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A B S T R A C T

Much attention has been paid to endocrine disrupting chemicals (EDCs) due to their widespread presence in
various environmental matrices, and endocrine disrupting potential even at low concentrations. However, little
is known about the multiple EDCs exposure to human and related adverse effects on health, which warrants a
multi-residue method for simultaneous determination of EDCs in human samples such as serum. In this study, we
developed and validated a novel method for determination of 36 EDCs (8 bisphenols, 7 parabens, 2 anti-
microbials, 5 benzophenones, and 14 phthalate metabolites) in human serum with ultra-performance liquid
chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). Two extraction methods (liquid liquid
extraction (LLE), and LLE coupled with solid phase extraction (SPE) clean-up) were compared, and eleven
solvents and two SPE cartridges were optimized for extraction and clean-up procedure, respectively. Recoveries
of target compounds spiked in human serum at three levels of concentrations (0.5, 2.5 and 10 ng/mL) ranged
from 45.8% to 120%, and the relative standard deviations (RSDs) were lower than 20%. The linearity of the
labeled dilution calibration curve was good with correlation coefficient ranging from 0.995 to 0.999, and the
limits of quantification (LOQs) were between 0.002 and 0.532 ng/mL. Low RSDs of intra-day (0.1–12.7%) and
inter-day (0.2–13.3%) revealed the accuracy and precision of the quantification. The method was successfully
applied to determine the target EDCs in human serum samples from 14 randomly selected individuals. The
developed method is a promising method for routine measurement of EDCs in human serum.

1. Introduction

The development of industry is accompanied by production of millions
of chemicals, many of which have been detected in the environment and
human bodies. China is one of countries producing a great amount of
industrial chemicals and consumer products in the world, and thus en-
vironmental pollution and the relevant health problems have become
more and more severe. Especially, those chemicals categorized as endo-
crine disrupting chemicals (EDCs) have attracted great public concerns,
because they can alter the function of endocrine system and interfere with
the body's ability to regulate growth, reproduction or other functions even
at low concentrations [1–3]. Typical EDCs, including bisphenols, para-
bens, antimicrobials, benzophenones and phthalates have been widely
used in food, packaging materials, medical devices, and cosmetics [4–7].

Human beings are facing all-round exposure to these EDCs. As a result,
intensive studies are under investigation to determine the relationship
between human exposure to EDCs and some diseases, like obesity, dia-
betes and neurodegenerative disorders [2,8–10], which in turn boosts
finding and analysis of EDCs in different environmental matrices and
samples [3,11–15]. The disrupting abilities of EDCs as mentioned above
have been demonstrated in many laboratorial exposure and epidemiologic
studies [2,5,16–22]. It is essential to precisely determine these chemicals,
and further to assess human risk.

Human samples are usually very complex, and it is still lack of ef-
fective pretreatment techniques. Being in direct contact with every
tissue in the body, blood and its components (serum and plasma) are
theoretically ideal matrices for determining internal exposure of exo-
genous contaminants. While, due to the complexity of blood samples,
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the main challenge remained in determination of EDCs in these samples
is the extraction technique. Reliable and facile sample preparation
techniques with low matrix effect and satisfying recovery are urgently
required to purify, isolate and concentrate the EDCs [23]. Several ex-
traction techniques have been developed for measuring EDCs in serum,
including liquid liquid extraction (LLE) [24,25], magnetic-solid phase
extraction [26], solid phase extraction (SPE) [27], dispersive micro
solid phase extraction [28,29], and dispersive liquid liquid micro-
extraction [22,30]. The majority of these methods are applied to one or
two groups of EDCs with similar polarities [24–31]. For example, Bal-
lesteros and coworkers adopted dispersive liquid-liquid microextraction
to determine six benzophenones in serum [24]. The Calafat group de-
veloped an on-line solid phase extraction strategy to measure the serum
concentrations of seven environmental phenols and five parabens [32].
In fact, human is usually exposed to a mixture of multiple EDCs, and
multi-residue method is required to provide more information about the
exposure. On other hand, most of the abovementioned methods appear
not routine methods since it is not easy to analyze multi-residue levels
of analytes in sample [26,30], which hinders the application of these
methods in analysis of a large number of samples with complex matrix
[26,29,30]. Therefore, facile and reliable extraction techniques are in
urgent demand. Generally, liquid or gas chromatography combined
with mass spectrometry detectors are ubiquitously applied for analysis
of these EDCs. Due to its convenience and timesaving merits, liquid
chromatography tandem mass spectrometry has been considered the
most popular technique for determination of EDCs in numerous ma-
trices [33–35]. However, to our knowledge, simultaneous determina-
tion of multi-reside EDCs in complex human sample with a single
chromatographic run is still scarce.

The objective of this work was to develop a simple and sensitive
multi-residue method based on LLE coupled with SPE clean-up followed
by UPLC-MS/MS analysis for simultaneous determination of 8 bi-
sphenols, 7 parabens, 2 antimicrobials, 5 benzophenones and 14
phthalate metabolites in human serum. For this purpose, two extraction
methods (LLE, and LLE coupled with SPE clean-up) were compared on
recovery and matrix effect; eleven extraction solvents and two SPE
cartridges for clean-up were optimized; the proposed method was va-
lidated at three spiking levels of target analytes; and the linearity, limits
of quantification (LOQs), intra-day and inter-day accuracy and preci-
sion were also evaluated. The UPLC parameters were optimized for
quantifying these analytes in one injection. Finally, the method was
successfully applied to determine target EDCs in serum samples of 14
healthy people, which demonstrated the applicability of this method.

2. Experimental

2.1. Chemical and reagents

Methanol, acetonitrile, methyl tert-butyl ether (MTBE) and acetone
were purchased from Fisher Chemical (Pittsburgh, PA, USA), and
ethanol and ethyl acetate were from Mallinckrodt Baker (Phillipsburg,
NJ, USA). All of them were HPLC grade. Formic acid (95.0%), acetic
acid (99.7%), ammonium acetate (97%) and ammonia hydroxide (28%
assayed as NH3) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ultra-pure water was obtained from Milli-Q® Advantage A10
Water Purification System (Billerica, MA, USA). The information of
targets and internal standards is given in Table S1. The purity of all
standards was above 99.0%. Stock solutions were prepared with me-
thanol/acetonitrile (1:1, v/v) and stored under −20 °C. Working solu-
tions were diluted with methanol/acetonitrile (1:1, v/v) at certain
concentration and stored at 4 °C within three months.

2.2. LC-MS/MS analysis

A Triple Quadrupole Mass Spectrometer (TRIPLE QUAD™ 5500
system, Sciex Instruments, Foster city, CA, USA) operating in multiple

reaction monitoring (MRM) mode was used for analysis of the target
compounds. Scheduled MRM was used to increase the sensitivity and
selection for the analytical method. As listed in Table S2, the para-
meters of each ion pair were achieved automatically by Compound
Optimization procedure and confirmed manually with injecting one
standard solution into the source. The ion source was optimized with
flow injection analysis and set as follows: the electrospray ionization
voltage was set at −5.5 kV, the curtain and collision gas (nitrogen) flow
rate were set at 40 psi, the source heater was set at 500 °C, the nebulizer
gas (ion source gas 1) was set at 50 psi, and the heater gas (ion source
gas 2) was set at 40 psi.

The LC parameters were optimized to analyze the analytes.
Methanol (MeOH), acetonitrile (ACN), ultra-pure water, ammonium
acetate solution and aqueous acetic acid solution were set for mobile
phase selection. Here, the optimal concentrations for ammonium
acetate solution and aqueous acetic acid solution were tested at three
concentrations (2.5/5/10mM) and four concentrations (0.025%,
0.05%, 0.1%, and 0.2%, v/v), respectively. Five column temperatures
(25 °C, 30 °C, 35 °C, 40 °C, and 45 °C) were set to find the optimal one.
For this part, Agilent G6460 QQQ coupled with 1290 HPLC system was
used, the MS/MS parameters and other information were given in Table
S3 (Supplementary material), the column was BETASIL C18
(2.1mm×100mm, 5 μm, Thermo Fisher Scientific, MA, USA).

Chromatographic separation was carried out using a UPLC system
(Exion™ LC) equipped with a BETASIL C18 analytical column. The
mobile phase consisted of 0.05% (v/v) acetic acid in Milli-Q water
(solvent A) and ACN (solvent B). The gradient conditions were: started
at 10% B, increased to 30% B within 0.51min and kept for 2.5min,
then increased to 95% B within 4min and kept 3min, finally reduced to
10% B in 0.1 min and kept constant for 2.89min. The total analysis run
time was 13min. The injection volume was 5 μL and the flow rate was
0.3 mL/min, the temperature of column oven was set at 30 °C.

2.3. Extraction, method validation and application

2.3.1. LLE
Due to lack of human serum samples and large usage of serum, fetal

bovine serum was used as substitute, which was applied in method
development [22,24,30]. Fetal bovine serum was placed in 4 °C to thaw
overnight, then a volume of 0.5 mL was spiked with 25 ng standard
mixtures and 5 ng internal standard (IS) mixtures in a 10mL glass tube,
vortexed for 30 s (VORTEX-GENIE®, Scientific Industries, NY, USA) and
balanced for 2 h at room temperature. The serum was extracted three
times with 2mL solvent each time by shaking 30min in a HS 501 digital
orbital shaker (IKA® Works, Staufen, Germany) at 250 oscillations per
min, and centrifuged 8min with 5810R (Eppendorf, Hamburg, Ger-
many) at 3000 rpm at 4 °C. Extracts was collected in another glass tube,
evaporated with a nitrogen stream system (Organomation model 6166,
MA, USA) to near dryness and finally reconstituted to 0.5 mL with
MeOH/ACN (1:1, v/v). After centrifuged 10min at 3000 rpm at 4 °C, the
upper layer extract was injected into the UPLC-MS/MS system. The
none-spiked bovine serum was also extracted and the background
concentrations were subtracted when calculating the recovery. Each
treatment had three replicates. Eleven extraction solvents or mixtures
were set as follows: MeOH, ACN, MeOH/ACN (1:1, v/v), ethanol, ethyl
acetate (EAC), MTBE, MTBE/ACN (1:1, v/v), EAC/ACN (1:1, v/v),
MTBE/EAC (1:1, v/v), MTBE/EAC/ACN (1:1:1, v/v/v) and acetone.

2.3.2. LLE in combination of SPE clean-up (LLE+SPE)
For SPE procedure, we compared the efficiencies of two cartridges:

Oasis MCX and Oasis MAX (60 mg/3 cc, Waters, MA, USA). MeOH
(0.5mL) was spiked with 25 ng analyte standards and 5 ng IS mixtures
in one glass tube. For MCX cartridge, water (H2O, 4.5 mL) or formic
acid solution (FA, 4.5mL, 0.1% (v/v)) was added for dilution and
vortexed before the SPE clean-up. For MAX cartridge, water or am-
monia solution (NH3·H2O, 4.5 mL, 0.1% (v/v)) was added to the tube for
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dilution and vortexed. Other operations were according to the product
manuals except the washing step. Subsequently, MCX and MAX car-
tridges were washed with water or formic acid solution and water or
ammonia solution, respectively. Therefore, each kind of cartridge had
four treatments (dilution~washing), i.e. H2O~H2O, H2O~ FA,
FA~H2O, and FA~ FA for MCX, and H2O~H2O, H2O~NH3·H2O,
NH3·H2O~H2O, and NH3·H2O~NH3·H2O for MAX. The elution sol-
vents for MCX cartridge were 2mL MeOH/ACN (1:1, v/v) and 2mL
MeOH/ACN (1:1, v/v) containing 1% ammonia (by three times in-
terval). The elution solvents for MAX cartridge were 2mL MeOH/ACN
(1:1, v/v) and 2mL MeOH/ACN (1:1, v/v) containing 1% formic acid
(by three times interval). After nitrogen blowing, the combined extract
was concentrated to 0.5 mL with MeOH/ACN (1:1, v/v) and injected for
analysis. Every treatment was repeated three times. The cartridge with
better recoveries was selected for the SPE extraction.

After the bovine serum was extracted three times with LLE, the
collected extract was evaporated to near dryness and added with 0.5 mL
MeOH/ACN (1:1, v/v), the following SPE step was conducted as the
operations chosen in MCX and MAX selection. The recoveries and ma-
trix effects of LLE and LLE+SPE were then compared to choose a better
one, which was further confirmed in human serum samples spiked at
three concentration levels (low, middle and high).

2.3.3. Method validation and application
Recoveries were compared between LLE and LLE+SPE, and the se-

lected method was validated at different concentrations in human serum
(spiking at 0.5, 2.5, 10 ng/mL). The recoveries for comparing methods
were calculated as the ratio of the spiked concentrations and the post-
extract spiked concentrations. The recoveries for validating in human
serum were calculated as the ratio of the concentration in spiked samples
and the theoretical value. Because it was almost impossible to find serum
samples free of pollutants, the background concentrations were de-
termined in non-spiked samples and subtracted from the concentrations
measured in spiked samples. Here, mBP and miBP were integrated as a
peak because of similar retention time and same MS/MS parameters.

Matrix effect factor (MF) was evaluated by comparing the response
with matrix (spiked after extraction at 50 ng/mL) and the response
without matrix (prepared in pure solvent at 50 ng/mL). MF>1 means
matrix enhancement, and MF<1 indicates matrix suppression effect.
MF-1 (absolute value) indicates the extent of matrix enhancement or
suppression effect. MF>1.5 or< 0.5 indicates a strong effect;
0.5<MF<0.8 or 1.2<MF<1.5 indicates a moderate matrix effect;
0.8<MF<1.2 indicates a low matrix effect [36].

Calibration curves with 10 calibration points ranging from 0.05 to
100 ng/mL were prepared by adding internal standards (5 ng) to each
point with the final volume of 0.5mL. The limits of detection (LODs)
and LOQs were calculated using a signal-to-noise ratio of 3:1 and 10:1,
respectively. The RSDs of intra-day and inter-day were measured by
injecting replicate analyte (n= 3) standards at 0.5, 5, 50 ng/mL within
one day and the third day. The proposed method was applied to real
serum samples for determination of the target EDCs.

2.3.4. Quality assurance and quality control (QA & QC)
To ensure and control the quality of determination of the EDCs,

operations were set as follows: the glassware was rinsed with ultra-pure
water, methanol and acetonitrile in order after washing and before use;
internal standards were spiked into all samples including procedural
blanks, spiked blanks (water as the matrix), spiked matrix and serum
samples; the final concentration was calculated by subtracting the
procedural blanks; before detecting the compounds, acetonitrile was
injected onto UPLC-MS/MS several times to balance the baseline and
reduce the background of the analytes; acetonitrile was also injected
after the highest calibration point; three levels of QC standards (0.5, 5,
50 ng/mL) were injected every 20 samples to check fluctuations of
standards. Origin 8 (Origin Lab, USA) was used to process the data and
draw the graphical plots. One-Way ANOVA analysis with Tukey test

was used for comparison between treatments, and significance was
determined at p < 0.05.

3. Results and discussion

3.1. Optimization of LC-MS/MS parameters

Fig. S1 illustrated great difference between MeOH and ACN, which
showed ACN obtained better peak shapes and probable shorter analysis
time than MeOH. This might be due to the stronger elution ability of
acetonitrile. As to aqueous phase, results showed that ammonium
acetate solution led to two peaks for some phthalate metabolites like
miBP, mCHP, mBzP, etc. (Fig. S2), and the peak shapes or separation
efficiency of some analytes such as 4-HB, mMP, BP-3 and mECPP/
mCMHP were not good with pure water (Fig. S3a); while, acetic acid
solution avoided these shortcomings and problems (Fig. S3b). In pre-
vious studies, methanol and water were commonly used to analyze
these analytes except for phthalate metabolites (acetonitrile and water
both with 0.1% (v/v) acetic acid were used as mobile phase) and usually
the quantifications were achieved in several injections with different
mobile phases [37–39]. For example, Asimakopoulos and colleagues
analyzed parabens and antimicrobials with methanol and water (1% (v/
v) formic acid), bisphenols and benzophenones with methanol and
water (0.1% (v/v) ammonium hydroxide), and phthalate metabolites
with acetonitrile and water both with 0.1% (v/v) acetic acid [39].
While, the abovementioned results offered the possibility to determine
the EDCs in one chromatographic run. For this purpose, the proper
concentration of acetic acid solution was optimized by comparing the
peak areas of selected compounds at different concentrations (0.025%,
0.05%, 0.1%, and 0.2%, v/v). As shown in Fig. S4, with the con-
centration of acetic acid solution increased, the responses of some
compounds decreased (MeP, EtP, 4-HB, mMP, mCHP, and mCPP); some
firstly increased and then decreased, for example, the strongest re-
sponses of PrP, 4-OH-BP, mEHP were under 0.05% (v/v) acetic acid
solution; while, mNP was an exception, with the response increasing all
the way. This might be attributed to the diverse chemical properties like
acidity and alkaline, and/or ion suppression. For the compounds in the
first case, One-Way ANOVA analysis with Tukey test showed that the
responses of all target compounds except 4-HB under 0.025% of acetic
acid solution were not obviously different with those under 0.05% of
acetic acid solution (p > 0.05). To make a compromise, 0.05% (v/v)
acetic acid solution was chosen. At this concentration, the responses of
some analytes (PrP, 4-OH-BP, BP-1, mEOHP and mEHP) were the
strongest, and the responses of most analytes did not decreased sig-
nificantly. Five column temperatures (25 °C, 30 °C, 35 °C, 40 °C, and
45 °C) were set for optimization. As shown in Fig. S5, column tem-
perature did not have much influence on the response for the selected
analytes except for PrP, mCHP and mNP. This was reasonable as
column temperature was not helpful for ionization in general. One-Way
ANOVA analysis showed that the responses of target analytes other than
PrP, mCHP and mNP with column temperature at five temperatures
were not obviously different (p > 0.05). For PrP and mNP, the re-
sponses decreased with the increase of temperature, significance ex-
isting between: 40 °C-25 °C, 40 °C-30 °C, 45 °C-25 °C and 45 °C-30 °C for
PrP; and 40 °C-25 °C, 40 °C-30 °C, 45 °C-25 °C, 45 °C-30 °C and 45 °C-
35 °C for mNP. For mCHP, the responses firstly increased and then
decreased with increase of the temperature, and the highest response
was at 35 °C. The significance existed between: 35 °C-25 °C, 40 °C-25 °C,
45 °C-25 °C. These results suggested that the responses of analytes at
column temperature of 30 °C and 35 °C were not significantly different.
While, the responses of PrP and mNP at column temperature of 35 °C
were lower than those at 30 °C. So, we selected column temperature of
30 °C. Finally, ACN and 0.05% (v/v) acetic acid solution were chosen as
mobile phase, and 30 °C was set as the final column temperature.

After comparing the HPLC-MS/MS system with an UPLC-MS/MS
system, we found that the responses of target analytes were enhanced.
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Therefore, the conditions were transferred to Exion™ UPLC system, the
optimized chromatograms of a calibration standard (10 ng/mL) were
shown in Fig. 1. Other conditions not mentioned here were given in the
2.2 section. The MS/MS parameters for TRIPLE QUAD™ 5500 were
optimized automatically and listed in Table S2.

3.2. LLE and LLE+SPE

3.2.1. LLE
Liquid-liquid extraction (LLE) was frequently used to extract EDCs

in different matrices, such as human blood [31], urine [39], placental
tissue [40], etc. Here, we compared 11 solvents, including polar sol-
vents (MeOH, ACN, MeOH/ACN, ethanol and acetone), weak polar
solvents (EAC, MTBE, MTBE/EAC) and the mixtures of them (EAC/
ACN, MTBE/ACN, MTBE/EAC/ACN) to find the proper solvent with
good performance of recovery and matrix effect.

As shown in Fig. S6, recoveries of bisphenols (91.8–110%), anti-
microbials (79.4–109%) and benzophenones (79.6–120%) with all
solvents achieved good results. Recoveries of parabens were from
93.2% to 113% (except 4-HB). Recoveries of 4-HB were very different
in 11 solvents, EAC, MTBE/EAC/ACN, MTBE/EAC and MTBE showed
low recoveries (< 16.0%), while other solvents showed recoveries from
72.7% to 129%. This may attribute to the polar structure of 4-HB. The
extraction efficiency of weak polar solvent or mixture was bad for 4-HB.
Similarly, for phthalate metabolites, polar solvents showed recoveries
with range of 39.6–128%; other solvents (weak polar solvents and the
mixtures of polar and weak polar solvents) showed worse recoveries for
some phthalate metabolites, especially for EAC, MTBE/EAC and MTBE.
The best recoveries with them were 19.6%, 27.0% and 22.0%, respec-
tively.

As shown in Fig. S7, no solvent or mixture showed strong matrix
effect for bisphenols. Five polar solvents (MeOH, ACN, MeOH/ACN,
ethanol and acetone) showed strong and moderate matrix effects for
parabens. Other six solvents showed low or moderate matrix effects.
This revealed polar solvents produced more serious matrix effects for
parabens. No solvent showed low matrix effects for TCC, and only three
solvents (EAC, MTBE/EAC/ACN, EAC/ACN) showed low matrix effects
for TCS, others showed moderate or strong matrix effects for TCS (Fig.
S8). Six solvents (ACN, MeOH/ACN, ethanol, acetone, EAC, MTBE/
ACN) showed strong matrix effects for one or two benzophenones, other

solvents showed low or moderate matrix effects. All solvents showed
strong matrix effects for some phthalate metabolites, and the situation
was more serious for polar solvents.

From the results, we found that even though some solvents showed
acceptable recoveries for part of the selected EDCs, the matrix effects
were obviously serious (like parabens, antimicrobials and phthalate
metabolites). This implied that, LLE could not effectively extract all the
target analytes with reliable recovery, and resulted in bad accuracy and
precision.

3.2.2. MAX vs MCX
Considering SPE was frequently applied in trace analytes enrich-

ment and matrix effect elimination [11,14,15], we estimated its ex-
traction efficiency of the analytes. In this study, we found that even
diluted 20 times, the serum still did not pass through the cartridge
easily, and the final concentrated extract was not clear and filled with
floccules. Therefore, we used LLE to enrich target analytes before SPE.
This might be also helpful for elimination of matrix effect in LLE. Before
the SPE clean-up, we compared and optimized two SPE cartridges (MAX
and MCX) to find the better one.

As shown in Fig. S8, recoveries of most analytes were between
80.0% and 120% with MAX cartridge. However, recoveries of some
benzophenones were above 120% in all treatment, and the recoveries of
4-HB and mEHHP were not satisfactory (below 80.0% in some treat-
ments). For MCX cartridge, the recoveries were better (Fig. S9), espe-
cially with acidification by 0.1% FA solution before sample loading
(e.g., the recoveries without acidification (H2O~H2O, and H2O~ FA
treatments) significantly lower than those with acidification (FA~H2O,
and FA~ FA treatments) for mMP, mEP, mCPP and mCMHP
(p < 0.05)), and the recoveries of most EDCs were close to 100%. No
recovery was found above 120% for benzophenones, and the recoveries
of 4-HB and mEHHP were greatly improved (close to 90.0%). There-
fore, MCX cartridge was better than MAX cartridge. For phthalate
metabolites, acidification before sample loading obtained good effi-
ciency (90.0–110%); lack of acidification, part of metabolites showed
lower recoveries (below 70.0%). This might because acidification kept
the metabolites in molecular states, and strengthened reversed-phase
adsorption [41]. In fact, MCX and MAX cartridges are designed for
extraction of alkaline and acidic analytes, respectively [42]. Both car-
tridges are mixed-mode sorbents, and they have the function of ion

Fig. 1. UPLC-MS/MS chromatograms of a calibration standard (10 ng/mL).
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exchange and reversed-phase adsorption, which can be used to extract
neutral, acidic and alkaline compounds [43]. With different treatments,
multi-residue analysis can be achieved [44]. In this study, we found
that with MCX cartridge, the selected EDCs were all eluted by MeOH/
ACN. This indicates that these EDCs are neutral or acidic analytes. But
for MAX cartridge, two elution solvents were required. For simplicity,
MCX cartridge was also a better choice. The recoveries of target ana-
lytes with different washing solutions were compared and the results
showed that the differences were not significant for most compounds
except mECPP, BPP and BPZ (p < 0.05). But the recovery of BPZ with
washing solution of 0.1% FA was above 120%, which seems not ac-
ceptable. And the recoveries for other two analytes (mECPP and BPP)
with washing solution of H2O were not bad (110% and 78.3%, re-
spectively; Fig. S9). Therefore, acidification before sample loading and
subsequent washing with H2O for MCX cartridge were determined, and
the elution solvent was MeOH/ACN.

3.2.3. LLE+SPE
As shown in Fig. S10, the recoveries of bisphenols (77.3–106%),

antimicrobials (77.7–113%) and benzophenones (78.7–116%) obtained
perfect results with all solvents. The recoveries of parabens were ran-
ging from 92.5% to 109% (except for 4-HB). For 4-HB, the results were
similar with that of LLE, and the recoveries with extraction solvents
EAC, MTBE/EAC/ACN and MTBE were all less than 11.0%, and the
recoveries with other solvents were in a range of 79.5–118%. The

recoveries of phthalate metabolites were better with polar solvents
(MeOH, ACN, MeOH/AC, ethanol and acetone) and in a range of
50.3–118%. While, for other solvents, the recoveries were un-
satisfactory, and recoveries of some phthalate metabolites (mMP, mEP,
etc.) were below 10.0% (Fig. S10). This might be attributed to the
principle of similarity and compatibility. When LLE was coupled with
SPE clean-up, nearly all the matrix effects had been reduced (Fig. S11).
No solvent showed strong matrix effect to bisphenols, parabens and
benzophenones. All the solvents showed low matrix effects to anti-
microbials, which indicated good matrix effect elimination. Almost all
solvents showed improved matrix effects to phthalate metabolites, and
ACN, MeOH/ACN, ethanol, and acetone did not show strong matrix
effects to any metabolites, which was better than that of LLE (Fig. S11).

From all the results above, we found SPE clean-up step was essential
for the matrix effect elimination and reliable recovery. The best solvent
was among the five polar solvents (MeOH, ACN, MeOH/ACN, ethanol
and acetone). In LLE, the numbers of analytes with strong matrix effects
for MeOH, ACN, MeOH/ACN, ethanol and acetone were 7, 15, 14, 17
and 16, respectively. In LLE+SPE, the numbers were decreased to 3, 1,
1, 1, and 1, respectively (Fig. 2). For the five polar solvents in LLE and
LLE+ SPE pretreatments, the percentages (the numbers of analytes
with low and moderate matrix effects to the total analytes) for MeOH,
ACN, MeOH/ACN, ethanol and acetone were increased from 80.6% to
94.4%, 58.3%–100%, 61.1%–100%, 52.8%–100% and 55.6%–100%,
respectively (Fig. 3). For other solvents, the percentages were changed

Fig. 2. Numbers of analytes showed low (L), moderate (M) and high (H) matrix effects in LLE and LLE+SPE with different solvents.
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Fig. 3. Percentages of analytes showed low (L), moderate (M) and high (H) matrix effects with different solvents (For each solvent, left side was LLE; right side was
LLE+SPE).

Table 1
The linearity, LODs, LOQs, and intra- and inter-day RSDs for the analytes (ng/mL).

analyte LODs LOQs linearity range R2 Accuracy (%) RSD (intra-day, %) RSD (inter-day, %)

0.5 5 50 0.5 5 50

BPF 0.010 0.035 0.1–100 0.999 90.8–107 6.9 3.8 2.7 7.1 2.0 2.9
BPA 0.005 0.015 0.1–100 0.999 82.7–110 5.4 9.0 5.7 13.3 5.0 2.9
BPB 0.016 0.053 0.1–25 0.995 87.2–113 12.7 2.6 8.8 4.5 5.9 3.6
BPS 0.003 0.010 0.05–50 0.999 81.9–115 8.2 0.9 1.0 7.2 1.2 4.3
BPZ 0.004 0.015 0.05–100 0.999 91.4–110 1.7 0.5 0.5 6.5 1.8 5.1
BPAP 0.004 0.012 0.05–50 0.998 94.8–111 1.5 0.9 0.8 3.6 5.0 3.5
BPAF 0.003 0.010 0.05–100 0.999 92.1–115 3.1 5.6 2.2 4.8 1.6 6.6
BPP 0.005 0.018 0.05–100 0.999 94.7–105 4.5 5.7 0.1 1.4 8.0 3.5
MeP 0.008 0.027 0.05–100 0.999 83.5–106 1.4 0.8 1.7 0.9 1.0 0.2
EtP 0.004 0.014 0.05–100 0.999 90.4–110 2.1 1.2 0.9 1.5 0.5 1.9
PrP 0.009 0.031 0.05–100 0.998 82.1–108 7.6 2.5 3.2 10.2 3.6 1.9
BuP 0.003 0.012 0.05–50 0.999 91.9–109 2.4 0.7 3.2 6.8 3.4 3.7
HeP 0.002 0.007 0.05–25 0.998 82.9–110 3.8 2.3 3.6 11.4 1.6 4.4
BzP 0.002 0.008 0.05–50 0.999 83.8–110 1.6 1.5 0.7 2.4 1.2 5.6
4-HB 0.011 0.037 0.5–100 0.999 93.7–107 8.7 4.6 2.9 14.7 0.4 1.5
TCC 0.004 0.015 0.05–50 0.998 81.1–114 12.4 7.0 3.0 3.9 10.2 2.6
TCS 0.025 0.084 0.5–100 0.998 85.4–111 15.0 13.7 3.3 8.1 13.2 6.0
BP-1 0.004 0.012 0.5–50 0.999 83.9–110 1.7 9.7 1.3 5.6 0.4 2.1
BP-2 0.001 0.002 0.05–100 0.999 90.3–118 3.5 0.4 1.1 0.6 2.8 0.5
BP-8 0.003 0.011 0.05–50 0.999 84.7–106 5.3 0.9 0.8 3.6 1.5 1.3
4-OH-BP 0.003 0.008 0.05–100 0.998 90.0–110 3.1 2.3 3.6 9.6 3.2 3.1
BP-3 0.004 0.014 0.05–100 0.999 94.2–109 5.7 0.9 1.8 4.0 2.8 3.7
mMP 0.014 0.046 0.1–100 0.999 93.2–105 9.6 2.3 0.8 10.2 1.7 3.2
mEP 0.007 0.023 0.1–100 0.999 94.6–108 1.0 1.6 1.8 3.5 2.6 1.4
mCPP 0.041 0.137 0.5–100 0.999 89.0–118 1.3 1.9 2.0 5.1 1.1 4.4
mBP/miBP 0.005 0.016 0.1–100 0.999 89.2–107 9.4 1.9 5.4 10.5 5.2 4.8
mECPP 0.020 0.067 0.5–100 0.997 83.1–118 10.2 1.9 4.9 2.7 0.9 4.0
mEOHP 0.004 0.014 0.1–100 0.999 92.8–107 3.6 3.7 2.3 5.2 2.9 2.5
mEHHP 0.009 0.030 0.1–100 0.999 91.7–106 2.2 6.8 3.9 2.7 3.3 3.9
mCHP 0.003 0.009 0.5–100 0.999 90.9–121 4.3 3.8 3.1 7.9 3.8 4.8
mBzP 0.008 0.027 0.1–100 0.998 87.7–111 3.7 6.9 7.1 9.2 2.0 12.5
mEHP 0.005 0.015 0.1–50 0.999 97.7–108 3.4 6.5 2.5 7.1 1.6 2.0
mOP 0.005 0.018 0.1–100 0.999 93.8–110 4.9 9.3 2.4 4.4 1.9 2.0
mCMHP 0.160 0.532 0.5–100 0.998 86.8–110 8.5 3.2 3.8 5.8 5.9 4.1
mNP 0.003 0.011 0.1–100 0.999 90.1–106 5.0 7.4 5.3 5.5 3.7 2.7
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from 83.3% to 94.4%, 91.7%–91.7%, 88.9%–94.4%, 94.4%–94.4%,
97.2%–94.4% and 91.7%–100% for EAC, MTBE/EAC/ACN, MTBE/
ACN, EAC/ACN, MTBE/EAC and MTBE, respectively. The results de-
monstrated that weak polar solvents, and mixtures of weak and polar
solvent did not have much strong matrix effects for most of the analytes,
but the polar solvents were opposite. A possible reason was that polar
solvent extracted more impurities than weak polar solvent in serum.
When coupled with SPE clean-up, matrix effect was effectively reduced
as compared to that by LLE alone. Meanwhile, the recoveries with weak
polar solvents, and mixtures of weak and polar solvent resulted in bad
performance to 4-HB and phthalate metabolites. This was similar with
the result by LLE alone: for these polar compounds (4-HB and most
phthalate metabolites), the extraction efficiency with weak polar sol-
vents or mixtures was bad. One-Way ANOVA test showed that re-
coveries of most EDCs extracted with the five polar solvents (MeOH,
ACN, MeOH/ACN, ethanol and acetone) were not different, with ex-
ception for seven analytes (BPP, mBP, mCPP, mMP, mBzP, mNP and
mOP). This might be explained by the fact that the five solvents had
similar properties. For the seven analytes, recoveries with MeOH or
ACN were significantly lower than those with other solvents. For ex-
ample, recovery for BPP extracted with MeOH was less than that with
acetone (p < 0.05). This suggests that extracting with MeOH or ACN
alone appeared not good. As shown in Fig. 3, the percentage of analytes
showing moderate matrix effects was 72.2% in the LLE+SPE procedure
with ethanol, which was worse than those with other solvents. The
recoveries of analytes extracted with MeOH/ACN and acetone had no
difference. We further compared the number of better recoveries with
the two solvents, and the number was 19 and 17 for MeOH/ACN and
acetone, respectively. Finally, MeOH/ACN and LLE+SPE clean-up were
chosen as the extraction solvent and extraction method, respectively.

3.3. Parameters and method validation

The calibration curves of standards were constructed with 10 levels
(0.05–100 ng/mL) by plotting the peak area ratios (analyte/IS) to the
injection concentrations (ng/mL). The linearity was good for all ana-
lytes with correlation coefficient ranging from 0.995 to 0.999. The
LOQs were between 0.002 and 0.532 ng/mL, which were lower or
comparable to those reported previously [24–26,30–32]. For example,
LOQs ranging from 0.4 to 0.9 ng/mL for benzophenones were achieved
by dispersive liquid-liquid microextraction [24]. LOQs of bisphenols by
LLE-SPE-derivatization and microwave-assisted QuEChERs were
0.19–0.63 ng/mL and 0.3–2.5 ng/mL, respectively [45,46]. The intra-
day and inter-day accuracy and precision were measured at low
(0.5 ng/mL), middle (5 ng/mL) and high concentrations (50 ng/mL),
and the values were all ≤15%, which confirmed the repeatability and
reproducibility of the method (Table 1).

As shown in Table 2, the recoveries of the analytes spiked in human
serum at three concentration levels (0.5, 2.5, 10 ng/mL) ranged from
45.8% to 120%. Compared to the previous studies [5,24–26,30–32], the
number of analytes determined in the present study was much larger (at
least twice number). The number of analytes analyzed in those studies
were usually limited to one or two classes with similar properties (such
as 3 benzophenones [47], 5 bisphenols [26], 11 bisphenols [48], 6
benzophenones and 4 parabens [49], and 11 phthalate metabolites
[50], etc.), which was different from the present study (five classes of
EDCs (36 in total) with Log P of 1.13–5.54). Recoveries of these EDCs in
published methods [26,47–53] were from 70% to 138% in serum
samples, which may attribute to the small number of target analytes
with similar polarity. Although a few recoveries were not good (BPB,
54.7–74.7% and BPP, 45.8–54.9%), the method developed in this study
seemed satisfactory for the 36 EDCs with different polarities. All RSDs
(n= 3) were below 20%. The results confirmed the accuracy and pre-
cision of the method. We also compared the recoveries of the spiked
internal standards (10 ng/mL) in human and bovine serum (Fig. S12).
The recoveries of internal standards ranged from 85.6% to 106% (RSDs,
3.1–13.3%) and 55.5%–92.0% (RSDs, 3.0–10.6%) for bovine and

Table 2
Spiked recoveries (mean ± SD, %) of EDCs at three levels of concentrations in
human serum (ng/mL).

Analytes 0.5 2.5 10

BPF 119 ± 11.2 118 ± 4.2 120 ± 2.1
BPA 80.1 ± 4.0 119 ± 2.2 85.9 ± 1.3
BPB 60.0 ± 10.0 54.7 ± 10.1 74.7 ± 8.1
BPS 86.1 ± 3.6 86.1 ± 6.1 84.6 ± 2.6
BPZ 84.9 ± 10.9 88.3 ± 4.7 86.5 ± 2.7
BPAP 90.7 ± 4.0 90.4 ± 4.6 91.8 ± 1.8
BPAF 84.4 ± 6.3 89.1 ± 4.4 83.6 ± 0.9
BPP 54.0 ± 10.2 54.9 ± 10.0 45.8 ± 14.7
MeP 102 ± 18.2 100 ± 4.2 90.0 ± 4.5
EtP 92.7 ± 4.7 88.5 ± 3.0 88.1 ± 0.6
PrP 87.6 ± 16.4 96.6 ± 3.2 87.1 ± 2.0
BuP 94.7 ± 8.3 78.2 ± 8.1 82.2 ± 0.7
HeP 110 ± 1.4 106 ± 3.4 102 ± 2.0
BzP 91.7 ± 2.3 88.4 ± 3.0 87.4 ± 0.7
4-HB 82.8 ± 5.6 77.0 ± 9.9 76.6 ± 0.9
TCC 91.4 ± 8.7 95.0 ± 3.3 97.4 ± 4.0
TCS 83.3 ± 7.2 85.5 ± 5.8 90.1 ± 8.2
BP-1 88.7 ± 14.3 83.8 ± 2.8 96.5 ± 13.9
BP-2 75.0 ± 10.1 85.9 ± 2.1 89.6 ± 5.3
BP-8 71.5 ± 15.3 85.0 ± 3.9 88.9 ± 4.7
4-OH-BP 88.6 ± 11.4 95.6 ± 5.7 98.9 ± 8.6
BP-3 94.8 ± 6.6 89.7 ± 4.9 94.3 ± 5.1
mMP 119 ± 6.6 98.4 ± 8.0 88.8 ± 2.2
mEP 72.6 ± 6.6 73.6 ± 7.5 79.7 ± 1.4
mCPP 57.0 ± 3.9 70.9 ± 8.0 83.4 ± 2.3
mBP/miBP 108 ± 14.4 93.5 ± 10.3 90.0 ± 5.2
mECPP 63.8 ± 14.5 85.3 ± 16.4 110 ± 6.8
mEOHP 83.7 ± 8.0 77.8 ± 7.1 84.3 ± 6.6
mEHHP 92.9 ± 4.9 102 ± 5.6 102 ± 6.0
mCHP 77.6 ± 10.7 101 ± 6.1 93.2 ± 0.3
mBzP 75.8 ± 2.6 94.0 ± 1.0 82.9 ± 5.1
mEHP 110 ± 6.2 91.1 ± 9.6 75.3 ± 2.0
mOP 109 ± 3.1 88.6 ± 15.7 74.5 ± 2.2
mCMHP 55.9 ± 12.1 74.7 ± 7.5 91.0 ± 10.2
mNP 91.2 ± 5.2 98.4 ± 5.9 97.9 ± 6.0

Table 3
Concentrations (ng/mL) of target analytes detected in human serum samples
(n= 14).

Analytes GM Min Max DR (%)

BPA 0.200 < LOQ 0.640 28
BPB 0.330 0.0600 1.20 100
BPZ 0.0100 < LOQ 0.0500 57
BPAP 0.0500 < LOQ 0.370 28
BPAF 0.160 0.120 0.330 100
BPP 0.0100 < LOQ 0.100 57
MeP 4.52 3.58 8.50 100
EtP 0.940 0.550 3.37 100
PrP 16.2 12.1 24.9 100
BuP 0.0900 0.0500 0.170 100
HeP 0.0100 < LOQ 0.0600 36
BzP 0.0100 < LOQ 0.0200 36
4-HB 10.4 6.04 19.8 100
TCS 0.130 < LOQ 1.26 78
TCC 0.0200 < LOQ 0.320 64
BP-2 0.0200 < LOQ 0.0700 100
4-OH-BP 0.190 0.0900 0.300 100
BP-3 0.0200 < LOQ 0.140 78
mMP 1.30 0.370 3.58 100
mEP 0.510 0.0900 5.38 100
mCPP 0.320 0.150 0.980 100
mBP/miBP 2.01 1.12 4.57 100
mECPP 0.120 < LOQ 0.510 71
mEOHP 0.150 0.100 0.270 100
mEHP 7.77 1.99 23.3 100
mOP 0.0400 < LOQ 0.630 43
mCMHP 1.75 0.590 3.86 100

GM: geometric mean; Min: minimum; Max: maximum; DR: detection rate.
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human serum, respectively. The parameters of linearity, LOQs, intra-
day and inter-day accuracy and recovery revealed the good perfor-
mance of this method.

3.4. Application to human serum samples

To evaluate the applicability in real human serums, the optimized
method was applied to human serum samples. We obtained 14 ordinary
human serum samples with approval of institutional ethics of com-
mittee. The detailed concentrations of 36 selected EDCs were shown in
Fig. S13 and the simplified statistics were listed in Table 3.

BPB and BPAF were detected in all samples, the concentration
ranges were 0.059–1.19 ng/mL and 0.115–0.331 ng/mL, respectively.
The concentrations of BPZ (detected in 10 out of 14 samples) were
0.0250–0.0480 ng/mL. MeP, EtP, PrP, BuP and 4-HB were detected in
all samples with concentrations of 3.57–8.05, 0.548–3.36, 12.1–24.9,
0.0500–0.173, 6.04–19.8 ng/mL, respectively. TCS was detected in 12
out of 14 samples, and the concentrations were 0.0300–1.26 ng/mL.
BP-2 and 4-OH-BP were detected in all samples with the concentrations
of 0.0060–0.0660 ng/mL and 0.0940–0.295 ng/mL, respectively. BP-3
was found in 11 out of 14 samples with the concentrations of< LOQ-
0.144 ng/mL. For phthalate matabolites, mMP, mEP, mCPP, mBP,
miBP, mEOHP, mEHP, mCMHP were detected in all samples, mECPP
were detected in 11 out of 14 samples. Detailed information was listed
in Fig. S14. The detection frequency and the magnitude of the con-
centration were in accordance with those reported for previous studies
[2,4,6,22,27,30,31]. This indicates that the method is useful and ap-
plicable.

4. Conclusions

The simultaneous identification and detection of 36 EDCs (bi-
sphenols, parabens, antimicrobials, benzophenones, and phthalate
metabolites) in human serum samples were successfully performed with
LLE coupled with SPE clean-up followed by UPLC-MS/MS analysis. The
extraction method and procedure were systematically optimized and
validated. This method was applied for determination of these analytes
in serum samples from healthy people. This is a simple and easy-going
method that can be used for simultaneous analysis of trace levels of
multi-residue EDCs in human serum, which shows good practical pro-
spects in primary epidemiological research and human exposure study.
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