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a b s t r a c t

Environmental distribution and concentration of tetrabromobisphenol A bis- (2-hydroxyethyl) ether
(TBBPA-DHEE) and tetrabromobisphenol A mono- (hydroxyethyl) ether (TBBPA-MHEE), are obscure due
to the lack of available analytical methods. Here two novel immunoassays were established to system-
atically investigate their distributions in Taizhou, Eastern China. Five monoclonal antibodies against
pollutants were generated with two designed haptens through animal immunization. After matched
with different coating antigens/antibodies, ELISAs were established (LOD for TBBPA-DHEE, 0.12 ng/mL,
based on OVA-M3/mAb-D4G6; LOD for TBBPA-MHEE, 0.79 ng/mL, based on OVA-M3/mAb-D2G6) and
applied for investigation of their occurrences at a typical e-waste recycling area after 2-year samples
collection, where the total 33 water, 32 soil and 16 biological samples were collected with the highest
concentrations of 3.46 ng/mL, 2.76 ng/g (dry weight, dw) and 5.01 ng/g (dw), respectively. Meanwhile,
our study also indicated that at the centralizing e-waste recycling sites the serious pollution for both
chemicals still existed despite of various efforts. Besides, obvious improvements were observed at an
abandoned e-waste recycling region treated and remedied for many years by the local Chinese gov-
ernment. These findings highlight the importance of policy decisions in treatment of pollutants to reduce
organic pollutant-related health risks.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Tetrabromobisphenol A (TBBPA) is the most widely used
brominated flame retardant (BFR) worldwide, representing
approximately 60% of the total BFR market (Lefevre et al., 2018;
Zhang et al., 2018b), and the European Commission reported that
more than 150,000 tons of the chemical was produced in 2006 (Li
et al., 2014), with approximately 18% being used to produce its
derivatives, including tetrabromobisphenol A bis (allylether)
(TBBPA-BAE), tetrabromobisphenol A bis- (2-hydroxyethyl ether)
(TBBPA-DHEE), and tetrabromobisphenol A bis (glycidyl ether)
e by Da Chen.
(TBBPA-BGE). Among these derivatives, TBBPA-DHEE is potentially
neurotoxic and displays greater cytotoxicity than TBBPA and its
other derivatives (Liu et al., 2018). Furthermore, the byproducts of
TBBPA, including TBBPA mono (2-hydroxyetyl) ether (TBBPA-
MHEE), are unintentionally formed during the production of TBBPA
and its derivatives (Liu et al., 2016b). Owing to its structural simi-
larity to TBBPA-DHEE, TBBPA-MHEE probably has similar physico-
chemical properties as TBBPA-DHEE. (see Fig. 4)

TBBPA-DHEE is used as an additive or reactive flame retardant in
most electronic items including circuit boards computers and cell
phones, which are disposed as e-wastes. In addition, inappropriate
e-waste recycling resulted in their environmental occurrences and
therefore risk toward organisms and local residents (Wang et al.,
2016a; Zhou et al., 2017a). Hence, it is important to investigate
the potential environmental impacts of TBBPA-DHEE and TBBPA-
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MHEE in e-waste recycling areas (Awasthi et al., 2018; He et al.,
2010; Zhang et al., 2018a). Moreover, various organic pollutants,
such as TBBPA (Huang et al., 2014;Wu et al., 2016; Zeng et al., 2016),
dechlorane Plus (Zhou et al., 2017b), short-chain chlorinated par-
affins (Yuan et al., 2017) and polycyclic aromatic hydrocarbons (Liu
et al., 2014), are reportedly present in water bodies, soil, and bio-
logical samples from e-waste recycling regions. Thus far, however,
TBBPA-MHEE/TBBPA-DHEE levels and distributions remain unclear.
Therefore, it is important to develop a suitable approach to inves-
tigate their environmental occurrence for further risk assessment.

Actually, until now, limited information is available regarding
the environmental concentrations of TBBPA-DHEE and TBBPA-
MHEE, owing to the lack of high-throughput analytical methods
for environmental samples within a short duration (Li et al., 2015;
Liu et al., 2017b; Tian et al., 2015). To resolve this issue, we devel-
oped an ELISA-based method for both pollutants using our pro-
duced polyclonal antibody (Zhang et al., 2017). Nevertheless, due to
the fact that the antibody cannot respectively discriminate the
chemicals and be insufficient in sensitivity, it does not fulfill the
criteria for detecting trace pollutants from various environmental
samples.

The objectives of this study were (i) to design novel haptens for
production of a series of monoclonal antibodies against the con-
tainments; (ii) to develop sensitive high-throughput ELISAs sepa-
rately detecting TBBPA-DHEE and TBBPA-MHEE after being
matched with different coating antigens/antibodies; (iii) to eval-
uate the accuracy and precision of the approach; (iv) to systemat-
ically investigate the containments in Taizhou (one of the famous e-
waste recycling centers in China), located in Zhejiang province. The
results on the occurrence and distribution of the pollutants will
provide important background data for risk assessment in e-waste
recycling areas.
2. Materials and methods

2.1. Chemicals and materials

Standards of TBBPA bis (allyl) ether (TBBPA- DAE), TBBPA bis- (2,
3- dibromopropyl ether) (TBBPA- DBPE), TBBPA mono (allyl) ether
(TBBPA- MAE), TBBPA mono (2, 3-dibromopropyl) ether (TBBPA-
MBPE), Decabromodiphenyl Ethane (DBDPE), 1,2-bis (2, 4, 6-
tribromophenoxy) ethane (BTBPE), 2- ethylhexyl 2, 3, 4, 5-
tetrabromobenzoate (TBB), TBBPA-DHEE, and TBBPA-MHEE were
obtained from the State Key Laboratory of Environmental Chem-
istry and Ecotoxicology, Research Center for Eco-Environmental
Fig. 1. The structure of tetrabromobisphenol A bis(2-hydroxyethyl) ether (TBBPA-DHEE), tetr
haptens. Arrows on the TBBPA-DHEE structure indicate the sites of introduction of the funct
for TBBPA-DHEE/TBBPA-MHEE.
Sciences, Chinese Academy of Sciences. Other reagents are
enlisted in the Supporting information. Absorbance measurements
were carried out using M1000 PRO microplate reader (TECAN Inc.,
Durham, NC, USA).

2.2. Hapten synthesis

Novel haptens, distinct from hapten M3 (Zhang et al., 2017),
were designed to derivatize the active group from the alkyl side
chain linking the two benzene rings. Spacer linkers of the novel
haptens were 3C and 7C and named D3 and D7, respectively. The
molecular structures of haptens D3 and D7 are shown in Fig. 1, and
the details are presented in the Supporting Information
(Fig. S1~S6).

2.3. Generation of immunogens and coating antigens

400 mg 1- ethyl- 3 - (3-dimethylaminopropyl) carbodiimide
(EDC) and 15 mg of bovine serum albumin (BSA)/ovalbumin (OVA)
in 2 mL PBS (0.01 mol/L; pH 7.4) were stirred for 30 min and then
supplemented with 45 mg D3/D7 in 1 mL PBS and allowed to react
at 4 �C overnight, followed by dialysis. The final products (D3-BSA/
D7-BSA and D3-OVA/D7-OVA) were used as the immunogen and
coating antigen, respectively.

2.4. Production of mAbs

Immunization of mice and production of antibodies using hy-
bridoma technology are described in the Supporting Information.

2.5. Assessment of the characteristics of mAbs

Cross-reactivity (CR) of mAbs to a series of structural analogues
was assessed using the following formula:

CRð%Þ¼ ðIC50 of the standardÞ= ðIC50 of the analogÞ
� 100%:

The class and subclass of the mAb were determined using
ImmunoPure® Monoclonal Antibody Isotyping Kit.

2.6. Indirect competitive ELISA

Microplates were coated with D3- OVA/D7- OVA/M3- OVA
(Zhang et al., 2017) in coating buffer overnight at 4 �C. After
abromobisphenol A mono (hydroxyethyl) ether (TBBPA-MHEE) and their corresponding
ional groups. Hapten M3 was previously used for the development of an immunoassay
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washing once, the wells were blocked with 200 mL blocking buffer
and incubated at 37 �C for 60min. Then, the solutionwas discarded,
50 mL of the standard or the sample and 50 mL of mAbs were mixed
and incubated for 30 min at 37 �C. Through three washes, 100 mL of
GAM- HRP (1: 5000) was added into the reaction mixture and kept
at 37 �C for 30 min. By another wash, 100 mL/well substrate solution
3, 30, 5, 5’ e tetramethyl benzidene was applied to the strips, and
the reactionwas terminated with H2SO4 (2 mol/L, 100 mL/well). And
absorbance values were got after measurement under 450 nm.
2.7. Optimization of assay conditions

Several physicochemical factors potentially influencing the
immunological reactionwere assessed herein, including pH and the
concentration of Naþ, protein, and organic solvents (see Supporting
Information for details).
2.8. Immunoassay validation

Validation studies were performed by evaluating recoveries
fromwater, soil, and biological samples fortified with various target
concentrations. To further estimate the its accuracy, the established
ELISAs were compared with previously reported instrument-based
methods by analyzing the same samples (Li et al., 2015; Tian et al.,
2015).
2.9. Sample collection

33 water samples, 32 soil samples, and 16 biological samples
(Oncomelania, Procambarus clarkii, Brachyura, and Lumbricidae)
were collected from three typical sites (Fengjiang, Jiaojiang Port
and Recycling Industry Base; shown at Fig. S7) in Taizhou, Zhejiang
Province, a prominent e-waste recycling region in China since the
1980s. Among the three sampling sites, 16 samples (marked as
S1~S16) were collected in Fengjiang (FJ), a previous e-waste recy-
cling dismantling sites, where many illegally dismantling or open-
air incineration activities used to be carried out and subsequently
banned, now it become a residential area after several years of
treatment by the local government. Some samples (S17~S26) were
obtained at Jiaojiang Port (JJP), a key port for e-waste. Moreover,
other samples (S27~S34) were got from Taizhou Metal Resources
Recycling Industry Base (RIB), comprising all current e-waste
dismantling enterprises.
2.10. Sample preparation

Water samples were directly measured using our established
ELISA after filtered with 0.45 mm nitrocellulose membrane. Soil
samples were freeze-dried. After dissecting biological samples with
stainless steel scalpel blades, the soft tissues were thoroughly
rinsed with H2O to eliminate extraneous impurities. For all species
from all sampling sites, approximately 5e10 g of wet soft tissuewas
freeze-dried and homogenized to form one composite sample. Each
soil sample (1.0 g) or biological sample (0.5 g) was mixed with
anhydrous sodium sulfate (5 g) and extracted using 100 mL
dichloromethane, using an accelerated solvent extractor (Dionex
ASE 350) at 1500 psi for 12 min. The extraction solvent was then
eliminated via a rotary evaporator, and the samples were resus-
pended in an optimal assay buffer.
3. Results and discussion

3.1. Hapten design and antibody production

In consideration of small molecular compounds, TBBPA-DHEE/
TBBPA-MHEE has to be conjugated with carrier protein (BSA and
OVA) to elicit an immune response. Owing to the absence of a
functional group (carboxy-. amino-, hydrosulfuryl-) in TBBPA-DHEE
and TBBPA-MHEE molecules, both pollutants should be conjugated
with a functional group (hapten) to mimic the structures of TBBPA-
DHEE/TBBPA- MHEE (shown in Fig. 1). Given that TBBPA- DHEE has
the same structure as TBBPA-MHEE except the phenyl group in the
side chain, two strategies could be implemented for hapten syn-
thesis against the chemicals: (i) to deviate the active group from the
hydroxyethoxy group of TBBPA- DHEE. On the basis of the syn-
thesized hapten, polyclonal antibody (named as M3, shown in our
previous study (Zhang et al., 2017)) was generated to simulta-
neously recognize TBBPA-DHEE and TBBPA-MHEE because their
common structure served as an exposed antigen recognition site
for animal immunization (Wang et al., 2014; Xu et al., 2012; Zhang
et al., 2017); (ii) to attach the linker at the center of the molecule.
This strategy preserves the two free hydroxyethoxy groups in the
benzene ring as potentially important binding sites to a major
extent, thus increasing the specificity of the antibody. At the same
time, linkers of different lengths were programed to obtain sensi-
tive antibodies (Liu et al., 2016c; Wang et al., 2015). Using com-
mercial diphenolic acid instead of TBBPA-DHEE/TBBPA-MHEE,
hapten D3 was synthesized by brominating the phenyl group at the
30 and 50 positions. Moreover, the hydroxyethoxy group at the 4’
position was generated through a substitution reaction with bro-
moethanol (revealed at Fig. S1). For hapten D7, phenol and 5-
acetylpentanoic acid were made to react under strong acidic con-
ditions to get the intermediate 6,6-bis(4-hydroxyphenyl) heptanoic
acid (seen in Fig. S4). Thereafter, Br and a hydroxyethoxy group
were inserted at corresponding locations to acquire the designed
hapten.

Different coating antigens (BSA-D3 and BSA-D7) with mouse
sera were paired to determine the antibody titer and inhibitory
effects of the compounds. As shown in Table S1, the anti-serums
from all the five mice immunized by BSA-D7 presented the best
inhibition effect to TBBPA-DHEE using OVA-D7 as coating antigens,
implying that suitable linkers space would improve the recognition
of immune system to the small molecule chemicals (Gorris et al.,
2011). However, as shown in Table S1, it was still noted that the
anti-serum (D3-1) showed the highest titer and inhibition to
TBBPA-DHEE regardless of OVA-D3 or OVA-D7 as coating antigens,
which may be caused by the individual differences in biological
experiments. Thus, mouse D3-1 was used for mAb production as
follows.

Through cell fusion and three subsequent subcloning steps, five
clones secreting antibodies against TBBPA-DHEE were obtained. To
assess the characteristics of antibodies, two types of coating anti-
gens (OVA-D3 and OVA-M3) and two standards (TBBPA-DHEE and
TBBPA-MHEE) were used. Fig. S8 indicated at the homologous as-
says, five mAbs simultaneously recognized TBBPA-DHEE and
TBBPA-MHEE using OVA-D3 as the coating antigen; meanwhile, in
the heterologous assay (OVA-M3 as coating antigen), mAb D4G6
could only discriminate TBBPA-DHEE;mAbD2G6, TBBPA-MHEE. All
of which illustrated that heterologous assays frequently brought
about the improved specificity in comparison with homologous
assays (Vasylieva et al., 2015).

To improve the sensitivity and specificity of the assay, heterol-
ogous assays were established with two types of ELISA: Format 1
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(OVA-M3, coating antigen; MAb D2G6, primary antibody) and
Format 2 (OVA-M3, coating antigen; MAb D4G6, primary antibody).
Our results indicated that no cross-reactivity to other structure
related compounds were found expect TBBPA-DHEE and TBBPA-
MHEE from two antibody-antigen pairs (Table 1). Moreover, class
and subclass analysis revealed that all five mAbs were of subclass
IgG1 with a k light chain.
3.2. Optimization of ELISA conditions and method validation

Factors potentially affecting the established approach were
investigated, including ionic strength, pH, proteins contained in
buffers, and organic solvents. In addition, IC50 and B0 were selected
as the criteria to evaluate the assay performance, in which the
lowest IC50 and highest B0 correspond to the highest sensitivity for
the ELISAs (Fig. S9 -10).
Table 1
Cross-reactivity of three ELISA-based immunoassays for tetrabromobisphenol A
bis(2-hydroxyethyl) ether analogues.

Chemicals Cross-reactivity (%)

Format 1 Format 2

TBBPA-DHEE 8.6 100

TBBPA-MHEE 100 0.6

TBBPA <0.1 <0.1

TBBPA-DAE <0.1 <0.1

TBBPA-DBPE <0.1 <0.1

TBBPA-MAE <0.1 <0.1

TBBPA-MBPE <0.1 <0.1

DBDPE <0.05 <0.05

BTBPE <0.05 <0.05

TBB <0.05 <0.05
The highest sensitivity was observed in Format 1 and Format
2 at pH 7.4 (Fig. S9 A and S10 A). Besides, considering that proteins
in buffers could influence the sensitivity of ELISA, assay tolerance to
BSA also was assessed, revealing that proteins can decrease the
sensitivity of ELISA in Format 1 (Fig. S9 B), while no more than 1%
BSA could be tolerated at Format 2 (Fig. S10 B). Moreover, 0.01 mol/
L Naþ was optimal for both type of ELISAs (Fig. S9 C and S10 C).

Now that TBBPA-DHEE and TBBPA-MHEE displayed moderate
lipophilicity with a noctanol-water partition coefficient (KOW) of
6.78 and 6.69, respectively (Nyholm et al., 2009), the solubility of
the two chemicals will be benefited from the addition of some
organic solvents, which also conduce to reduce nonspecific binding
on the walls (Vasylieva et al., 2015). On the other hand, high levels
of organic solvents would interfere the binding between antibody
and antigen, hurting the performance of the assay. Therefore,
optimal concentrations of organic solvents in this ELISA also were
tested, and our results showed that the sensitivity of Format 1 was
decreased in the presence of methanol (Fig. S9 D); in contrast, the
system of Format 2 could tolerate less than 30% methanol (Fig. S10
D).

On the basis of the above optimization, the optimal parameters
of the two ELISA formats were as follows: Format 1, pH 7.4,
0.01 mol/L PBS without BSA or organic solvents; Format 2, pH 7.4,
0.01 mol/L PB, containing 1% BSA and 20% methanol; limits of
detection (LOD, based on 90% B/B0) were 0.79 and 0.12 ng/mL for
Format 1 and 2 (revealed at Fig. 2), respectively.

The accuracy of the established method was evaluated by
analyzing environmental samples fromvarious sources spiked with
TBBPA-MHEE or TBBPA-DHEE at different concentrations. Table S2
showed that the recoveries ranged in 65.72e127.76%, implying that
it was acceptable for the following applications. Meanwhile, the
reliability of the developed methods was further estimated using
instrument-based methods by measuring the same samples that
were randomly spiked with the chemicals at different concentra-
tions. Seen from Table S3, both the approaches agreed well. All the
above assessment demonstrated that our methods could be applied
for the trace pollutants analysis from the real environments.

3.3. Levels of both pollutants in soil, water, and biological samples

Detailed information on 2-year sampling sites in Taizhou is
illustrated in Fig. S7, and the concentrations of the pollutants from
soil, water, and biological samples are shown at Fig. 3 and Fig. S11
(see Tables S4 and S5 for details). TBBPA-DHEE was positively
detected in most samples (detection frequencies (DF), 68% in wa-
ters; 74% in soils), implying the ubiquity of these contaminants in
this region. By comparison, the DF of TBBPA-MHEE inwater and soil
samples were 29% and 41%, respectively. Furthermore, TBBPA-
MHEE was detected in all samples containing TBBPA-DHEE; how-
ever, TBBPA-DHEE was not always present in samples containing
TBBPA-MHEE, suggesting that TBBPA-DHEE is used as an additive or
reactive flame retardant in electronic items, while TBBPA-MHEE is
simply a byproduct of TBBPA-DHEE production.

The concentration ranges for TBBPA-DHEE in water and soil
samples were ND-2.76 ng/mL and ND-3.18 ng/g dry weight (dw),
with mean value (MV) of 1.34 ng/mL and 1.58 ng/g (dw), respec-
tively. The measured levels of TBBPA-MHEE from the same samples
were ND-3.46 ng/mL (MV, 2.21 ng/mL) and ND-2.14 ng/g dw (MV,
1.15 ng/g dw), respectively. In comparison, Liu et al. (2017a) re-
ported that TBBPA-MHEE in soils surrounding a BFR factory ranged
at ND-13.7 ng/g dw with a DF of 14% in Shandong province. These
results are concurrent with our pervious report, wherein the con-
centration of TBBPA-DHEE/TBBPA-MHEE from environmental wa-
ter samples ranged at 1.5e7.7 ng/mL in Jiangsu province (Zhang
et al., 2017).



Fig. 2. Standard ELISA curves for two formats of the immunoassay under optimized conditions and their characteristics.

Fig. 3. Concentration of tetrabromobisphenol A bis(2-hydroxyethyl) ether and tetra-
bromobisphenol A mono (hydroxyethyl) ether in samples from Taizhou, Zhejiang
province.
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TBBPA and its other derivatives/byproducts had been found
from some biological samples, such as TBBPA-BAE and TBBPA-
BDBPE in mollusks near Bohai sea (Qu et al., 2013), TBBPA-AE and
TBBPA-DPBE in Great Lake herring gull eggs (Letcher and Chu,
2010), TBBPA, TBBPS, TBBPA-MAE, TBBPA-MDBPE, TBBPS-MAE,
TBBPS-MBAE, and TBBPS-MDBPE in several biological samples
from the Bohai sea (Liu et al., 2016a). However, no study has re-
ported TBBPA-DHEE and TBBPA-MHEE concentrations in biological
samples. Herein, in four species of biological samples (Oncomelania,
Procambarus clarkii, Brachyura, and Earthworm) collected from this
area, shown from Table S5, the measured concentrations were at
the range of ND-4.96 ng/g (dw) and ND-5.01 ng/g (dw) for TBBPA-
DHEE and TBBPA-MHEE, respectively. TBBPA-DHEE was found in 14
out of 16 biological samples and TBBPA-MHEE was detected in 10
out of 16 biological samples, indicating that the pollutants could be
easily accumulated through food chains. Moreover, Octanol-water
partitioning coefficient (logKow) was used as an important
parameter to evaluate if organic pollutants had the potential for
being bioaccumulative, inwhich the chemicals posse the features of
bioaccumulationwhen the values approximately reached 3 ormore
(Howard and Muir, 2011; Malkoske et al., 2016). Due to the high
logKow of both contaminants (logKow, TBBPA-DHEE¼ 6.78; TBBPA-
MHEE ¼ 6.69), their residues level in living organisms are poten-
tially higher than that in other matrix like soil and water samples
(Chen et al., 2011).
3.4. The distribution of the pollutants in FJ, RIB, and JJP

FJ, RIB, and JJP are three prototypical sites in this e-waste recy-
cling region. FJ is an abandoned e-waste recycling locale that has
been converted to a residential community after several years of
pollution control by the local government, thus providing infor-
mation regarding pollutant patterns; RIB is currently an intensive
e-waste recycling region, where crude e-waste recycling activities
have been banned, including shredding, low-temperature melting
of plastics and open-air incineration; JJP is an important e-waste
input site, in which organic pollutants potentially be leaked during
their transportation. Thus, a comprehensive investigation at the
typical places of Taizhou will contribute to the understanding of the
environmental fate and distribution for TBBPA-DHEE/TBBPA-
MHEE.

The distribution of TBBPA-DHEE and TBBPA-MHEE in environ-
mental samples differed significantly at the three sampling sites
(illustrated in Fig. 4 and Figs. S12e14). The DF of TBBPA-DHEE at FJ
were 40% for water samples (MV, 0.472 ng/mL) and 64.3% for soil
samples (MV,1.1 ng/mL) (Fig. S12). Similar trendswere observed for
TBBPA-MHEE, which was detected at relatively low levels (DF/MV,
0%/0 ng/mL for water samples; 35.7%/0.984 ng/mL for soil samples),
all of whichwere prominently lower than the samples fromRIB and
JJP, implying that treatment and remediation over years by the local
government reduced the pollutant levels in these abandoned e-
waste recycling regions. Our findings are inconsistent with respect
to other organic pollutants at e-waste recycling sites (Wang et al.,
2016b; Wu et al., 2019), which also were banned by Chinese local
governments, but kept heavily polluted as ever.

In comparison, higher levels were observed at two other sites:
(i) relatively high concentrations were detected at JJP (DF/MV, 60%/
2.498 ng/mL in waters and 50%/1.042 ng/mL in soils for TBBPA-
MHEE; 90%/1.590 ng/mL in waters and 90%/1.451 ng/mL in soils
for TBBPA-DHEE) (displayed as Fig. S13), suggesting as a trans-
porting e-waste place by ship, the waters and soils were heavily
polluted with the released pollutants; (ii) the highest levels of the
two pollutants were detected at RIB (DF/MV, 50%/1.785 ng/mL in
waters and 50%/1.490 ng/mL in soils for TBBPA-MHEE; 100%/
1.713 ng/mL in waters and 87.5%/2.373 ng/mL in soils for TBBPA-
DHEE) (shown at Fig. S14), as a new e-waste dismantling place,
the local government has taken various measures to control the



Fig. 4. Concentrations of tetrabromobisphenol A mono (hydroxyethyl) ether and tetrabromobisphenol A bis(2-hydroxyethyl) ether in water and soil samples from three districts in
Taizhou. The concentration of 25th and 75th percentiles is denoted by boxes; the median concentration is represented by a midline. In the figure, “,” represents the mean mass
concentration value. The whiskers extending from the box are the lowest and highest non-outlier values. “A” represents the lowest and highest value.
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emission of pollutants, like being prohibited of open burning at
small workshops, and centralizing e-waste recycling activities
within a special factory. However, these sites are still polluted with
these contaminants despite various efforts.

Meanwhile, Fig. S12 showed: MV in organisms (2.42 ng/g dw for
TBBPA-MHEE and 2.794 ng/g dw for TBBPA-DHEE) > soils
(0.984 ng/g dw for TBBPA-MHEE and 1.1 ng/g dw for TBBPA-DHEE)
> waters (not detected for TBBPA-MHEE and 0.472 ng/mL for
TBBPA-DHEE), these concentrations displayed significant differ-
ences among the three types of environmental media (P < 0.05,
ANOVA). However, a similar phenomenon was not observed by the
measured concentrations from samples in JJP and RIB, probably
owing to the continuous input of pollutants from the e-waste
dismantling sites without further treatment, resulting in irregular
differences in the ambient environments.
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