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Bisphenol A diglycidy ether (BADGE) and its derivatives are epoxy resins and widely used as emerging
plasticizers in food packages and material coating. Though known as endocrine disruptors, little information is available on their occurrence, exposure routes and toxicity. Besides, the analysis of BADGE and
its derivatives has always been a challenge due to their reactive chemical properties and the background
contamination. Therefore, we ﬁrstly developed a novel water-free method to analyze BADGE and its
derivatives in dust samples together with other two typical plasticizers bisphenol A (BPA) and bisphenol
S (BPS). In order to investigate the levels in paired dust and urine samples, 33 paired samples were
collected from Singapore. In both dust and urine samples, the predominant compounds were BPA,
BADGE-2H2O and BPS. A signiﬁcantly positive correlation of BPA levels in paired dust and urine samples
was observed in this small-scale study. To tentatively explore the human health effect from exposure to
these bisphenol plasticizers, we assessed the correlation between the urinary concentrations of these
compounds and oxo-2’-deoxyguanosine (8-OHdG), an oxidative stress biomarker. The result showed that
8-OHdG levels in urine samples was positively correlated with urinary BPA level and body mass index
(BMI), suggesting that elevated oxidative stress might be associated with BPA exposure and obesity. In
the future, a larger scale study is warranted due to the limited sample size in this study.
© 2018 Published by Elsevier Ltd.
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1. Introduction
Many bisphenol plasticizers are known as endocrine-disrupting
chemicals (EDCs) such as bisphenol A (BPA), bisphenol S (BPS) and
bisphenol a diglycidyl ether (BADGE) that are widely used in the
manufacture of polycarbonate plastic and epoxy resins. BPA, as a
most well-known bisphenol, the maximum allowable dose levels
for causing reproductive toxicity is 3 mg/d according to the guideline values in EPA Integrated Risk Information system (IRIS). As
emerging contaminants, BADGE and bisphenol F diglydidyl ether
(BFDGE) are the most commonly used epoxy resin monomers
(Nerín et al., 2002; Ruiz et al., 2007) and some studies have documented that BADGE may be equally or more harmful than BPA in
some toxicological effects such as cytotoxicity (Rosso et al., 2018).
Studies have also shown that BADGE and its derivatives can induce
cytotoxic effect (Ramilo et al., 2006), mutagenicity (Sueiro et al.,
2006) as well as adverse reproductive and developmental effects
(Wolkowicz et al., 2016). Besides, BADGE is an androgen receptor
(AR) (Satoh et al., 2004) and peroxisome proliferator-activated receptor gamma (PPARg) antagonist (Wright et al., 2000). Therefore,
further environmental and toxicological studies on BADGE are of
great signiﬁcance for human health. However, to date, only a few
studies have documented the occurrence of BADGE and its derivatives in the environmental matrix (Wang et al., 2012a; Xue
et al., 2015, 2016) and human specimens (Wang et al., 2012a,
2015) due to the analytical challenges including highly reactive
properties and high background contamination. Furthermore, in
the current available analytical protocols, water is used during the
sample extraction/cleanup in those studies, thus the result might
be of great uncertainties due to the hydrolysis potential of BADGE.
The ubiquity of these bisphenol plasticizers indicates that people are exposed to them on a daily basis (Vandenberg et al., 2007;
Xue et al., 2016). Most of these plasticizers will sink into the dust
due to their semi-volatile properties and the levels of semi-volatile
organic compounds (SVOCs) in indoor dust can be used as a surrogate of indoor environmental quality. Dust ingestion has been
pointed as an important exposure pathway for some compounds
such as ﬂame retardant poly-brominated diphenyl ethers (PBDEs)
(Stapleton et al., 2005; Wilford et al., 2005; Harrad et al., 2006).
Bisphenol plasticizers have a large number of application, which
allows multiple exposure routes. Some studies have suggested that
food ingestion is the major exposure route for these compounds
(Geens et al., 2012; Asimakopoulos et al., 2014; Wu et al., 2018),
whereas little evidence is available until now.
In this study, we investigated the occurrences of BADGE and its
related compounds together with BPA and BPS in paired indoor
house dust and urine samples collected from Singapore. Additionally, since the involvement of oxidative stress is believed to be a
key mechanism of inducing health effects for many xenobiotics, we
further measured the concentration of urinary oxidative stress
biomarker and investigated its association with urinary bisphenol
plasticizer levels. In summary, the primary aims of this study were
to (i) develop a sensitive and water-free method for BADGE analysis
in dust samples; (ii) determine their occurrence in paired dust and
urine samples collected from Singapore; and (iii) tentatively
explore the association of all typical bisphenol plasticizers between
paired dust and urine samples as well as the correlation between
oxidative stress with bisphenol plasticizers.
2. Methodology
2.1. Sample collection
In this study, 33 participants (Healthy; Age: 22e37 years old;
Male participants: 20; Female participants: 13) were recruited
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from Singapore and their information were listed in Table S1 in
Supporting Information (SI). Indoor house dust samples were
collected using a vacuum cleaner during November 2017 (n ¼ 32)
following our previous method (Fang et al., 2013). Samples were
wrapped in aluminum foil and then placed in a glass jar at 4  C
until analysis. In the meantime, the early morning urine samples
(n ¼ 33) from the residents were collected in glass tubes and
immediately placed in a cooler with ice for storage and transport.
Urine samples were measured for speciﬁc gravity (SG) by a
refractometer for future concentration normalization and stored
at 40  C within 24 h of collection. Institutional Review Board
approvals were obtained for human specimens analysis from
Singapore (IRB-2017-02-023).

2.2. Chemical analysis
All the chemical standards were purchased with a purity higher
than 95% and reagents used were HPLC grade (Text S1). In this
study, a novel water-free method was developed to analyze BADGE
and its related compounds. Dust samples were extracted by
methanol and puriﬁed by a solid phase extraction (SPE) method.
Prior to analysis, dust samples were sieved and homogenized by
passage through a 150 mm sieve. Approximately 50e60 mg of dust
was weighed and spiked with d6-BADGE (20 ng). The spiked dust
samples were equilibrated for 30 min at room temperature and
5 mL of methanol were added for extraction. The mixture was
centrifuged at 3000 g for 10 min after sonication for 15 min. The
supernatant was transferred into a polypropylene tube and the
extraction was repeated twice. The combined extracts were
concentrated to near-dryness under a gentle nitrogen stream and
reconstituted in 0.5 mL 3% ethyl acetate in hexane. The extract was
puriﬁed by passage through silica gel cartridge (200 mg/cm3, baked
at 180  C overnight) and pre-conditioned with 5 mL of hexane. The
sample extracts were loaded, followed by passage of 10 mL of
hexane. The target compounds were eluted with 10 mL of ethyl
acetate/methanol (4:1, v/v). Furthermore, the extract was concentrated under a gentle nitrogen stream and then spiked with 60 ng
13
C12-BPA and reconstituted in 500 mL methanol. After ﬁltration
through a 0.45 mm PTFE ﬁlter, the samples were ready for instrumental analysis. For urinary bisphenol plasticizers analysis, samples were extracted using a liquid-liquid extraction (LLE) method
after deconjugation with b-glucuronidase, as described in a previous study with minor modiﬁcations (Wang et al., 2012a). To
determine urinary Oxo-2’-deoxyguanosine (8-OHdG) concentration (Ma et al., 2016), urine samples were spiked with 20 ng internal standard 8-Oxo-2’-deoxyguanosine-13C,15N2 and were
puriﬁed using solid phase extraction. In brief, 0.5 mL of urine
sample was centrifuged to remove the particulates before loading
on the Strata-X cartridge (30 mg, Phenomenex) which was previously conditioned with methanol and water. After loading the
samples, the cartridges were washed with water and ﬁnally were
eluted with 35% methanol in water. Samples were further
concentrated with freezing drying and re-dissolved in 80% of
acetonitrile in water. The details of urine samples preparation can
be found in Text S2.
Separation and detection of target analytes were accomplished
using an Agilent 1290 inﬁnity II Series HPLC (Agilent Technologies
Inc., Singapore) interfaced with an Agilent 6460 electrospray triple
quadrupole mass spectrometer (ESI-MS/MS; Agilent Technologies
Inc., Singapore) using multiple reaction monitoring mode (MRM).
For bisphenol plasticizers analysis, an Atlantis T3 column (3 mm,
2.1  100 mm) was used for separation. While for 8-OHdG analysis,
an Acquity BEH amide (1.7 mm, 2.1  100 mm) was used for separation. Details can be found in Table S2 and Text S3.
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2.3. Quality assurance and quality control (QA/QC)
Sodium sulfate powder and phosphate buffered saline were
used as procedural blanks for dust samples and urine samples,
respectively. As part of our quality assurance criteria, levels of target
compounds were analyzed in ﬁeld, laboratory blanks (n ¼ 2 for
each batch) and house dust Standard Reference Material (SRM)
2585 (National Institute of Standards and Technology (NIST), Gaithersburg, MD) (n ¼ 1 for each batch). Method detection limit
(MDL) was estimated from 3 times of standard deviation calculated
from procedural blanks (Table 1).
2.4. Statistical analysis
SPSS statistics 22 was used for the statistical analysis. Concentrations below MDL were substituted with a value equal to the half
MDL for statistical analysis. Bisphenol plasticizers levels in dust and
urine samples were tested for normality using the Shapiro-Wilk
test. Pearson correlation coefﬁcients were used for the analysis of
the relationship between two sets of data with normal distribution.
Otherwise, Spearman correlation coefﬁcients were used. A value of
p < 0.05 denoted signiﬁcance. Differences between groups were
analyzed by one-way ANOVA with Duncan post-hoc analysis. One
outlier of urinary BPA concentration was identiﬁed by Dixon's test
and Grubb's test thus was excluded from correlation analysis.
3. Results and discussion
3.1. BADGE/BFDGE stability test and water-free method
development for dust analysis
In our preliminary experiment, we found a relatively low recovery (30e50%) of BADGE/BFDGE in the SPE columns such as HLB
cartridge (Waters) and WCX cartridge (Phenomenex). Suspecting
that these compounds may be readily hydrolysed in the puriﬁcation process, we further tested their stability by monitoring their
hydrolysis products (BADGE-H2O and BADGE-2H2O, BFDGE-2H2O)
for pH ¼ 7 at 25  C. A steady decay of BADGE and an increase of
BADGE-H2O and BADGE-2H2O were observed in the hydrolysis and
BFDGE was also observed with the same trend (Fig. 1). The halflives of BADGE and BFDGE was approximately 3 days, which is
close to 2 days as estimated in an earlier study (Lane et al., 2015).
Since water-free environment is of considerable importance to
the dust analysis, we optimized clean-up steps using silica gel
cartridge as mentioned in section 2.2 Chemical Analysis. We found
that 10 mL of 20% methanol in ethyl acetate was sufﬁcient for the
elution of all tested compounds without a great increase in matrix
effect (Fig. S1). The recovery of BADGE-related compounds in dust

samples was assessed by spiking different levels of the pure standard onto a homogeneous dust sample (SRM2585). In this experiment, 1 ng (low), 20 ng (median) and 200 ng (high) of BADGEs were
spiked to 50 mg of SRM2585 (in triplicate). The average recovery in
spiked dust samples was Average ± S.D: 76 ± 2%, 71 ± 6% and
88 ± 23% for the high, medium and low spiking samples, respectively (Fig. S2) and no obvious hydrolysis were observed. The matrix effect for dust samples was further evaluated based on the ratio
of the signal for the internal standard in the dust samples to that of
the calibration standard in pure solvent. The matrix effect of dust
samples ranged from 33 to 72% with an average of 53%. All compounds were detected in SRM 2585 (n ¼ 5) except BFDGE-2HCl and
BFDGE-2H2O. BPA was detected with the highest concentration
(5780 ± 13 ng/g) followed by BPS (4486 ± 1201 ng/g) and BADGE2H2O (486 ± 105 ng/g). Intra-day variabilities of all compounds
ranged from 1 to 25% and inter-day variabilities ranged from 18 to
28% (Table S3).

3.2. Bisphenol plasticizers in indoor house dust
Table 1 summarizes the bisphenol plasticizers concentration
and detection rate in the dust from Singapore. Among all targeted
analytes, BPA was the most abundant in the house dust samples,
ranging from <1972 to 22,516 ng/g dust with a geometric mean
(GM) of 3420 ng/g. The BPA concentrations in dust samples from
Singapore was relatively higher than those reported in U.S (GM:
1700 ng/g) and China (GM: 360 ng/g) while comparable with Japan
(GM: 2830 ng/g) and Korea (GM: 4070 ng/g) (Liao et al., 2012). BPS
was also detected in all dust samples ranging from 153 to 5053 ng/g
with a GM of 714 ng/g dust, which is comparable with U.S (GM:
130 ng/g), Japan (GM: 820 ng/g) and Korea (GM: 430 ng/g) (Liao
et al., 2012). As a simple factor to reﬂect the substitution degree,
the ratio of BPS to BPA in Singapore was around 0.2 which was
comparable to those found in U.S.(0.39) and China (0.26) (Liao et al.,
2012). For BADGEs, BADGE-2H2O was the dominant compounds
ranging from 214 to 35,419 ng/g with a GM concentration of
1843 ng/g. The contribution of BADGE-2H2O to total BADGEs
ranged from 34 to 96% with an average of 61% (Fig. 2b). Besides
BADGE-2H2O, BADGE-2HCl concentration in dust samples ranged
from <56 to 2474 ng/g with a GM concentration of 223 ng/g. In
terms of BADGE-2HCl concentration in total BADGEs, the value
ranged from 0 to 49% with an average of 17% (Fig. 2b). Another
transformation product BADGE-HCl-H2O was detected with concentration ranging from 66 to 1832 ng/g with a GM of 233 ng/g.
Compared with other BADGEs, BADGE, BADGE-H2O and BADGEHCl were the minor contributors and detected with a GM concentration of 16, 93 and 3 ng/g; respectively (Table 1).
Since the water-free methods limited the hydrolysis of reactive

Table 1
Concentrations, detection rate (DR%) and method detection limit (MDL) of bisphenol plasticizers in indoor dust (ng/g) and urine (ng/mL; SG-adjusted basis) from Singapore.
BPA
Dust ng/g

Urine ng/
mL

GMa 3420
Range <MDL22,516
DR % 93
MDL 1.555
GM
2.61
Range <MDL-31.92
DR % 88
MDLb 0.151

a
b

BPS

BADGE

714
153-6491

16
93
<MDL- 690 18e450

1843
233
214- 35,419 <MDL- 1832

3
223
2.5
0.27
0.04
<MDL- 480 <MDL- 2474 <MDL- 421 <MDL- 130 <MDL- 2473

100
0.173
0.077
<MDL1.93
94
0.007

72
0.103
0.0076
<MDL0.10
9
0.014

100
0.293
0.0022
<MDL- 0.05

100
1.066
0.0032
<MDL- 0.3

94
0.579
0.0052
<MDL- 0.56

9
0.004

39
0.006

15
0.002

66
0.009
0.0018
<MDL0.05
3
0.003

GM: geometric mean.
MDL for 8-OHdG is 0.015 ng/mL in Urine samples.

BADGEH2O

BADGE2H2O

BADGE- H2OHCl

BADGEHCl

BADGE2HCl

91
0.527
N.A.
<MDL
0
0.017

BFDGE

44
0.274
0.0032
<MDL0.02
3
0.006

BFDGE2H2O

BFDGE2HCl

31
0.055
0.0026
<MDL- 0.06

3
0.065
0.0122
<MDL- 1.71

9
0.004

9
0.017
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Fig. 1. Hydrolysis and product formation of (a) BADGE; (b) BFDGE for pH ¼ 7 at 25  C.

Fig. 2. (a) Scatter plot of bisphenol plasticizers (ng/g) in indoor house dust from Singapore; (b) Box plot of relative distribution (%) of BADGEs in indoor dust; (c) Spearman
correlation between BPA and BADGE-H2O in indoor dust; (d) Spearman correlation between BADGE and BADGE-2H2O in indoor dust.

BADGEs, we revealed some new distribution proﬁles of all BADGEs
in indoor dust (Fig. 2b). We found that BADGE-2HCl accounted for
approximately 17% of total BADGE concentrations while the previous study did not include BADGE chlorinated compounds for dust

analysis. Besides, the contribution of native compound BADGE was
observed with relatively higher standard deviation that ranged
from below MDL to 23% with an average of 5%, which was
comparably higher than those found in U.S. (0%), Japan (0%), Korea
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(1%) and China (4%) (Wang et al., 2012a).
This is the ﬁrst study reporting the occurrence of BFDGEs in
indoor dust samples (Table 1). Parent compound BFDGE concentration in dust samples (detection rate: 44%) ranged from <4.9 to
421 ng/g with a GM concentration of 2.5 ng/g, which was one order
of magnitude less than BADGE. BFDGE-2H2O concentration in dust
samples ranged from <7.2 to 130.0 ng/g with a GM concentration of
0.3 ng/g while BFDGE-2HCl was only detected in one sample with a
concentration of 903.2 ng/g (Table 1). In contrast with BADGEs,
native compound BFDGE was dominant (average relative contribution >50%) in 12 of 17 dust samples where BFDGEs were detected. Although the half-lives in hydrolysis test were similar, it seems
that the environmental transformation of BFDGE may not as rapid
as BADGE.
To understand the association between each bisphenol plasticizer in indoor dust, we conducted the Spearman correlation
analysis in this study (Table S4). Though no signiﬁcant correlation
was found between BPA and BPS, these two compounds were found
signiﬁcantly correlated with some BADGE-related compounds. For
example, the concentrations of BPA in dust samples (n ¼ 32) was
positively correlated with BADGE hydrolysis products such as
BADGE-H2O (r ¼ 0.489; p < 0.01) (Fig. 2c), BADGE-2H2O (r ¼ 0.378;
p < 0.05) and BADGE-HCl-H2O (r ¼ 0.453; p < 0.01). This ﬁnding is
consistent with an earlier study suggesting that BAGDE-based
epoxy resin is a source of BPA (Schmalz et al., 1999) and the common source for BPA and BADGE (Wang et al., 2012b). Interestingly,
BADGE was associated with BADGE-2H2O (r ¼ 0.396; p < 0.05) and
BADGE-2H2O (r ¼ 0.450; p < 0.01) (Fig. 2d) but was not signiﬁcantly
related to BADGE-H2O (r ¼ 0.254; p > 0.05). These results may be
explained by considering the fact that BADGE-H2O itself is unstable
and can be readily hydrolysed in the dust. Lastly, the concentrations
of BFDGE in dust samples (n ¼ 32) was positively correlated with
BADGE-HCl (r ¼ 0.430; p < 0.05) and BADGE-2HCl (r ¼ 0.365;
p < 0.05) while was not signiﬁcantly correlated with BADGE.
3.3. Bisphenol plasticizers in human urine
Table 1 summarizes the urinary concentrations of bisphenol
plasticizers and detection rate in this study. Similar to dust, BPA is
the most abundant plasticizer in urine samples, ranging from <0.52
to 31.92 ng/mL with a GM concentration of 2.6 ng/mL (Fig. 3), which
was slightly higher than other countries such as U.S. (GM: 0.70 ng/
mL) (Ye et al., 2015) and several Asian countries (GM: 0.84e2.0 ng/
mL) (Zhang et al., 2011). Consistent with the ﬁndings in dust, BPS,
another important contributor, ranging from <0.012 to 1.97 ng/mL
with a GM concentration of 0.070 ng/mL, which was slightly lower
than those found in some countries like U.S. (GM: 0.299 ng/mL),
China (GM: 0.226 ng/mL), Japan (GM: 1.180 ng/mL), Kuwait (GM:
0.172 ng/mL) and Vietnam (GM: 0.160 ng/mL) but was comparable
with the concentrations found in India (GM: 0.072 ng/mL) and
Korea (GM: 0.030 ng/mL) (Liao et al., 2012). Total BADGEs were
detected in 50% of the urine samples ranging from <0.016 to
0.889 ng/mL with a GM concentration of 0.03 ng/mL, which was
lower than those found in U.S. (GM: 1.010 ng/mL), China (GM:
1.073e1.328 ng/mL) (Wang et al., 2012b) and Greece (GM: 0.900 ng/
mL) (Asimakopoulos et al., 2014). As expected, BADGE-2H2O was
dominant in urine samples among all BADGE and its derivatives.
Besides, no other positive correlation was found. In our study, total
BFDGEs were only detected in 5 urine samples ranged from <0.65
to 1.733 ng/mL.

Fig. 3. Scatter plot representing the total form concentration (ng/mL) of bisphenol
plasticizers in urine samples (deconjugated by b-glucuronidase treatment; SGadjusted basis) from Singapore (n ¼ 33).

environment pollution and human exposure, we further conducted
the Pearson correlation analysis of bisphenol plasticizers between
paired dust and urine samples. For most compounds, we did not
observe positive correlations. Interestingly, the urinary BPA concentration was positively correlated with indoor dust concentration
(n ¼ 32; r ¼ 0.491; p < 0.01) (Fig. 4) but this correlation might be
driven by the highest two urine samples. Therefore, a larger scale
sample size is warranted to validate this correlation. Previous
studies suggested that food ingestion was one of the major routes
for BPA exposure (Von Goetz et al., 2010) and account for > 90% of
total BPA exposure for all age groups (Geens et al., 2012). The correlation result suggests that non-dietary BPA exposure might also
be important to human exposure.
We also conducted the Spearman correlation analysis to assess
the association between bisphenol plasticizers exposure with
oxidative stress levels in human urine. A positive correlation was

3.4. Correlation of bisphenol plasticizers in paired samples and its
association with oxidative stress
To tentatively explore the relationship between indoor

Fig. 4. Pearson Correlation between BPA concentration in paired human urine (SGadjusted basis) and house dust samples (n ¼ 32).
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Fig. 5. (a) Spearman Correlation between urinary BPA concentration and oxidative stress biomarker 8-OHdG (n ¼ 32; SG-adjusted basis); (b) Pearson correlation between urinary
oxidative stress biomarker and body mass index (BMI) (n ¼ 33; SG-adjusted basis).

found between BPA concentration in urine (n ¼ 32) and oxidative
stress biomarker 8-OHdG (r ¼ 0.353; p < 0.05) (Fig. 5a). This is
consistent with earlier ﬁndings suggesting that BPA exposure induces oxidative stress in animal studies (Vandenberg et al., 2007;
Lang et al., 2008) and associates with elevated oxidative stress in
human specimens (Yang et al., 2009; Asimakopoulos et al., 2016;
Zhang et al., 2016). Since 8-OHdG is also known as an index of DNA
oxidation (Kasai, 1997), it is possible to suggest that exposure to
BPA may be an enhancing factor of DNA damage. Interestingly,
urinary 8-OHdG (n ¼ 33) was also positively correlated with participants' body mass index (BMI) (r ¼ 0.431; p < 0.05) (Fig. 5b). This
ﬁnding agrees with previous studies suggesting that oxidative
stress increases with increasing BMI (Keaney et al., 2003; Wonisch
et al., 2012) and higher BMI tended to have signiﬁcantly decreased
levels of antioxidants (Vincent et al., 2007).

4. Conclusions
In this study, a novel water-free method was developed for dust
samples analysis of bisphenol plasticizers and the concentrations of
these compounds were measured in paired indoor house dust and
urine samples. Besides, the concentration of urinary oxidative
stress biomarker was also measured to examine its association with
urinary bisphenol plasticizers levels. In this study, most of the
bisphenol plasticizers such as BPA, BPS could be well-detected in
the dust and urine samples. Meanwhile, BPA concentrations in
paired dust and urine samples were positively correlated and
elevated oxidative stress were found associated with BPA exposure/
BMI. The results of this study provide baseline information on exposures to environmental estrogenic chemicals for the Singapore
population. The present study also offers evidence that the indoor
environment is of considerable importance to human exposure and
elevated oxidative stress may be associated with BPA exposure and
obesity. A larger scale study for different populations as well as
more other EDCs is warranted due to the limited sample size in this
study. It would also be beneﬁcial to investigate the mechanism on
the association of BPA exposure with elevated oxidative stress and
the combinatory toxic effects of these EDCs in the exposome-scale
investigation.
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