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• Thirteen bisphenol analogues were 
determined in paired house dust and 
child urine. 

• BPA was the dominant analogue both in 
dust and urine samples. 

• No association was found between uri-
nary and house dust BPs. 

• Dust intake contributed a small propor-
tion to the overall exposure of children.  
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A B S T R A C T   

Following the restriction of bisphenol A (BPA) in certain products, a number of bisphenol analogues (BPs) have 
been used as BPA replacements in different applications, raising environmental and health concerns. The present 
study determined a total of 13 bisphenol analogues in house dust and children urine from South China families 
(n = 46). Among all BPs, BPA, bisphenol S (BPS) and bisphenol F (BPF) were frequently detected in house dust, 
with concentrations ranging from 0.54 to 26.2 μg/g (median: 2.60 μg/g), 0.07–11.5 μg/g (median: 0.32 μg/g) 
and 0.02–2.4 μg/g (median: 0.29 μg/g), respectively. BPA (median: 2.43 ng/mL) was also the dominant BP in 
children urine samples, accounting for 75.2 ± 27.4% of the total concentrations of urinary BPs, followed by BPS 
(0.23 ng/mL), whereas BPF was only detected in less than 30% of urine samples. Children’s daily intake of 
bisphenols through dust ingestion and total daily intakes were estimated based on the dust and urine concen-
trations, respectively. The estimated intake of BPA, BPS and BPF via house dust ingestion accounted for 9%, 12% 
and 38% of the total intakes predicted based on urinary concentrations, respectively, and exhibited very low 
exposure risks.   

* Corresponding author. 
E-mail address: liuxiaotu@jnu.edu.cn (X. Liu).  

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2022.133701 
Received 31 August 2021; Received in revised form 5 January 2022; Accepted 18 January 2022   

mailto:liuxiaotu@jnu.edu.cn
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.133701
https://doi.org/10.1016/j.chemosphere.2022.133701
https://doi.org/10.1016/j.chemosphere.2022.133701
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.133701&domain=pdf


Chemosphere 294 (2022) 133701

2

1. Introduction 

BPA (bisphenol A, 2,2-bis(4-hydroxyphenyl) propane) is one of the 
most popular industrial chemicals with high production volumes 
worldwide. It has been used as an additive in the production of poly-
carbonate plastic and epoxy resin, as well as in many consumer prod-
ucts, such as toys, electronics, paper products and plastic food containers 
(Vandenberg et al., 2007; Chen et al., 2016). Long-term and large-scale 
applications have resulted in ubiquitous occurrence of BPA in global 
environment (Chen et al., 2016; Liu et al., 2021b). In vitro and in vivo 
studies have demonstrated a variety of toxic effects of BPA, mainly 
including endocrine disruption, neural networks, genotoxicity, repro-
ductive toxicity, and neurotoxicity (Bonefeld-Jørgensen et al., 2007; 
Rochester, 2013). Especially, childhood exposure to BPA were reported 
to be associated with increased adiposity and higher levels of anxiety 
(Ejaredar et al., 2017). Consequently, BPA has been restricted from use 
in polycarbonate baby bottles and sippy cups from North American and 
European Union (Usman and Ahmad, 2016). However, the restriction 
has stimulated the manufacturing and applications of many alternative 
chemicals as BPA replacements (Chen et al., 2016; Qiu et al., 2019). 

A number of chemicals with two hydroxyphenyl functionalities, 
which are structurally similar to BPA and referred to as bisphenol ana-
logues (BPs), have been widely used as BPA replacements. Typical ones 
include BPB (bisphenol B, 2,2-bis(4-hydroxyphenyl)butane), BPC 
(bisphenol C, 2,2-Bis(4-hydroxy-3-methylphenyl) propane), BPE 
(bisphenol E, 4,4′-ethylidenebisphenol), BPF (bisphenol F, 4,4 
–methylenediphenol), and BPS (bisphenol S, 4-hydroxyphenyl sulfone) 
(Chen et al., 2016). However, some of the BPs were reported to exhibit 
toxic potentials comparable to or even greater than those of BPA (Lee 
et al., 2019; Lei et al., 2019; Rochester and Bolden, 2015). BPF and BPS 
were reviewed to have hormonal potencies of the same magnitude as 
BPA both in vitro and in vivo (Rochester and Bolden, 2015). BPF was 
found to induce thyroid hormone disruption at a concentration (2.0 
mg/L) lower than that of BPA in Danio rerio (Lee et al., 2019). This raised 
concerns on the environmental and health safety of the variety of 
bisphenol analogues as BPA replacements. 

Residential environment has been suggested as an important source 
of environmental chemicals to human exposure. House dust has been 
broadly employed to investigate the occurrences of environmental 
chemicals in indoor environment (Dong et al., 2019). Additive chem-
icals may migrate from host consumer products and attach to dust 
particles. A variety of chemicals, including BPA, has been demonstrated 
with ubiquitous presence in house dust (Tan et al., 2018; Liao et al., 
2012b). Humans may be exposed to dust-associated chemicals via dust 
ingestion, inhalation, and dermal contact (Geens et al., 2012; Wang 
et al., 2015). Previous studies have reported significant correlations 
between house dust-associated and urinary BPA (Liu et al., 2019a), 
suggesting a link between indoor pollution and human exposure. 
However, information remains limited on indoor contamination by BPA 
analogues and potential influence on human exposure. 

Although several studies had reported human exposure of BPs (Chen 
et al., 2018; Liu et al., 2019c), data on children exposure to BPs other 
than BPA remained limited in China. Therefore, in the present study, we 
investigated BPA and 15 bisphenol analogues in paired house dust and 
children urine samples from the city of Guangzhou, South China. Pri-
mary aims were to: (1) determine the exposure profiles of bisphenol 
analogues in house dust and urine samples and their potential re-
lationships; and (2) estimate children’s daily intake of bisphenol ana-
logues via dust ingestion and its contribution to overall exposure to BPs. 

2. Method and materials 

2.1. Chemical and reagents 

Reference standards of 13 BPs were purchased from AccuStandard 
(New Haven, CT), including BPA, BPAP (bisphenol AP, 4,4′-(1- 

phenylethylidene)- bisphenol), BPB, BPBP (bisphenol BP, bis(4- 
hydroxyphenyl)-diphenylmethane), BPC, BPE, BPF, BPG (bisphenol G, 
2,2- bis(4- hydroxy-3-isopropylphenyl) propane), BPM (bisphenol M, 
4,4’-(1,3-phenylenediisopropylidene)bisphenol), BPP (bisphenol P, 
4,4′-(1,4-phenylenediisopropylidene)bisphenol), BPPH (bisphenol PH, 
2,2-bis(2-hydroxy-5-biphenylyl)propane), BPS and BPZ (bisphenol Z, 
4,4′-cyclohexylidenebisphenol). Two surrogate standards, BPA-d6 and 
BPS-13C12, as well as an internal standard BPA-d16, were also purchased 
from AccuStandard (New Haven, CT). High performance liquid chro-
matography grade solvents included methanol, acetonitrile, isopropanol 
hexane, methyl tert-butyl ether and ethyl acetate were purchased from 
Fisher Scientific (Hanover Park, IL). Optima grade water was also pur-
chased from Fisher Scientific (Hanover Park, IL). 

2.2. Sample collection 

A total of 46 families residing in the city of Guangzhou, South China, 
were recruited for the study. House dust was collected from each fam-
ily’s dwelling between October 2017 and May 2018 (n = 46). First- 
voided morning urine was also collected from one child of each of the 
families (n = 46). The children who participated were aged from 0.75 to 
6 years; 37 were boys and 9 girls. Informed consent was obtained from 
the children’s parent prior to sample collection. A questionnaire was 
also filled by the parent regarding demographic characteristics and basic 
information on the dwelling environment (Table S1). The study was 
approved by the Ethics Committee of Tongji Medical College, Huazhong 
University of Science and Technology (2017-S225). 

Dust was collected using a commercial vacuum cleaner (Electrolux, 
ZMO1511, 1400 W) attached with a customized and pre-cleaned nylon 
bag (with a pore size = of approximately 25 μm) following our previous 
method (Tan et al., 2018). A field blank was prepared for every ten 
homes by vacuuming pre-cleaned sodium sulfate. After collection, dust 
samples were wrapped in pre-clean aluminum foil and transported to the 
analytical lab. Then dust was sieved through a 125-μm stainless cloth 
sieve (Hogentogler & Co., Inc., Columbia, MD). First-voided morning 
urine was collected from the children by their parents and stored at 
pre-cleaned glass jars. Dust and urine samples were kept at − 80 ◦C until 
analysis (Guo et al., 2013). 

2.3. Chemical analysis 

Dust and urine were analyzed using the methods described previ-
ously (Liu et al., 2019b). Briefly, 50 mg dust samples were spiked with 
surrogate standards and then extracted by a mixture of 3 mL methanol 
and water (6:4, v/v), 3 mL acetonitrile (ACN) and water (8:2, v/v), 3 mL 
of ACN and isopropanol (1:1, v/v), and 3 mL of hexane and isopropanol 
(1:1, v/v) under shaking in water bath. The combined extract was 
further purified by solid phase extraction with a HLB cartridge (3 cc, 60 
mg sorbent, Waters Corporation). The final extract was spiked with the 
internal standard. An aliquot of 1 mL urine was spiked with surrogate 
standards, 200 μl of 1 M ammonium acetate (pH 6.5) and 20 μl 
β-glucuronidase (Helix pomatia), incubated at 37 ◦C overnight. The 
mixture was extracted by a mixture of methyl tert-butyl ether and ethyl 
acetate (5:1, v/v) under an ultrasound bath. The extraction repeated 
twice and the combine extract was concentrated and spiked with the 
internal standard. The specific gravity (SG) of each urine sample was 
measured by a handheld refractometer (Atago, Japan). 

Determination of BPs was conducted on a Shimadzu UPLC coupled to 
an AB Sciex 5500 Q Trap triple quadrupole mass spectrometry (MS/MS, 
Toronto, Canada). Chromatographic separation was achieved with a 
Luna® 2.5 μm C18 (2) 100 Å column (100 mm × 2.1 mm, 2.5 μm par-
ticle size; Phenomenex, Torrance, CA, U.S.). The mobile phase consisted 
of water (A) and methanol (B), both spiked with 0.02 mM ammonium 
acetate. A flow rate of 200 μL/min was used. The gradient was pro-
grammed as: 0–2 min, 5% B; 2–3 min, 5% ramped to 60% B (linear); 
followed by a linear increase to 100% B in 20 min (held for 5 min) and 
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then a change to 5% B in 1 min (held for 5 min). 

2.4. Quality assurance and quality control 

In order to evaluate potential background contamination, a proce-
dural blank was processed along with every batch of ten samples (n = 10 
in total). Only BPA was detected in the procedural blanks (3.0–15.6 ng) 
for dust analysis, whereas none was detected in the procedural blanks 
for urine analysis. To evaluate the recovery efficiencies of analytical 
procedures, pre-cleaned sodium sulfate was spiked with 5 ng each of the 
target BPs along with surrogate standards and processed in five repli-
cates along with two matrix blanks. An aliquot of 1 mL of a urine 
composite pooled from selected participants was also spiked with 5 ng 
each of the target BPs along with surrogate standards and processed in 
five replicates along with two matrix blanks. The recoveries of target 
BPs, after subtracting the original levels in matrix blanks, ranged from 
86 ± 13% to 103 ± 18% and from 64 ± 25% to 115 ± 16% during the 
analysis of sodium sulfate and urine composite, respectively. The re-
coveries of surrogate standards (BPA-d6 and BPS-13C12) from the anal-
ysis of authentic dust samples were 91 ± 21% and 89 ± 23%, 
respectively, and 89 ± 31% and 80 ± 22% in the analysis of authentic 
urine samples, respectively. The concentrations of BPs in dust (μg/g) and 
urine (ng/mL) were adjusted with blank data and the recoveries of 
surrogate standards, and urine concentrations were additionally 
adjusted with SG. The limit of detection (LOD) of an BP was defined as 
its response three times the standard deviation of the noise. The limit of 
quantification (LOQ) was defined as a response ten times the standard 
deviation of the noise level; whereas the LOQ for BPA in dust was esti-
mated as the average blank contamination + 3 × standard deviation of 
blank contamination. The determined LOQs and LODs of dust and urine 
samples was provided in Table S2. 

2.5. Exposure assessment 

The daily intake of BPs via house dust ingestion (DId, ng/kg BW/day) 
was estimated based on the following equation: 

DId =
DIR × Cd × IEF

BW
(1)  

where DIR is the dust ingestion rate (g/day), Cd is the concentration of 
BPs in house dust (ng/g), IEF represents the hours spent over a day in 
homes, and BW is body weight (kg). 

The total daily intakes of BPs (DIt, ng/kg BW/day) based on urinary 
BPs were estimated via the below equation 

DIt =Cu × UV (2)  

where Cu is the concentration of BPs in urine (ng/mL) and UV is the 
urinary volume excreted per day by a child (mL/kg BW day). 

Considering that every parameter varies because of interference by 
external confounding factors without control, the uncertainty of DId and 
DIt was analyzed by means of a Monte-Carlo simulation. Each modeling 
parameter was expressed as a probability distribution function. Detailed 
information of the probabilistic parameters is provided in supporting 
information (Table S3). The Monte Carlo simulation was implemented 
using SPSS Software (Version 22). For each parameter, 100,000 runs 
were conducted. Sensitivity analysis was assessed by conducting corre-
lation between each input and output during Monte Carlo simulations. 
Correlation coefficient (rs) was used to determine the most influential 
parameters. 

2.6. Data analysis 

Statistical analysis was conducted with the SPSS statistics software 
package V20.0 (PASW Statistics 18.0, IBM Inc.) and the level of signif-
icance was set at α = 0.05. For analytes more than 30% of samples had 

concentrations below the LOD were therefore excluded from statistical 
analysis. Therefore, only BPA, BPS and BPF were included. Any mea-
surement below LOD or LOQ was assigned with a value of LOD/√2 or 
LOQ/√2, respectively. Spearman correlation coefficients (rs) were used 
to examine the correlations between different groups of data. Linear 
regression models were employed to determine the associations between 
concentrations of BPA and BPS in children urine and several predictors, 
including dust concentrations, gender, age (≤2, 2–3, 3–6 years), and 
drinking water container type (plastic or non-plastic). All categorical 
variables were dichotomized for analysis. 

3. Results and discussion 

3.1. Bisphenol analogues in indoor dust 

The concentrations and detection rates of the BPs in dust are pre-
sented in Table 1. Out of 13 target BPs, BPA, BPS and BPF were detected 
in all dust samples with detection frequencies of 100%, whereas the 
others were generally below LOD. The total concentrations of detectable 
BPs ranged from 0.72 to 27 μg/g (median: 3.6 μg/g). BPA was the 
dominant analogue in dust, reaching a geometric mean and median of 
2.7 μg/g and 2.6 μg/g, respectively, which accounted for 74.7 ± 15.2% 
of total concentration of BPs. BPS and BPF exhibited dust concentrations 
generally one order of magnitude lower than BPA, with a median con-
centration of 0.32 μg/g and 0.29 μg/g, respectively. 

A number of studies have investigated the occurrence of BPs, other 
than BPA in house dust from different regions. In comparison with other 
studies (Fig. 1), concentrations of BPA in this study were a little higher 
than the concentrations in house dust from Japan (1.7 μg/g), South 
Korea (0.72 μg/g), Greece (1.5 μg/g) and U.S. (1.5 μg/g), but compa-
rable to the level in house dust from Canada (Wang et al., 2015; Fan 
et al., 2021). The BPS and BPF concentration in house dust varied in 
orders of magnitude across different studies. The median concentration 
of BPF in this study was 50-fold higher than those in dust from six 
geographical regions across China (Zhu et al., 2020a). The concentration 
ratio of BPS to BPA has been used as a reflection of the degree of sub-
stitution of BPA, which was determined to be 0.13 in our study and 
lower than those determined in house dust from Singapore (0.20), Japan 
(0.28) and U.S. (0.36) (Liu et al., 2019a; Liao et al., 2012b). The pre-
dominance of BPA in dust samples suggested that BPA is still the most 
widely used bisphenol in China, and the frequently detection of BPS and 
BPF was compelling evidence that they are the important substitution of 
BPA. The prevalence of BPA followed with BPS and BPF was also 
observed in other environmental matrix in China, such as surface water 
and sediment (Jin and Zhu, 2016). 

The spearman correlation analysis indicated a significant correlation 
between BPA and BPF (rs = 0.51, p < 0.01). However, no correlations 
were observed between BPS and BPA or BPF (Table S4). The results may 
suggest that BPA and BPF could share similar applications in household 
consumer products. Available data indicate that BPF is commonly used 
in epoxy resin products, such as water pipes, plastics, or food packaging 
(Ye et al., 2015). Jurek and Leitner (2017) measured BPs in paper and 
paperboard samples, and found only BPA and BPF were detected in all 
samples. By contrast, BPS may have some unique usage. For instance, 
BPS was found with high concentrations in thermal receipt paper, where 
only low or nondetectable concentrations of BPA were detected (Liao 
et al., 2012c). 

Overall, our data demonstrated that BPF and BPS occurred as the 
main bisphenol analogues other than BPA in house environment, indi-
cating that they were the major substituents with applications in con-
sumer products. Although BPA remained as the most dominant 
bisphenol analogue in house dust, increasing use of BPA replacements 
may result in higher concentrations in natural and human living envi-
ronments as well as human exposure risks. 
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3.2. Urinary concentrations of bisphenol analogues 

The total urinary concentrations of BPs ranged from 0.38 to 24.45 
ng/mL with a median of 2.08 ng/mL. In addition to BPA and BPS which 
were detected in more than 98% of urine samples, BPF and BPE were 
also detected at a rate of 28% and 26%, respectively (Table 1). Other BPs 
were below LOD. BPA was the most abundant bisphenol analogue, with 
a median concentration of 2.43 ng/mL, accounting for 75 ± 27% of the 
total BP concentrations. By contrast, BPS concentrations ranged from 
<LOQ to 5.90 ng/mL with a median concentration of 0.23 ng/mL. 

To date, only a few studies have investigated urinary concentrations 
of bisphenol analogues not only BPA in children or adults (Fig. 2). In 
comparison with other studies, urinary concentrations of BPA and BPS 
of South China children were within the range of those measured in 
children urine from Japan, Norway, Brazil, U.S. and Sweden (Gys et al., 
2020; Sakhi et al., 2018; Rocha et al., 2018; Lehmler et al., 2018; 
Hoffman et al., 2018; Chen et al., 2018; Larsson et al., 2017). In most 
cases, BPA remained as the most abundant bisphenol analogue in human 
urine. However, a few exceptions occurred. For instance, BPS had higher 
concentrations than BPA and BPF determined in a population from 
Jeddah, Saudi Arabia (Asimakopoulos et al., 2014). 

There was no significant difference in both urinary BPA and BPS 
concentrations between gender and age groups (≤2, 2–3, 3–6 years) of 
children. These were consistent with most previous adult or child studies 
(Zhang et al., 2011; Liao et al., 2012a; Stacy et al., 2016; Chen et al., 
2018). However, we could not rule out the possibility that the null re-
sults were caused by a small sample size and narrow age range of our 
participants. Overall, our study provides more data to understand the 
exposure of BPs other than BPA for Chinese children, which have much 
less been investigated in biomonitoring studies before. 

3.3. Associations between paired urine and dust samples 

Dust intake has been suggested as one of the routes for human 
exposure to indoor chemicals. However, no significant correlation was 
observed between paired dust and urine samples in the present study 
(Table S3). We further categorized the urine BP concentrations into two 
groups according to the distribution of paired dust concentrations, 
namely the high (dust concentration higher than median value) and low 
(dust concentrations lower than median value) exposure group. 
Although the median concentration of urinary BPA in the high exposure 
group (2.71 ng/mL) was higher than that in the low exposure group 

Table 1 
Concentrations and detection frequencies (DF) of bisphenol analogues in house dust (μg/g) and children urine (ng/mL) from South China.   

Dust (n = 46, μg/g) Children urine (n = 46, ng/mL) 

DFa (%) GMb Median Range DF (%) GM Median Range 

BPA 100 2.68 2.59 0.54–26.2 100 3.05 2.43 0.24–38.8 
BPS 100 0.36 0.32 0.07–11.5 98 0.25 0.23 n.d.-5.90 
BPF 100 0.31 0.29 0.02–2.37 28 0.09 <LOQd n.d.-7.25 
BPE 0 n.d.c n.d. n.d. 26 2.75 <LOQ n.d.-1.20 
BPB 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPC 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPG 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPP 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPM 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPAP 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPBP 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPPH 0 n.d. n.d. n.d. 0 n.d. n.d. n.d. 
BPZ 0 n.d. n.d. n.d. 0 n.d. n.d. n.d.  

a DF: detection frequency. 
b GM: geometric mean. 
c n.d.: not detected; values less than the limit of detection (LOD). 
d
< LOQ: the limit of quantification; values less than LOQ but higher than LOD. 

Fig. 1. Comparison of median concentration (ng/mL) of BPA, BPS and BPF in house dust from different regions. Data are from Wang et al. (2015)a, Fan et al. (2021)b, 
Liu et al. (2021a)c, Zhu et al. (2020a)d, and this studye. 
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(2.20 ng/mL), the differences were not statistically significant. By 
contrast, the median concentration of urinary BPS in the high exposure 
group was even lower than that in the low exposure group (i.e., 0.18 vs. 
0.25 ng/mL), although no significant difference was observed. To better 
interpret the data, linear regression models were further employed. BPA 
and BPF concentrations in child urine were not associated with dust 
concentration with adjustment for age, gender and water container type. 
All these results indicated the influence of house dust on urinary BP 
concentration of child was insignificant. 

The lack of associations between dust and urinary levels suggested 
that other exposure pathways than dust intake may contribute to human 
exposure. Dietary intake has been suggested to be one of the most 
important exposure pathways for human exposure to BPA (Chen et al., 
2016). Dietary intake of BPA could be orders of magnitude higher than 
that from nondietary sources (Geens et al., 2012). An observational 
study collected and analyzed environmental matrix samples (dust, air 
etc.) as well as food and urine samples of preschool children from the U. 
S., found that the daily exposure to BPA via dietary ingestion accounted 
for 99% to the aggregate exposure, while the in total contributions from 
inhalation and ingestion of dust and soil were less than 1% (Wilson et al., 
2007). BPF and other non-BPA analogues were also detected in food-
stuffs (Cao et al., 2019; Liao and Kannan, 2013, 2014). A U.S. survey 
reported that BPF occurred as the second most abundant bisphenol 
analogue in a variety of food items (Liao and Kannan, 2013). In addition, 
given a few analogues are employed in some specialized applications, 
other exposure pathways may exist. For example, BPS has been reported 
as a major bisphenol broadly used in receipts and other thermal papers 
(Liao et al., 2012c). Humans may be exposed via thermal contact and 
hand-to-mouth contact. The use of hand sanitizers may facilitate the 
intake via these exposure routes (Hormann et al., 2014). 

Therefore, while dust intake could constitute a ubiquitous exposure 
pathway for human exposure to bisphenol analogues, other pathways 
also exist and could contribute to human exposure in a chemical-specific 
pattern. The exposure pattern may also differ between genders and age 
groups due to different lifestyles and behaviors. These aspects should be 
taken into consideration in future investigation of human exposure to 
bisphenols. 

3.4. Predicted intake from dust ingestion and total intake of BPs by 
children 

Based on dust concentrations, we estimated the daily intake of BPA, 

BPS, BPF and ΣBPs via house dust ingestion (DId) by children, while the 
total daily intake of the three BPs (DIt) was estimated based on urinary 
data (Table 2). The results of point assessment were in consistent with 
those of probabilistic assessment from Monte Carlo simulation (Table 2), 
indicating that the exposure dose can be estimated from the monitoring 
results. The sensitivity analysis indicated that the most influential pa-
rameters for estimating DId were BP concentrations in dust (rs: 
0.68–0.72) and the dust ingestion rate (rs: 0.37–0.53), and the most 
influential parameter for estimating DIt were BP concentrations (rs: 
0.99–1.0) in urine (Fig. S1). 

The median DId of BPA, BPS, BPF and ΣBPs were estimated to be 5.5, 
0.8, 0.6 and 7.5 ng/kg bw day, respectively. The median DIt of BPA, BPS, 
BPF and ΣBPs were determined to be 65.6, 4.9, 2.0 and 175 ng/kg bw 
day, respectively. Dust ingestion contributed approximately 9%, 12% 
and 38% of the total intake of BPA, BPS, and BPF, respectively. These 
data are consistent with the findings from previous studies which sug-
gested that the estimated contribution from preschool dust ingestion to 
the total BPA intake was 6% for Swedish preschool students (Larsson 
et al., 2017; Wilson et al., 2007) and 9.23% for children in Guangzhou 
(Lv et al., 2016). This further demonstrates the complexity of exposure 
sources and pathways. It should be noted that the influence of dust 
intake on total BPS or BPF exposure seems to be greater than that for 
BPA. As pointed out earlier, dietary intake has been suggested as the 
predominant exposure pathway for BPA (Geens et al., 2012), whereas 
for other bisphenols non-dietary sources might be more important 
compared with that for BPA. Indeed, a recent dietary intervention study 
found dietary sources constituted an important contributor of children 
exposure to BPA but not BPS (Kim et al., 2020). This once again raises 
the need of elucidating analogue-dependent exposure sources and 
pathways. 

Both the DId and DIt of BPA or other analogues were far lower than 
the temporary tolerable reference dose of 4000 ng/kg bw/day recom-
mended for BPA by the European Food Safety Authority (EFSA, 2015). 
This indicates low exposure risks via dust intake or a combination of 
pathways. However, the risk should not be overlooked. Exposure to 
multiple BPs could produce mixture effects different from what can be 
predicted from exposure to individual chemicals. For example, a mixture 
of eight estrogenic chemicals, including BPA, at concentrations below its 
effect threshold, exhibited significant mixture effects (Silva et al., 2002). 
In an in vitro cytotoxicity study, additive and synergism effects were 
observed after exposure to the binary bisphenol mixture (Zhu et al., 
2020b). In addition, a lack of relevant refence dose or other toxic 

Fig. 2. Comparison of median concentration (ng/mL) of BPA, BPS and BPF in child urine from different regions. Data are from Gys et al. (2020)a, Sakhi et al. (2018)b, 
Rocha et al. (2018)c, Lehmler et al. (2018)d, Hoffman et al. (2018)e, Larsson et al. (2017)f, Liu et al., (2019c)g, Chen et al. (2018)h, and this studyi. 
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thresholds for bisphenols other than BPA also limits an accurate deter-
mination of exposure risks. Although many bisphenol analogues exhibit 
similar modes of action as BPA, some could induce toxic potencies 
similar to or even greater than that of BPA (Chen et al., 2016). For 
instance, although BPS was generally less estrogenic and antiandrogenic 
than BPA, the former exhibited greater efficacy on 17α-hydrox-
yprogesterone (Rosenmai et al., 2014). Therefore, cautions should be 
taken when interpreting exposure data and predicting exposure risks. 

Overall, the small contribution of indoor dust ingestion to the total 
exposure suggested dust alone may not provide comprehensive and 
accurate information for children exposure to BPs. The study presents 
several limitations. First, our sample size was relatively small. Second, 
most parameters in exposure assessments were cited from other studies. 
Third, only house dust ingestion route was considered in the exposure 
assessment, but additional exposure route such as dermal absorption 
may exist. 

4. Conclusions 

In the present study we characterized the exposure profiles of 
bisphenol analogues in house dust and paired children urine samples 
from South China. BPA was the dominant analogue in both house dust 
and urine; however, the data also demonstrated the wide use of BPS and 
BPF in household and related humane exposure. No significant corre-
lations were observed between paired house dust and children urine, 
indicating a complexity of exposure pathways beyond dust intake. 
Indeed, the estimated daily intake via dust ingestion only accounted for 
a small proportion of the total daily intake of major bisphenol analogues. 
Although the current exposure unlikely induces any considerable health 
risk, potential mix effects from co-existing chemicals, as well as the 
influencing factors, merit further studies. 
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