) [21], should be able to extract efficiently analytes in a wide
polarity range and remove major matrix components (i.e. proteins,
carbohydrates, lipids, humic acids, etc). As a result, we hypothesize
that matrix-independent sample treatments could be developed
prior to LC-MS/MS quantification of mixtures of chemicals of in-
terest for evaluation of human exposure.

The approach was applied to the determination of a mixture of
21 bisphenols and derivatives (see Tables Se1 in Supporting In-
formation, SI), encompassing a wide polarity range (log Kow from
1.254 to 6.564), in a variety of human exposure sources (canned
food, beverages, dust) and biological fluids (urine and serum).
These samples involve matrices of very different composition (e.g.
see the composition of some canned foodstuffs in Tables Se2)
where bisphenols are at concentrations in the low ng g�1 or ng
mL�1.

To the best of our knowledge, this is the first proposal of a
supramolecular-based comprehensive sample treatment platform
prior to LC-MS/MS for the evaluation of human exposure to a
mixture of bisphenols and derivatives through the estimation of
their content in both exposure sources and biological fluids. Below,
the most relevant results are presented and discussed.
2. Materials and methods

2.1. Chemicals

All chemicals were of analytical grade and used as supplied by
manufacturers. Twenty-one bisphenols and derivatives (chemical
names in Table S1) were obtained as follows: bisphenol A (BPA),
bisphenol F (BPF), bisphenol A diglycidyl ether (BADGE),
monochloro-BPA (MCBPA), dichloro-BPA (DCBPA) and trichloro-
BPA (TCBPA) from Aldrich (St. Louis, USA); BADGE monohydrate
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(BADGE$H2O) (�95%), BADGE dihydrate (BADGE$2H2O) (�97%),
BADGE hydrochloride (BADGE$HCl), (�90%), bisphenol F diglycidyl
ether (BFDGE) (�95%), BADGE chlorohydroxy (BADGE$H2O$HCL)
(�95%) and BADGE dihydrochloride (BADGE$2HCL) (�97%) from
Fluka Chemika (Bush, Switzerland); bisphenol S (BPS) (98%);
bisphenol AF (BPAF) (97%), bisphenol AP (BPAP) (99%), bisphenol P
(BPP) (99%); bisphenol Z (BPZ) (98%) and BFDGE dihydrate
(BFDGE$2H2O) (�95%) from Sigma Aldrich (Steinheim, Germany);
bisphenol B (BPB) (98%) and bisphenol E (BPE) (98%) from TCI
Europe (Zwijndrecht, Belgium) and tetrachloro-BPA (TeCBPA) from
Tokyo Chemical Industries (Tokyo, Japan). Isotopically labeled BPA
(12C13-BPA) and BADGE (d6-BADGE) were supplied by Cambridge
Isotope Laboratories (Andover, USA) and Toronto Research Chem-
icals (Toronto, Canada), respectively. Methanol, 1-hexanol, and
tetrahydrofuran (THF, 98%) were obtained fromVWR-Prolabo (Bois,
France), ammonium formate (�99%) from Sigma Aldrich (St. Louis,
USA), formic acid (98%) from Panreac Química, (Barcelona, Spain),
and ultra-pure quality water (18.2 MU cm) from a Milli-Q purifi-
cation system (Merck Millipore, Madrid, Spain). Lichrosolv® water
was supplied by Merck KGaA (Darmstadt, Germany). Stock solu-
tions for individual bisphenols and isotopically labeled internal
standards (1e2.5 mg mL�1) were prepared in methanol and stored
at �20 �C. Intermediate solutions containing mixtures of bisphe-
nols plus chlorinated derivatives or bisphenol diglycidyl ethers
(10 mg L�1 each) were prepared in methanol. Working solutions
were prepared daily by appropriate dilution of the intermediate
solutions with methanol:water (50:50, v/v) for bisphenols plus
chlorinated derivatives and methanol:ammonium formate/formic
acid buffer (12.5 mM, pH 3.75) (50:50 v/v) for bisphenols diglycidyl
ethers.

2.2. Determination of bisphenols and derivatives in canned food
and beverages, dust and biological fluids

2.2.1. Sample collection and pretreatment
A variety of samples, known to be representative sources of

human exposure to bisphenols and derivatives, were selected for
the study. They included canned food (sweet corn, lentils, chick-
peas, sausages and meatballs), canned beverages (tonic water, tea,
cola and beer), bottled water, and indoor dust. Likewise, repre-
sentative fluids for bisphenol biomonitoring (urine and serum)
were included in the study. Canned food and beverages were pur-
chased in local supermarkets in C�ordoba (South Spain) in
September 2019, and they were stored at 4 �C, under dark condi-
tions, until analysis. The whole solid content of canned foodstuffs
was taken for analysis and homogenized using a high-speed Ultra-
Turrax (T-25 Basic from Ika. Werke, Germany) for around 5min.
Carbonated beverages were degasified with nitrogen. Dust was
collected from domestic carpets and furniture with a vacuum
cleaner equipped with non-reusable paper vacuum cleaner bags,
from five private residences located in C�ordoba (Spain) during the
spring of 2019. The urine and serum sampling were conducted
betweenMay and July of 2019 on six healthy volunteers (3 men and
3 women from 25 to 32 years) from the University of C�ordoba
(C�ordoba, Spain) in compliance with the Ethics and Data Protection
regulations of the University of C�ordoba. Serum samples were
taken with serum separator vacuum tubes (Vacu-test®) to avoid
possible contamination during collection and frozen at�20 �C until
analysis. Spot urine samples were centrifuged for 20 min at
3000 rpm to remove possible sediments and kept frozen at �20 �C
until analysis.

2.2.2. Control of background contamination
Several measurements were taken to control the background

contamination of bisphenols and derivatives that arises from the
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widespread use of polycarbonate plastics and epoxy resins in lab
materials and equipment and usually occurs at ng L�1 - mg L�1 levels
with a random pattern. Thus, sample preparationwas performed in
a separate room designated exclusively for bisphenol handling.
Working benches were cleaned with methanol on a daily basis and
covered with aluminum foil, over which clean materials were left.
Nitrile gloves were always worn. Glassware, pipette tips, micro-
tubes and other materials were sequentially washed (twice each
step) with soap and tap water, ultra-pure quality water and
methanol. Ultra-high-quality water with BPA content below the
LOD was obtained by filtration of Lichrosolv® water through
Empore® styrene-divinylbenzene disks (An�alisis Vínicos S.L.
Tomelloso, Spain). Labware, solvents and reagents were periodi-
cally checked for the presence of bisphenols and derivatives using a
quick chromatographic elution program (mobile phase water (A)
and methanol (B)), linear gradient from 90 to 98% of B in 5 min and
98 to 90 %B for column equilibration at the initial mobile phase
composition in 5 min with a flow rate of 300 mL min�1). Labware
giving signals higher than noise was re-subjected to the cleaning
protocol and retested again. Procedural blanks were conducted for
each sample batch to account for background contamination, and
when bisphenols concentrations were above the method limit of
quantification the analysis of thewhole sample batchwas repeated.

2.2.3. SUPRAS-based extraction/cleanup of bisphenols in liquid
samples

A volume (1500 mL) of sample (beverage, urine or serum) was
added to a 2 mL-microtube Safe-Lock from Eppendorf Iberia
(Madrid, Spain) containing hexanol (100 mL) dissolved in THF
(400 mL). Thewater content present in the liquid samples promoted
the self-assembly of hexanol and caused the instantaneous in-situ
formation of an environment-responsive SUPRAS [17,20]. The
mixture was vortex-shaken at 2500 rpm for 5 min (Reax Heidolph
from Schwabach, Germany) to favor analyte extraction, and then
centrifuged at 14,160 g for 30 min (MPW-350R from MPW Medical
Instruments, Warschaw, Poland). Fig. 1 (bottom) shows a schematic
of the sample treatment platform for liquid samples. Two aliquots
of the SUPRAS extract (75 mL each) were transferred to 10 mL-glass
centrifuge tubes and evaporated to dryness under a gentle nitrogen
stream and temperature (60 �C). Then, the residues were recon-
stituted in 300 mL of methanol:water (50:50 v/v) for determination
of bisphenols/chlorinated derivatives and 300 mL of methanol:
ammonium formate/formic acid (12.5 mM, pH 3.75) buffer (50:50
v/v) for quantitation of diglycidyl ethers (Fig. 1, right).

2.2.4. SUPRAS-based extraction/cleanup of bisphenols in solid
samples

A SUPRAS volume (~6.2 mL) able to treat 31 solid samples was
obtained by mixing hexanol (3 mL), THF (6 mL) and water (21 mL)
in a 50 mL glass centrifuge tube. The SUPRAS formed instanta-
neously under the addition of water and the mixture was centri-
fuged at 2400 g for 30 min to speed up liquid-liquid phase
separation. Then, the SUPRAS was separated from the equilibrium
solution with a syringe and both were stored in closed glass vial
until use (see Fig. 1, top). Under these conditions, the SUPRAS and
equilibrium solution were stable at room temperature for at least
one month. A SUPRAS aliquot (200 mL) and the homogenized solid
subsample (200 mg) were mixed in safe-lock 2 mL microtubes. In
the case of dust samples, they were previously wetted with 300 mL
of the equilibrium solution obtained in the synthesis of the SUPRAS,
otherwise the SUPRAS was almost completely adsorbed into the
dust matrix. So, three phases were obtained for dust during
extraction; the wetted dust, the equilibrium solution and the SU-
PRAS. Four glass balls (3 mm diameter) were introduced in the
microtube in all the cases to improve sample dispersion during



Fig. 1. Schematic illustrations for the production and structure of the SUPRAS used (top) for the extraction/cleanup of solid samples (middle), the formation of the SUPRAS into the
liquid sample and simultaneous extraction/cleanup (bottom) and LC-ESI-MS/MS sequential analysis of bisphenol diglycidyl ethers and bisphenols/chlorinated bisphenols (right).
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extraction, which was performed by means of vortex-shaking at
2500 rpm for 20 min. The mixture was then centrifuged at 14,160 g
for 15 min to separate the solvent from the solid residue (see Fig. 1,
middle). Two aliquots (75 mL) of the SUPRAS extract were evapo-
rated to dryness and reconstituted according to the procedure
described above for liquid samples (Fig. 1, right).
2.2.5. Liquid chromatography-tandem mass spectrometry
The separation and quantification of the 21 bisphenols, chlori-

nated derivatives and diglycidyl ethers (Tables Se1) were carried
out by reversed-phase LC (Agilent HP 1200 series, Palo Alto, CA,
USA) coupled with a TurbeIonSpray (TIS)-tandem mass spectrom-
etry (Applied Biosystems MSD Sciex 4000QTRAP, Foster City, CA,
USA). The stationary phase was a C18 column (ACE 3 C18-PFP, UK,
150 mm� 3.0 mm, particle size 3.5 mm) thermostated at 35 �C. This
columnwas preceded by a C18 Guard Cartridge (ACE 3 C18-PFP, UK,
30 mm� 4.6 mm, particle size 4 mm). Additionally, a Symmetry C18
column (Waters, 75 mm� 4.6 mm, particle size 3.5 mm) was placed
between the LC pump and the injection valve to retain potential
bisphenols coming from the solvents used as mobile phases or
leached from the plastic components of the LC system. In this way,
these bisphenols eluted after the respective ones coming from the
sample. Chromatographic runs were sequentially obtained for
bisphenols/chlorinated derivatives and bisphenol diglycidyl ethers,
using the same mobile phase (water (A) and methanol (B)) and
elution programs. The linear gradients were as follows: from 50% to
60% solvent B for 2min, then from 60% to 80% B for 2min, next from
80% to 90% B for 18 min and finally, from 90% to 100% B for 1 min.
Column equilibration at the initial mobile phase composition took
5.5 min. The injection volume was 10 mL and the flow rate
0.3 mL min�1. Mass analysis was carried out in both positive
(ammonium diglycidyl ethers) and negative (bisphenols and their
chlorinated derivatives) ESI modes. All data were acquired and
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processed using the Analyst 1.5.1 Software (Applied Biosystems).
Quantitative analyses were carried out using two specific combi-
nations of a precursor-product ion transition for each compound,
with a dwell time set up at 100 m s. Compound specific MS/MS
parameters for each compound are given in Tables Se1. Source
settings were as follows: probe vertical y-axis position, 2 mm;
probe horizontal y-axis position, 6 mm; curtain gas (N2), 10 psig;
nebulizer gas, 40 psig; turbo gas, 60 psig; temperature of the turbo
gas, 650 �C; ion spray voltage: ± 4500 V. Collision gas
3.0 � 10�5 Torr. Quantification was carried out by external cali-
bration with standards in methanol:water (50:50 v/v) for deter-
mination of bisphenols/chlorinated derivatives and methanol:
ammonium formate/formic acid (12.5 mM, pH 3.75) buffer (50:50
v/v) for determination of diglycidyl ethers, and using the internal
standards 12C13-BPA and d6-BADGE, respectively.
3. Results and discussion

3.1. Optimization of the sequential LC-MS/MS analysis of bisphenols
and bisphenol diglycidyl ethers

Sensitive LC (ESI)-MS/MS analysis of bisphenols and derivatives
requires two different chromatographic runs spaced by a thorough
cleaning step or even conducted in two different instruments [16].
Usually, bisphenols and chlorinated derivatives are separated using
mobile phases made up of methanol and water and quantified by
measurement of fragment ions obtained from [M�H]� [22]. On the
other hand, bisphenol diglycidyl ethers are prompted to form ad-
ducts, some of which (e.g. [MþNa]þ, [MþK]þ) are very stable and
produce poor fragmentation in MS/MS, while others (e.g.
[M þ NH4]þ) give efficient fragmentation [16]. In order to enable
the formation of ammonium adducts and ensure signal reproduc-
ibility, ammonium acetate or formate buffers are generally used as
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additives in the mobile phase [23]. However, these additives cause
ion suppression in the MS/MS analysis of bisphenols and chlori-
nated derivatives and this fact hinders their simultaneous deter-
mination with diglycidyl ethers, at least at the low concentration
levels required for evaluation of human exposure. So the sequential
LC (ESI)MS/MS analysis of bisphenols and their respective digly-
cidyl ethers can be performed using methanol-water and
methanol-aqueous ammonium buffer, respectively. However, this
is only possible after thorough cleaning of the chromatographic
system since the presence of minute traces of ammonium drasti-
cally reduces the response for bisphenols [16]. This cleaning is
time-consuming, no cost-effective and, what is worse is that it
hinders high sample throughput.

In an attempt to speed up this sequential analysis we tried to
form [M þ NH4]þ adducts for bisphenol diglycidyl ethers during
sample treatment. Our working hypothesis was that, [M þ NH4]þ

adducts would be stable enough to keep their integrity during
chromatographic analysis. Thus, SUPRAS extracts (Fig. 1) were for-
tified with the bisphenol diglycidyl ethers included in Tables Se1
(1 mg L�1 each), evaporated to dryness and reconstituted with a
mixture of 150 mL of methanol and 150 mL of ammonium formate/
formic acid buffer at concentrations from 2.5 to 12.5 mM (pH 3.75).
Then, they were subjected to LC-ESI-MS/MS analysis using
methanol-water as the mobile phase.

Table 1 shows the responses obtained for the ammonium ad-
ducts formed during sample treatment, expressed as the percent-
age of the response obtained for adducts produced in the
traditional way (i.e. into a mobile phase made up of 50:50 vol ratio
of methanol and 25 mM formic acid:ammonium formate, pH 3.75,
flow rate 0.3 mL min�1). It can be checked that the same mass re-
sponses were obtained for ammonium adducts of diglycidyl ethers
formed in SUPRAS-extracts containing buffer (12.5 mM) and mo-
bile phases containing buffer as additive. So, our results prove that
these adducts were stable enough under the chromatographic
conditions set for bisphenol diglycidyl ether separation. Fig. 2
shows the total ion chromatograms obtained for (A) bisphenols
and chlorinated derivatives and (B) bisphenol diglycidyl ethers
when they were run sequentially using identical mobile phase
composition and gradient elution without any intermediate
cleaning step. Fragmentation patterns for the product ions obtained
(Tables Se1) were in agreement with those previously reported
[22,24].
3.2. SUPRAS-based sample treatment platform for bisphenols and
derivatives: study of recoveries and matrix effects

A comprehensive sample treatment platform for LC-MS/MS
determination of bisphenols and derivatives in exposure sources
Table 1
MS/MS responsea for ammonium adducts of bisphenol diglycidyl ethers formed during s

Analyte Buffer concentrationb (mM)

2.5 5

BADGE 42 ± 9 45 ± 3
BADGE$H2O 48 ± 9 49 ± 7
BADGE$2H2O 37 ± 6 37 ± 6
BADGE$HCl 67 ± 4 69 ± 3
BADGE$2HCl 50 ± 6 59 ± 6
BADGE$HCl$2H2O 40 ± 2 59 ± 5
BFDGE 40 ± 2 45 ± 3
BFDGE$2H2O 40 ± 5 46 ± 6

a Expressed as percentage of the signal obtained, along with the respective standard
25mMformic acideammonium formate buffer at pH 3.75 (solvent A) and methanol (solv

b Ammonium formate/formic acid, pH 3.75.
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and biological fluids should be able to provide both analyte-
independent recoveries and matrix-independent mass responses.
For this purpose, we investigated the use of hexanol-based SUPRAS,
which are nanostructured solvents made up of inverted hexagonal
aggregates, obtained spontaneously in mixtures of tetrahydrofuran
and water by self-assembly and coacervation [20]. In these SUPRAS,
the alcohol groups of hexanol surround aqueous cavities while the
hydrocarbon chains are dispersed in THF (see a schematic in Fig. 1,
top) [17]. They have the potential to efficiently extract bisphenols
and derivatives (log Kow from 1.254 to 6.564, Tables Se1) and
simultaneously remove major sample interferences based on:

1) The different polarity microenvironments (i.e. aqueous cavities,
amphiphile headgroups and amphiphile hydrocarbon chains)
offered for solute solubilization.

2) Themixed-modemechanisms (acceptor-donor hydrogen bonds,
polar interactions, dispersion interactions) and multiple sites
(the concentration of hexanol in the SUPRAS is in the range
7.4e0.15 mg mL�1) [20] provided for solute binding.

3) Their ability to provide extracts free of proteins, carbohydrates
and lipids. Thus, proteins are removed as a white layer between
the SUPRAS and the equilibrium solution in liquid samples and
between the SUPRAS and sample residue in solid samples,
owing to their denaturation and flocculation by the action of
THF and hexanol respectively [17]. Regarding carbohydrates,
they can be removed by size exclusion owing to the capability of
alkanol-based SUPRAS to act as restricted access materials
(RAM) [17], which arise from the fact that the size of the
aqueous cavities of the inverted hexagonal arrangement of the
hexanol, where polar macromolecules solubilize, can be tailored
by controlling the THF:water ratio in the bulk solution [17].
Finally, lipids and phospholipids remain precipitated after hex-
anol volatilization and bisphenols reconstitution [20].

The ability of the hexanol-based SUPRAS-RAM to simulta-
neously extract bisphenols and derivatives and remove major
sample matrix components was evaluated. For this purpose, three
samples representative for human exposure (canned lentils and
tonic) and biomonitoring (urine) were selected. Optimization of the
sample treatment platform was based on the study of matrix ef-
fects, global recoveries (i.e. those corresponding to the whole
process) and reconstitution recoveries (i.e. those corresponding to
the solubilization of analytes from the residue remaining after
evaporation of SUPRAS extracts, see Fig. 1).

Reconstitution recoveries were investigated from aliquots of
SUPRAS (75 mL) fortified with 4 mg L�1 of either bisphenol and
chlorinated derivative or bisphenol diglycidyl ethers. The fortified
SUPRAS were evaporated to dryness under a nitrogen stream and
ample treatment.

7.5 10 12.5

53 ± 3 89 ± 2 98 ± 3
54 ± 8 94 ± 1 98 ± 2
65 ± 4 87.3 ± 0.7 95 ± 4
68 ± 3 92 ± 7 101 ± 3
64 ± 3 74 ± 4 108 ± 5
64 ± 5 89 ± 3 99 ± 3
53 ± 3 89 ± 6 98 ± 4
50 ± 1 85 ± 2 101 ± 4

deviation (n ¼ 3), for ammonium adducts formed in a mobile phase made up of
ent B).



Fig. 2. LC-ESI-MS/MS total ion chromatograms obtained from a mixture of standards (20 mgL�1 each). A) bisphenols and chlorinated bisphenols: (1) BPS, (2) BPF, (3) BPE, (4)
BPAþ12C13BPA, (5) BPB, (6) MCBPA, (7) BPAP, (8) BPZ, (9) BPAF, (10) DCBPA, (11) TCBPA, (12) BPP, (13) TeCBPA. B) diglycidyl ethers: (1) BFDGE$2H2O, (2) BADGE$2H2O (3)
BADGE$H2O, (4) BADGE$H2O$HCL, (5) BFDGE, (6) BADGE$2HCL, (7) BADGE$HCL, (8) BADGE þ d6-BADGE.
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60 �C, and the residue were treated with solvent mixtures of
different compositions for the reconstitution of analytes. Absolute
recoveries were in the range 97e115% for bisphenols and chlori-
nated derivatives when extracted with 300 mL of methanol:water
(50/50, v/v), and in the range 95e110% for bisphenol diglycidyl
ethers when extracted with 300 mL of methanol: ammonium
formate/formic acid buffer, 12.5 mM, pH 3.75 (50:50, v/v). As
specified in section 3.1, the presence of buffer in the reconstitution
solvent was also effective in the formation of ammonium adducts of
bisphenol diglycidyl ethers.

Matrix effects were investigated by extracting the selected
model samples (canned lentils and tonic, and urine) with SUPRAS
synthesized in different THF:watermedia (i.e. percentages of THF in
the range 10e40%). The concentration of hexanol in the SUPRAS
decreases and the size of the inverse hexagonal aggregates in-
creases as the percentage of THF in the synthesis medium raises
[20]. On the other hand, SUPRAS composition and structure remain
unchangeable as the percentage of hexanol varies. Liquid and solid
19
samples were treated according to the procedures specified in
sections 2.2.3 and 2.2.4, respectively, and the SUPRAS extracts ob-
tainedwere fortified with 1 mg L�1 of each bisphenol and 5 mg L�1 of
the internal standards 12C13-BPA and d6-BADGE, which were used
for the analysis of bisphenols and chlorinated derivatives and the
bisphenol diglycidyl ethers, respectively. Matrix effects were
calculated by measuring signal suppression or enhancement (SSE)
by comparing mass response for analytes in samples and standards
dissolved in methanol:water (50:50 v/v) for determination of
bisphenols/chlorinated derivatives and methanol: ammonium
formate/formic acid (12.5 mM, pH 3.75) buffer (50:50 v/v) for
quantitation of diglycidyl ethers. The SSE calculated in this manner
may be referred to as an absolute matrix effect; percentages higher
than 100 indicate ion enhancement, while percentages lower than
100 are indicative of ion suppression.

Table 2 shows the SSE values obtained for the samples analyzed
as a function of the percentage of THF and therefore, of the vacuole
size of the SUPRAS. The behavior was very similar in the samples



Table 2
Values of signal suppression and enhancement (SSE, %), along with their corresponding standard deviations, for bisphenols and derivatives in lentils, tonic and urine as a function of the percentage of THF used in the synthesis of
the SUPRAS.

THF (%) BPA BPB BPE BPF BPP BPS BPZ BPAF BPAP MCBPA DCBPA TCBPA TeCBPA BADGE BADGE$H2O BADGE$2H2O BADGE
$HCl

BADGE$2HCl BADGE
$HCl$H2O

BFDGE BFDGE
$2H2O

Lentils 10 85 ± 9 87 ± 6 79 ± 4 88 ± 6 83 ± 5 88 ± 1 85 ± 4 98 ± 1 89 ± 1 84 ± 1 88 ± 3 80 ± 7 82 ± 8 106 ± 9 100 ± 9 104 ± 8 101 ± 2 102 ± 9 100 ± 1 108 ± 5 105 ± 3
20 88 ± 5 91 ± 1 85 ± 4 102 ± 3 90 ± 1 108 ± 5 93 ± 4 102 ± 6 86 ± 1 89 ± 1 88 ± 3 82 ± 2 85 ± 3 106 ± 7 102 ± 4 108 ± 7 103 ± 6 109 ± 3 98 ± 4 106 ± 5 108 ± 3
30 93 ± 1 89 ± 2 89 ± 6 62 ± 6 70 ± 3 103 ± 6 70 ± 5 111 ± 1 71 ± 7 75 ± 9 90 ± 4 105 ± 1 85 ± 1 81 ± 1 98 ± 6 108 ± 9 107 ± 3 106 ± 1 103 ± 6 84.7 ± 0.3 100 ± 2
40 115 ± 9 88 ± 7 85 ± 7 60 ± 2 65 ± 6 107 ± 8 66 ± 4 100 ± 3 90 ± 7 80 ± 3 89 ± 5 81 ± 1 84 ± 5 88 ± 1 94 ± 8 106 ± 6 102 ± 2 102 ± 2 105 ± 9 87 ± 2 105 ± 6

Tonic 10 101 ± 3 93 ± 6 93 ± 4 112 ± 10 98 ± 7 93 ± 3 101 ± 3 96 ± 7 106 ± 2 105 ± 2 93 ± 7 94 ± 9 88 ± 12 111 ± 2 107 ± 1 100 ± 4 101 ± 1 109 ± 4 102 ± 2 104 ± 4 103 ± 6
20 97 ± 2 95 ± 5 89 ± 8 104 ± 3 100 ± 6 101 ± 5 106 ± 8 103 ± 7 103 ± 9 109 ± 1 101 ± 6 96 ± 4 94 ± 1 105 ± 2 108 ± 4 86 ± 1 111 ± 2 88 ± 3 107 ± 1 109 ± 5 109 ± 9
30 109 ± 6 92 ± 4 95 ± 3 95 ± 7 88 ± 8 98 ± 4 104 ± 4 100 ± 6 107 ± 7 111 ± 3 98 ± 4 101 ± 6 92 ± 1 104 ± 1 109 ± 8 88 ± 4 104 ± 8 58 ± 5 95 ± 4 84 ± 8 92 ± 3
40 108 ± 4 95 ± 6 104 ± 1 103 ± 2 93 ± 7 95 ± 5 107 ± 7 105 ± 1 106 ± 2 95 ± 1 98 ± 3 107 ± 4 83 ± 6 103 ± 6 107 ± 12 101 ± 2 80 ± 5 49 ± 2 98 ± 7 90 ± 10 97 ± 6

Urine 10 102 ± 7 101 ± 9 99 ± 6 114 ± 4 91 ± 6 113 ± 3 111 ± 3 98 ± 1 104 ± 4 98 ± 9 113 ± 5 96 ± 2 95 ± 4 108 ± 2 98 ± 17 83 ± 10 104 ± 8 95 ± 4 85 ± 1 102 ± 2 104 ± 1
20 89 ± 2 109 ± 3 103 ± 2 94 ± 2 105 ± 9 97 ± 6 100 ± 4 107 ± 4 103 ± 8 110 ± 3 97 ± 3 96 ± 1 103 ± 6 103 ± 2 101 ± 3 88 ± 9 101 ± 5 106 ± 3 88 ± 8 107 ± 8 109 ± 3
30 87 ± 9 110 ± 4 104 ± 2 92 ± 2 108 ± 4 103 ± 4 102 ± 6 102 ± 3 108 ± 1 103 ± 1 103 ± 3 109 ± 3 104 ± 4 101 ± 8 91 ± 5 95 ± 5 105 ± 7 98 ± 2 98 ± 2 109 ± 3 100 ± 5
40 97 ± 10 94 ± 6 83 ± 4 99 ± 2 103 ± 8 105 ± 1 102 ± 5 108 ± 7 108 ± 9 103 ± 4 105 ± 5 101 ± 9 100 ± 2 97 ± 4 107 ± 7 96 ± 7 106 ± 9 105 ± 1 100 ± 2 105 ± 4 103 ± 2

Table 3
Absolute recoveries (%) and standard deviations (%) obtained in the extraction of bisphenols, chlorinated derivatives and bisphenols diglycidyl ethers from lentils, tonic and urine with SUPRAS synthesized in a hydro-organic
medium containing 20% of THF.

Sample BPA BPB BPE BPF BPP BPS BPZ BPAF BPAP MCBPA DCBPA TCBPA TeCBPA BADGE BADGE$H2O BADGE$2H2O BADGE$HCl BADGE$2HCl BADGE
$HCl$H2O

BFDGE BFDGE$2H2O

Lentilsa 86 ± 4 75.5 ± 0.9 82 ± 4 87 ± 2 82 ± 1 106 ± 5 90 ± 5 107 ± 6 114 ± 4 87 ± 1 101 ± 6 97 ± 3 70 ± 2 76 ± 7 90 ± 3 102 ± 4 99 ± 6 100 ± 6 98 ± 8 77 ± 5 100 ± 4
Tonicb 103 ± 5 102 ± 3 104 ± 6 103 ± 2 111 ± 4 99 ± 8 99 ± 4 103 ± 8 97 ± 5 83 ± 5 90 ± 8 74 ± 8 110 ± 8 75 ± 3 97 ± 8 85 ± 1 73 ± 2 75 ± 8 107 ± 2 109 ± 5 109 ± 7
Urineb 100 ± 1 107 ± 3 101 ± 2 98 ± 9 83 ± 7 105 ± 7 92 ± 9 91 ± 7 108 ± 4 103 ± 7 99 ± 9 105 ± 4 97 ± 5 97 ± 9 108 ± 4 76 ± 4 78 ± 2 79 ± 9 88 ± 5 100 ± 3 88 ± 3

a Fortified sample with 0.64 mg kg�1 bisphenols, chlorinated derivatives and bisphenols diglycidyl ethers. The internal standards were added to the sample extract at 20 mg kg�1 12C13-BPA or 3.5 mg kg�1 d6-BADGE; n ¼ 3.
b Fortified sample with 1 mg kg�1 bisphenols, chlorinated derivatives and bisphenols diglycidyl ethers. The internal standards were added to the sample extract at 20 mg kg�1 12C13-BPA or 3.5 mg kg�1 d6-BADGE.
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Table 4
Linear range for the instrumental calibration of bisphenols and derivatives and quantification limits for solid and liquid samples.

Compound tR (min) Linearity (mg L�1) MQLa (mg kg�1) MQLb (mg L�1)

BPA 11.03 0.04e250 0.16 0.035
BPB 11.50 0.02e250 0.12 0.019
BPE 10.50 0.04e250 0.06 0.029
BPF 10.20 0.09e250 0.39 0.091
BPP 15.58 0.04e250 0.18 0.031
BPS 8.79 0.03e250 0.12 0.023
BPZ 12.63 0.03e250 0.14 0.036
BPAF 13.05 0.04e250 0.23 0.035
BPAP 12.34 0.04e250 0.21 0.040
MCBPA 11.98 0.08e250 0.36 0.084
DCBPA 13.24 0.05e250 0.24 0.056
TCBPA 14.56 0.03e250 0.16 0.032
TeCBPA 16.01 0.04e250 0.24 0.041
BADGE 14.78 0.02e250 0.21 0.024
BADGE$H2O 11.83 0.01e250 0.56 0.049
BADGE$2H2O 10.29 0.09e250 0.48 0.19
BADGE$HCl 14.57 0.13e250 0.54 0.11
BADGE$2HCl 14.37 0.13e250 0.61 0.12
BADGE$HCl$H2O 11.87 0.1e250 0.52 0.094
BFDGE 13.62 0.15e250 0.81 0.13
BFDGE$2H2O 9.53 0.11e250 0.74 0.17

Method quantitation limits for a lentils and b urine samples.
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investigated; the signal was within the interval recommended for
analysis of contaminants (e.g. 70e120%) at the lowest percentages
of THF tested (10e20%) while some suppression was observed for a
few analytes at higher percentages of this solvent (e.g. BPF, BPP and
BPZ in lentils or BADGE.2HCl in tonic). SSE values in the range
82e109%were obtained for 20% of THF for the threematrices tested
and consequently, this value was selected as optimal in order to
achieve a matrix-independent sample treatment platform.

Absolute recoveries for the target bisphenols were investigated
by the analysis of fortified samples subjected to the whole analyt-
ical process. Solid and liquid samples were spiked with the analytes
to give a final concentration of 4 mg kg�1 and 2.5 mg L�1 each,
respectively. The concentrations added of 12C13-BPA and d6-
BADGE to the solid and liquid samples were 20 mg kg�1 and
3.5 mg L�1, respectively. Table 3 shows the recoveries obtained,
along with the respective standard deviations (n ¼ 3), for the
different analytes and samples investigated. Absolute recoveries
were in the range 70e114% with relative standard deviations in the
interval 0.9e9%. So, good extraction efficiency was obtained for
bisphenols and derivatives, which encompass awide polarity range
(log Kow from 1.254 to 6.564), and consequently, the method can be
considered analyte-independent for the selected compounds.

3.3. Method performance

Method performance was investigated in terms of calibration
range, method identification and quantification limits, matrix ef-
fects, precision and trueness. Quantification was based on the in-
ternal standard method using calibrations from standards in
methanol:water (50/50) for bisphenols and chlorinated derivatives,
andmethanol: ammonium formate/formic acid buffer,12.5mM, pH
3.75 (50:50, v/v) for bisphenol diglycidyl ethers. A single internal
standard (12C13-BPA or d6-BADGE) was used in each chromato-
graphic run, in order to correct for process variability. Calibration
graphs for analytes were linear over the whole concentration range
tested. Correlation between peak area ratios and analyte concen-
trations was determined by linear regression and 1/x weighted
calibration. Correlation coefficients were in the range
0.997e0.9999. Method detection (MDLs) and quantification (MQLs)
limits were calculated from samples of lentils and urine, which
were considered representative of solid and liquid samples,
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respectively. The MDLs were calculated from six independent
complete analysis of samples by using a signal-to-noise ratio of 3
(the ratio between the peak areas for each target analyte and peak
area of noise). The MQLs were calculated in a similar way by using a
signal-to-noise ratio of 10. For samples containing the analytes at
detectable levels, the noisewas calculated close to the analyte peak.
Table 4 shows the elution times, calibration working range and the
MDLs and MQLs for both liquid and solid samples. MDLs were low
enough to determine common concentrations found in real-world
samples.

Matrix effects were investigated in complicated matrices of in-
terest for the evaluation of human exposure to bisphenols, specif-
ically canned chickpeas, sausages and meatballs, dust and serum.
Table 5 shows the values of SSE obtained along with their respec-
tive relative standard deviations. SSE values for all analytes and
matrices testedwere in the range 78e116%, so the proposed sample
treatment platform seems a good strategy to remove major in-
terferences from a wide range of matrices.

Precision was studied in terms of repeatability and within-
laboratory reproducibility. For this purpose, six aliquots of a urine
sample spiked at 0.1, 0.2 and 1 mg L�1 for bisphenols and chlori-
nated derivatives and 0.3, 0.6 y 3 mg L�1 for bisphenol diglycidyl
ethers, were analyzed in three days (six aliquots each) using freshly
prepared mobile phases and standard solutions. The repeatability,
expressed as standard deviation, was calculated as the square root
of the average value of the intra-day variances obtained and, the
within laboratory reproducibility as the square root of the mean
intra-day variance plus the inter-day variance. The relative stan-
dard deviations under repeatability conditions were in the ranges
5e16%, 5e18% and 1e10% for bisphenols and chlorinated de-
rivatives at concentrations of 0.1, 0.2 and 1 mg L�1, and in the in-
tervals 4e14%, 0.7e13% y 0.5e10% for bisphenol diglycidyl ethers at
concentrations of 0.3, 0.6 y 3 mg L�1. The reproducibility was in the
ranges 6e20%, 6e13% and 7e12% for 0.1, 0.2 and 1 mg L�1 of
bisphenol and chlorinated derivatives, while it varied in the ranges
4e15%, 5e15% and 3e12% for 0.3 and 0.6 y 3 mg L�1of bisphenol
diglycidyl ethers.

Due to the absence of certified reference materials for the target
analytes, the trueness of the proposed method was assessed by
measuring the recoveries of urine samples spiked at the same
concentration level than that used for precision studies. Recoveries



Table 5
Matrix effects, expressed as signal suppression and enhancement (SSE, %) along with their corresponding standard deviation, obtained from different food, environmental and biological matrices.

Sample BPA BPB BPE BPF BPP BPS BPZ BPAF BPAP MCBPA DCBPA TCBPA TeCBPA BADGE BADGE$H2O BADGE$2H2O BADGE$HCl BADGE$2HCl BADGE
$HCl$H2O

BFDGE BFDGE$2H2O

Chickpeas 110 ± 3 83 ± 1 82 ± 2 80 ± 7 93 ± 4 94 ± 2 88 ± 3 97 ± 5 85 ± 3 80 ± 2 95 ± 5 98 ± 6 81 ± 1 102 ± 7 97 ± 6 102 ± 4 90 ± 3 95 ± 1 109 ± 4 108 ± 6 109 ± 2
Sausages 100 ± 9 99 ± 4 104 ± 4 116 ± 2 88 ± 7 99 ± 8 100 ± 3 95 ± 7 107 ± 2 107 ± 1 93 ± 5 108 ± 5 89 ± 7 92 ± 3 105 ± 4 95 ± 3 100 ± 3 104 ± 1 100 ± 6 93 ± 2 109 ± 4
Meatballs 96 ± 1 95 ± 2 99 ± 1 116 ± 1 90 ± 1 107 ± 3 98 ± 7 78 ± 4 82 ± 9 91 ± 1 100 ± 3 89 ± 6 79 ± 1 108 ± 1 110 ± 2 101 ± 5 112 ± 3 109 ± 7 97 ± 2 106 ± 5 107 ± 3
Dust 110 ± 4 93 ± 1 105 ± 1 85 ± 4 98 ± 1 111 ± 9 100 ± 2 106 ± 3 100 ± 6 106 ± 2 88 ± 4 96 ± 2 90 ± 3 90 ± 2 86 ± 8 109 ± 8 94 ± 8 101 ± 2 117 ± 3 91 ± 5 91 ± 4
Serum 105 ± 3 86 ± 1 105 ± 3 90 ± 2 85 ± 5 111 ± 1 85 ± 1 96 ± 3 109 ± 1 103 ± 2 102 ± 2 90 ± 3 78 ± 3 96 ± 3 105 ± 3 98 ± 3 106 ± 3 104 ± 2 100 ± 1 109 ± 5 109 ± 6

SUPRAS extract fortified at 1 mg L�1 of each bisphenol and 5 mg L�1 of the internal standards 12C13-BPA and d6-BADGE; n ¼ 3.

Table 6
Absolute recoveries (%) and standard deviations (%) obtained for bisphenols and chlorinated derivatives and bisphenols diglycidyl ethers from different food, environmental and biological matrices.

Sample BPA BPB BPE BPF BPP BPS BPZ BPAF BPAP MCBPA DCBPA TCBPA TeCBPA BADGE BADGE$H2O BADGE$2H2O BADGE$HCl BADGE$2HCl BADGE
$HCl$H2O

BFDGE BFDGE$2H2O

Chickpeasa 107 ± 3 74.7 ± 0.3 89 ± 2 77 ± 4 78 ± 4 95 ± 1 79 ± 3 92 ± 5 83 ± 10 78 ± 2 86 ± 4 78 ± 6 79 ± 3 84 ± 9 80 ± 5 102 ± 2 82 ± 4 92 ± 5 100 ± 5 99 ± 5 103 ± 1
Sausagesa 87 ± 4 87 ± 3 87 ± 1 112 ± 2 77 ± 7 110 ± 5 84 ± 2 94 ± 6 82 ± 2 80 ± 1 93 ± 8 114 ± 6 79 ± 7 88 ± 2 83 ± 4 99 ± 2 96 ± 4 85 ± 1 85 ± 5 76 ± 2 84 ± 4
Meatballsa 97 ± 1 98 ± 2 93 ± 1 94 ± 7 84 ± 3 111 ± 2 76 ± 7 75 ± 8 80 ± 8 85 ± 2 79 ± 5 79 ± 5 88 ± 3 90 ± 6 82 ± 9 87 ± 6 88 ± 2 107 ± 3 105 ± 8 77 ± 6 101 ± 3
Dusta 82 ± 2 87 ± 5 105 ± 9 101 ± 2 84 ± 2 107 ± 9 90 ± 3 86 ± 3 82 ± 9 81 ± 2 77 ± 3 100 ± 10 89 ± 3 86 ± 7 83 ± 7 97 ± 6 74 ± 8 100 ± 2 86 ± 4 82 ± 4 84 ± 6
Serumb 107 ± 9 93 ± 5 100 ± 1 113 ± 10 87 ± 3 85 ± 4 72 ± 7 80 ± 9 77 ± 8 88 ± 6 76 ± 5 82 ± 8 92 ± 8 104 ± 4 104 ± 4 95 ± 7 107 ± 5 74 ± 1 97 ± 6 88 ± 8 91 ± 2

a Fortified sample with 0.64 mg kg�1 bisphenols, chlorinated derivatives and bisphenols diglycidyl ethers. The internal standards were added to the sample extract at 20 mg kg�1 12C13-BPA or 3.5 mg kg�1 d6-BADGE; n ¼ 3. b

Fortified sample with 1 mg kg�1 bisphenols, chlorinated derivatives and bisphenols diglycidyl ethers. The internal standards were added to the sample extract at 20 mg kg�1 12C13-BPA or 3.5 mg kg�1 d6-BADGE.
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were in the ranges 90e106%, 97e107% and 95e110% for concen-
trations of bisphenols and chlorinated derivatives of 0.1, 0.2 and
1 mg L�1, and in the intervals 90e111%, 93e107% and 91e105% for
concentrations of bisphenol diglycidyl ethers of 0.3, 0.6 and
3 mg L�1. Recoveries were also evaluated for spiked complicated
matrices of interest for the evaluation of human exposure to
bisphenols. Table 6 shows the values obtained along with their
respective standard deviations. Absolute recoveries for all analy-
tes in samples representing human exposure through food (i.e.
canned chickpeas, sausages and meatballs) and inhalation (i.e.
dust) as well as a biological sample (i.e. serum) were in the ranges
72e114%, which is illustrative of the wide scope of application of
the sample treatment platform here proposed.

3.4. Quantification of bisphenols in human exposure sources and
biological fluids

The method developed was applied to the determination of
bisphenols and derivatives in human exposure sources and bio-
logical fluids. The content of protein (0e23%), carbohydrate
(0.5e14%), fat (0.5e20%), and sugars (0e10%) in the selected
foodstuffs, expressed as g per 100 g of food, encompassed a wide
range. Table 7 shows the results obtained, expressed as the mean
value of three determinations (mg L�1 or mg kg�1), along with the
corresponding standard deviations. Fig. 3 depicts, as an example,
some chromatograms obtained for quantification of bisphenols
(Fig. 3A) and bisphenol diglycidyl ethers (Fig. 3B) in liquid and
solid samples, respectively.

Only four bisphenols out of twenty-one were not found in the
analyzed samples (BPAF, MCBPA, DCBPA and TeCBPA). As was
expected, BPA showed the highest occurrence and some BADGE
derivatives the highest concentration, although the frequent
occurrence of other bisphenols (e.g. BPP, FPE, BPF, BPP, etc.) in the
samples analyzed provided pieces of evidence on the current
replacement of BPA by alternative bisphenols. Found concentra-
tions for bisphenols and derivatives were in agreement with those
previously reported [10]. Thus, in canned beverages, Geen et al.
reported BPA concentrations ranging from 0.02 to 8.1 mg L�1 [25];
Cunha et al. reported concentrations of BPA and BPS in the range
0.03e4.7 mg L�1 [26]; Gallo et al. quantified concentrations of
0.5e3.3 mg L�1 for BPA, BPS, BADGE and BFDGE [14]; and Gallart-
Ayala et al. found BADGE and its derivatives at concentrations of
2.3e5.1 mg L�1 [27]. Likewise, the concentrations found in this
study for bisphenols and derivatives were in agreement with
those found in different canned foodstuffs marketed in Europe
[28]. On the other hand, numerous biomonitoring studies have
reported geometrical mean BPA concentrations of 0.85e4 mg L�1

in urine and 0.3e4.4 mg L�1 in serum [29,30].

4. Conclusions

The effect of bisphenols and derivatives on human health,
especially on vulnerable populations such as infants, young chil-
dren, pregnant and breastfeedingwomen, continues as amatter of
debate [1]. The mixture effect of these compounds, an unexplored
area so far, as well as their low dose-effects, demands for dedi-
cated efforts to know how often and to what extent humans are
exposed. There is a need to better understand human exposures
by both monitoring and modeling.

Monitoring of chemical mixtures originating from multiple
sources is a challenging task and there is a lack of matrix-
independent methods able to deliver accurate results through
simple and fast procedures. Analytical methods previously re-
ported for the determination of mixtures of bisphenols and de-
rivatives in human and environmental exposure sources and
23



Fig. 3. Chromatograms obtained for unfortified samples of (A) bisphenols and chlorinated bisphenols in serum (A1: BPA; A2: BPE; A3: BPF) and (B) diglycidyl ethers in meatballs
(B1: BADGE$2H2O; B2: BADGE$H2O$HCL; B3: BADGE$2HCL). Concentrations of analytes in Table 7. Line black: quantitative transition; line blue: qualitative transition, except for A1
that corresponds to the signal of the internal standard 12C13BPA.
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biological fluids have been reviewed [10]. Most of these methods
refer to the determination of a few bisphenols or bisphenols de-
rivatives in specific samples (e.g. canned food, canned drinks, dust,
urine, serum, etc.). Thus, Gallo et al. proposed a LC-FD method for
the determination of three bisphenols and two diglycidyl ethers in
canned drinks by a molecularly imprinted polymer developed for
BPA [14]. Although the extraction efficiency was good for all the
target compounds (94-78 %R) except for BPF (52 %R), their appli-
cation to other bisphenols and derivatives and other matrices of
interest for evaluation of human exposure has not been proved. Our
research group has reported a method for determination of 12
bisphenols and derivatives using SUPRAS-LC-FD [31]. However,
fluorescence detection does not provide unequivocal identification
of bisphenols and problems might arise the co-elution BPA and the
diol-epoxide formed by hydrolytic opening of BADGE under
reversed-phase LC. Salafranca et al. developed a method based on
direct immersion solid-phasemicroextraction (SPME) coupledwith
gas chromatography mass spectrometry (GC-MS) to the
24
determination of BPA and BADGE in food simulants [32]. However,
although it provides unequivocal bisphenol identification, the need
for analyte derivatization hinders high sample throughput. Cheng
et al. reported a method for the quantitation of twenty-one
bisphenols, bisphenol diglycidyl ethers and their derivatives
based on the use of QuEChERS and LC-MS [15]. Nevertheless,
despite the use of two purification steps, matrix effect persisted and
matrix-matched calibration was necessary for accurate quantifica-
tion of bisphenols. On the other hand, although authors optimized
the concentration of ammonium in the mobile phase trying to
reach a balance between the responses obtained for bisphenols and
diglycidyl bisphenols, high MQL were obtained for BADGE de-
rivatives [15]. To the best of our knowledge, no method has been
reported based on a generalized sample treatment for both
bisphenols and their derivatives in major human exposure sources
and samples of interest for their biomonitoring by LC-MS.

The method here developed has valuable analytical and opera-
tional assets for the determination of major bisphenols and



N. Caballero-Casero and S. Rubio Analytica Chimica Acta 1144 (2021) 14e25
derivatives in human exposure sources and biological fluids. Thus,
it provides a generalized sample treatment for the intended ana-
lytes, in both liquid and solid samples based on the ability of the
hexanol-based SUPRAS for efficient extraction and matrix macro-
molecule removal.

From a practical point of view, the sample treatment here pro-
posed features low cost, it is fast, several samples can be simulta-
neously treated and it requires conventional lab equipment. So, it
meets the requirements to be used in monitoring campaigns
intended to know the occurrence in the different human exposure
sources or epidemiological studies.
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