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ABSTRACT: Data on gestational exposure characteristics and transplacental transfer are quite 1 

limited for perfluoroalkyl substance (PFAS) isomers, especially those from large-scale 2 

comparative studies. To fill this gap, we examined isomers of perfluorooctane sulfonic acid 3 

(PFOS), perfluorooctanoic acid (PFOA), and perfluorohexane sulfonic acid (PFHxS) in matched 4 

maternal and cord serum from Mianyang and Hangzhou, which are located in the upper and lower 5 

reaches of the Yangtze River, China, respectively. These data were compared with those from our 6 

previous study on Wuhan in the middle reach. The average ΣPFAS concentrations increased from 7 

upstream to downstream (Mianyang (4.44 ng/mL) < Wuhan (9.88 ng/mL) < Hangzhou (19.72 8 

ng/mL)) and may be related to the per capita consumption expenditures of each city. The 9 

ln-transformed PFAS concentrations showed significant differences between Mianyang and 10 

Hangzhou after adjusting confounding factors (p < 0.05). The percentages of linear PFOS and 11 

PFOA in maternal and cord serum from these cities all exceeded those in electrochemical 12 

fluorination products. The isomer profiles of PFASs in maternal and cord serum might be greatly 13 

influenced by local production processes of PFASs and residents’ dietary habits. The transplacental 14 

transfer efficiencies decreased significantly with increasing concentrations in maternal serum for 15 

ΣPFAS, ΣPFOS, ΣPFOA, ΣPFHxS, n-PFOS, iso-PFOS, 4m-PFOS, 1m-PFOS, n-PFOA, n-PFHxS, 16 

and br-PFHxS (Spearman rank correlation coefficients (r) = 0.373−0.687, p < 0.01). These 17 

findings support an understanding of the regional characteristics in maternal exposure to PFASs 18 

along the Yangtze River, isomeric profiles of PFASs in these regions, and the transplacental 19 

transfer processes of PFAS isomers. 20 

Capsule: Prenatal PFAS exposure was lowest in Mianyang, then higher in Wuhan, and highest in 21 

Hangzhou, from the upper to the lower reaches of the Yangtze River. 22 

Keywords: PFOS, PFOA, PFHxS, isomers, transplacental transfer, the Yangtze River  23 

24 
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1. Introduction 25 

Poly- and perfluoroalkyl substances (PFASs) are a class of anthropogenic chemicals with 26 

different fluorinated alkyl chains (CnF2n+1-) and polar functional groups (de Voogt and Sáez, 2006). 27 

Among these compounds, perfluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), 28 

and perfluorohexane sulfonic acid (PFHxS) have become pollutants of interest for decades because 29 

of their persistence (Giesy and Kannan, 2002), bioaccumulation (Hansen et al., 2001), potential 30 

harmfulness to humans (UNEP, 2007), prevalent industrial use (Prevedouros et al., 2006), and 31 

wide global distribution (Giesy and Kannan, 2002). The primary industrial processes to produce 32 

PFASs include electrochemical fluorination (ECF) and telomerization. Amongst them, ECF 33 

usually results in branched by-products. For example, ratios of linear isomers to branched isomers 34 

are approximately 70:30 and 78:22 for ECF production of PFOS and PFOA, 35 

respectively (Beesoon et al., 2011; Prevedouros et al., 2006). On the other hand, telomerization 36 

primarily or exclusively produces linear PFASs (Buck et al., 2011), and it has become the 37 

predominant PFOA production process. As a result, isomeric fingerprints of PFASs in the human 38 

body might provide important information on exposure sources.  39 

Prenatal exposure to these pollutants is of great concern, as pregnant women and fetuses are 40 

particularly vulnerable to xenobiotic exposure (Roze et al., 2009). It has been reported that PFASs 41 

have potential adverse impacts on maternal fecundity (Velez et al., 2015), pregnancy-induced 42 

hypertension (Darrow et al., 2013), neonatal birth outcomes (Govarts et al., 2018; Johnson et al., 43 

2014), gestational age (Arbuckle et al., 2013; Chen et al., 2012), and so on. Compared with linear 44 

PFOS, prenatal exposure to branched PFOS may have a greater impact on infant birth weight (Li 45 

et al., 2017). As the toxicological effects and biological behaviors of these compounds are 46 
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expected to have an origin in their molecular structure and may differ considerably among isomers, 47 

studies on the differences in prenatal exposure among PFASs at isomeric levels are very important. 48 

PFASs can be transferred from mothers to fetuses via the placenta (Zhang et al., 2013a). The 49 

human placenta is a complex structure that includes the amnion, chorion, and basal plate (Sood et 50 

al., 2006). It is essential for the material exchange between the mother and fetus. Within the 51 

placenta, the apical and basal membranes of syncytiotrophoblasts as well as fetal capillary 52 

endothelia have different transporters that can either uptake or efflux xenobiotics (Vahakangas and 53 

Myllynen, 2009). It has been suggested that the expression of a transport protein in the placenta, 54 

organic anion transporter 4 (OAT 4), decreases the transplacental transfer of PFOA and 55 

PFOS (Kummu et al., 2015). This indicates that the expression of various transporters in the 56 

placenta may play an important role in the transplacental transfer of PFASs. But the transplacental 57 

transfer mechanism of PFASs remains unclear. 58 

 To date, only two studies have investigated the transplacental transfer efficiencies of 59 

individual isomers of PFASs from maternal to cord serum (Beesoon et al., 2011; Chen et al., 2017). 60 

The transplacental transfer efficiencies of PFOS isomers declined with increasing distance of the 61 

branching point from the sulfonate moiety. While branched isomers could cross placentae more 62 

efficiently than the linear isomer for both PFOS and PFOA, the opposite trend was observed for 63 

PFHxS (Beesoon et al., 2011; Chen et al., 2017). More explorations are warranted because 64 

studying the transplacental transfer process of PFAS isomers is important for understanding the 65 

placental function, evaluating the uterine environment, and protecting fetal health.  66 

To date, the geographical diversity in the prenatal exposure of PFAS isomers has not been 67 

reported, while such information helps us to better understand macroscopic exposure trends, 68 

exposure sources, influence factors, and transfer processes. In China, three cities along the Yangtze 69 

River, Mianyang (in Sichuan Province), Wuhan (in Hubei Province), and Hangzhou (in Zhejiang 70 
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Province), are located in the upper, middle, and lower reaches, respectively. For this river, PFASs 71 

have been detected in the water (Pan et al., 2014) and fish (Liu et al., 2018). PFASs in water was 72 

related to cities’ gross domestic product (GDP) per capita (Piao et al., 2017). PFAS isomers in food, 73 

such as fish, could affect isomeric profiles of PFASs in human bodies (Shan et al., 2016). The 74 

economic levels and residents’ eating habits among the cities along the Yangtze River are different 75 

(Table S1 and Figure S1). But it is still unclear whether human PFAS exposure along this river 76 

show certain trends or differences due to these economic and dietary differences. 77 

In the current study, isomers of PFOS, PFOA, and PFHxS were quantified in paired maternal 78 

serum and cord serum collected from Hangzhou (n = 36) and Mianyang (n = 36). Data on samples 79 

from Wuhan (n = 32) from our previous study were cited for comparison (Chen et al., 2017). The 80 

objectives of this study are to (i) investigate the exposure discrepancies and trends of PFASs 81 

among cities in the upper, middle, and lower reaches of the Yangtze River, (ii) analyze isomer 82 

profiles of PFASs in maternal and infant populations and identify key influence factors, and (iii) 83 

explore the transplacental transfer processes of PFAS isomers and explain our findings. 84 

2. Materials and methods 85 

2.1. Study Population and Sample Collection 86 

We recruited 36 pregnant women between January 2018 and May 2018 in Mianyang, Sichuan 87 

Province, China, as well as 36 pregnant women between April 2019 and June 2019 in Hangzhou, 88 

Zhejiang Province, China. None of these pregnant women and their babies had a serious illness. 89 

All babies were singleton births without congenital problems. All pregnant women from Mianyang 90 

had lived there for more than a decade, and all pregnant women from Hangzhou had no residence 91 

history in other places before delivery. Their umbilical cord blood was collected at delivery, and 92 
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matched maternal blood was collected near delivery for studying the transplacental transfer 93 

efficiency. Once these blood samples had been collected, they were immediately separated by 94 

centrifugation at 5000 rpm for 10 min to obtain serum on-site. All samples were stored in sterile 95 

polypropylene tubes and frozen at −80 °C. The demographic information of the mothers and 96 

neonates is listed in Table S2. For comparative purposes, we have cited the PFAS concentrations in 97 

32 pairs of maternal and cord serum that were collected at Wuhan, Hubei Province, China. These 98 

results were reported in our previous study (Chen et al., 2017). All participants provided written 99 

informed consent. The ethical protocol was approved by the ethics committees of the Mianyang 100 

Maternal and Child Health Center. 101 

2.2. Standards and Reagents 102 

The naming of isomers of PFOA, PFOS, and PFHxS followed the nomenclature proposed by 103 

Benskin et al. (Benskin et al., 2007). The following standards were purchased from Wellington 104 

Laboratories Inc. (Ontario, Canada): individual standards of n-, 1m-, 3m-, 4m-, 5m-, iso-, (4,4) m2-, 105 

(4,5) m2-, and (5,5) m2-PFOS (i.e., tb-PFOS); individual standards of n-, 3m-, 4m-, 5m-, iso-, (4,4) 106 

m2-, (4,5) m2-, and (5,5) m2-PFOA (i.e., tb-PFOA); a mixture of n-/br-PFHxS; and isotopically 107 

labeled standards of 13C4-PFOS, 13C8-PFOS, 13C4-PFOA, 13C8-PFOA, and 18O2-PFHxS. Optimal 108 

LC/MS-grade methanol, ammonium hydroxide (NH4OH), ammonium acetate, and formic acid 109 

were obtained from Fisher Scientific Inc. (Loughborough, UK). 110 

2.3. Sample Extraction 111 

Solid phase extraction (SPE) was used for the simultaneous determination of target linear and 112 

branched PFAS isomers in serum samples as described in our previous study (Chen et al., 2017). 113 

In brief, 1 mL of serum was first spiked with isotopically labeled internal standards, namely, 114 
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13C4-PFOS, 13C4-PFOA, and 18O2-PFHxS. After adding 3 mL of 0.1 M formic acid, the mixture 115 

was vortexed and then sonicated for 20 min. SPE was conducted using Oasis-HLB cartridges 116 

(Waters, Milford, MA; 60 mg/3 mL). Before each extraction run, the extractor lines were washed 117 

with methanol and water, and the cartridges were conditioned with methanol (2 mL) and 0.1 M 118 

formic acid (2 mL). Next, the samples were passed through the cartridges at 1 mL/min. These 119 

cartridges were then washed with 0.1 M formic acid (3 mL), a mixture of 0.1 M formic acid and 120 

methanol (1:1, v/v, 5 mL), and 1% NH4OH/water (1 mL). Afterward, the analytes were eluted 121 

from the cartridges with 1 mL of 1% NH4OH/methanol. The above eluates were concentrated 122 

under a gentle stream of nitrogen and then reconstituted with a mixture of 250 µL of methanol and 123 

250 µL of Milli-Q water. The extracts were centrifuged at 10000 rpm, and the supernatants were 124 

collected into polypropylene vials (Agilent Technologies, Santa Clara, CA). Finally, the extracts 125 

were spiked with injection internal standards (13C8-PFOS and 13C8-PFOA) prior to analysis. 126 

2.4. Instrumental Analysis 127 

Isomers of PFOS, PFOA, and PFHxS were quantitatively determined by an Ultra Performance 128 

Liquid Chromatography coupled with Xevo TQ-S triple quadrupole mass spectrometry system 129 

(Waters ACQUITY UPLC I-Class, Milford, MA). A Fluoro Sep RP Octyl column (2.1 mm × 150 130 

mm, 3 μm, ES Industries) was used for isomeric separation of PFASs based on the methods 131 

developed by Benskin et al. (Benskin et al., 2007) The gradient elution was at 200 μL/min, starting 132 

with 50% solvent A (5 mM ammonium formate in water at pH 4.0 adjusted by formic acid) and 50% 133 

solvent B (100% methanol). The settings of the mobile phase gradient were as follows: 0.0 min, 50% 134 

B; 0.3–1.9 min, 64% B; 1.9–5.9 min, 66% B; 5.9–7.9 min, 70% B; 7.9–40 min, 78% B; 40–41 min, 135 

100% B; 41–46 min, 100% B; 46–47 min, 50% B; and 47–60 min, 50% B. Parameters of negative 136 

electrospray ionization mode were as follows: capillary voltage, 3 kV; desolvation temperature, 137 
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400 °C; desolvation gas flow, 1000 L/h; and collision gas flow and cone gas flow, 0.15 mL/min 138 

and 150 L/h, respectively. The precursor and product ions and relevant parameters for target 139 

analytes are provided in Table S3. 140 

2.5. Quality Assurance/Quality Control 141 

The internal-standard method was conducted to quantify the concentrations of PFAS isomers 142 

in serum. A procedural blank using Milli-Q water was set up with each batch of twelve samples to 143 

monitor the potential background contamination. The average matrix spiking recoveries (80–111%) 144 

and standard variations are shown in Table S4. The method quantification limit (MQL) is also 145 

available in Table S4, which was defined as the concentration responding to a signal-to-noise ratio 146 

of ten in the serum matrix. All labware was polypropylene and rinsed with HPLC-grade methanol 147 

(Sigma-Aldrich) twice before use. 148 

2.6. Data Analysis 149 

The transplacental transfer efficiency was estimated by calculating the ratio (RCM) of PFAS 150 

concentrations in the cord serum (Ccord, ng/mL) to those in the paired maternal serum (Cmaternal, 151 

ng/mL). The percentages or means (standard deviations) were calculated for the descriptive 152 

statistical analyses of PFAS isomer levels and participant characteristics. Only compounds that 153 

were detected in more than 33.3% of samples were included in the statistics. PFAS concentrations 154 

in maternal and cord serum below MQL were substituted by MQL/2 in calculating the mean 155 

concentrations but were treated as missing values in the calculation of RCM for paired samples.  156 

Data were evaluated for normality using the Kolmogorov−Smirnov test. The concentrations 157 

of PFASs were ln-transformed to gain normal distributions. Correlations were estimated by the 158 

Pearson correlations coefficients if two sets of data were both in normal distribution; otherwise, 159 
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the Spearman rank correlation coefficients were used. Differences were estimated by the Paired 160 

Sample T-test (for two sets of data in pairs), the Independent Sample T-test (for two sets of 161 

independent data), or the One-way Analysis of Variance (for three or more sets of independent data) 162 

if data were in normal distribution; otherwise, the Wilcoxon Signed-Rank Test (for paired data) or 163 

the Mann-Whitney U Test (for independent data) were used.  164 

Univariate and multivariable linear regressions were conducted to compare the differences in 165 

PFAS exposure between Hangzhou and Mianyang. The ln-transformed PFAS concentrations were 166 

set as dependent variables, and city was set as the predictor variable. No confounding variables 167 

were introduced to the crude model (Model 1). Maternal age, gestational age, pregnancy times, 168 

degree of education, occupation, and address were confounding variables in the basic adjusted 169 

model (Model 2) because they were significantly different between two cities, linearly correlated 170 

with ln-transformed concentrations of most PFASs, and not multiple collinear (VIF < 5). In the 171 

further adjusted model (Model 3), in addition to the above confounding variables, more factors 172 

were added, including blood type, parity, maternal height, maternal weight, neonatal gender, birth 173 

weight, and birth length (VIF < 5). All the statistical significance level was at α = 0.05. All 174 

statistical tests were performed using SPSS Statistics software version 20.0 (IBM, Chicago, IL, 175 

USA). 176 

3. Results 177 

3.1. Exposure Levels and Discrepancies of PFASs in Participants from Mianyang, Wuhan, and 178 

Hangzhou 179 

The frequency of detection and average concentrations of PFAS isomers in maternal serum and 180 

cord serum in Mianyang, Hangzhou, and Wuhan are shown in Table S5. 1m-PFOS (94−100%), 181 
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4m-PFOS (28−100%), 3+5m-PFOS (81−100%), n-PFOS (100%), iso-PFOS (75−100%), n-PFOA 182 

(100%), n-PFHxS (86−100%), and br-PFHxS (31−100%) showed relatively high frequencies of 183 

detection in maternal and cord serum from these three cities. The detection frequencies of 184 

5m-PFOA (0−33%), 4m-PFOA (0−6%), and tb-PFOA (0%) were quite low. Σm2-PFOS and 185 

3m-PFOA showed high detection rates in Wuhan but low detection rates in Hangzhou and 186 

Mianyang. 187 

The average concentrations of PFOS, PFOA, and PFHxS isomers in Mianyang, Hangzhou, and 188 

Wuhan are illustrated in Figure 1. The average total concentrations of PFASs in serum followed 189 

the sequence of Mianyang (4.44 ng/mL) < Wuhan (9.88 ng/mL) < Hangzhou (19.72 ng/mL), 190 

gradually increasing from upstream to downstream. The average ΣPFHxS concentrations followed 191 

the same sequence in maternal serum and cord serum. However, the average concentration of 192 

ΣPFOS in Wuhan surpassed that in Hangzhou and Mianyang, while the average concentration of 193 

ΣPFOA in Wuhan was much lower than that in the other two cities. In all accounts, the average 194 

concentrations of ΣPFOS, ΣPFOA, and ΣPFHxS in Hangzhou were always greater than those in 195 

Mianyang.  196 

The concentration box plot of the 144 samples from Hangzhou and Mianyang is illustrated in 197 

Figure S2. The maternal serum concentrations of ΣPFOS, ΣPFOA, and ΣPFHxS showed 198 

significant (p < 0.01) discrepancies between Mianyang and Hangzhou. The discrepancies were 199 

also significant (p < 0.01) in cord serum. After adjusting confounding factors in Model 2, the 200 

factor “city” still showed a significant impact on the ln-transformed PFAS concentrations in 201 

maternal and cord serum (Table S6). The further adjusted model (Model 3) also showed significant 202 

differences in ln-transformed PFAS concentrations (except for 4m-PFOS) between Mianyang and 203 

Hangzhou. 204 
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Between maternal and cord serum, the mean concentrations of ΣPFOS, ΣPFOA, and ΣPFHxS 205 

in the former all exceeded those in the latter for all three cities (Figure 1). These differences were 206 

all significant (p < 0.01) in Hangzhou. For Mianyang, the differences were significant (p < 0.01) 207 

for ΣPFOS and ΣPFHxS but insignificant for ΣPFOA (p > 0.05). 208 

3.2. Isomer Profiles of PFOS, PFOA, and PFHxS in the Three Cities 209 

The isomer compositions of PFASs in Mianyang, Hangzhou, and Wuhan are illustrated in 210 

Figure 2. The median proportions of n-PFOS in maternal and cord serum in these cities all 211 

exceeded that in historical ECF PFOS products (approximately 70%). The median percentages of 212 

n-PFOS in Wuhan (76–84%) were lower than that in Hangzhou (92–94%) and Mianyang (91–93%) 213 

in both the maternal and cord serum. Percentages of n-PFOS in maternal serum were significantly 214 

higher than those in cord serum in both Mianyang and Hangzhou (p < 0.01), as listed in Table S7. 215 

For PFOA, branched isomers contributed 10–11% in Wuhan, 2–3% in Hangzhou, and 7% in 216 

Mianyang in the maternal and cord serum. The median proportions of n-PFOA were higher than 217 

those in historical ECF PFOA products (approximately 78%) in these three cities. Hangzhou 218 

showed higher n-PFOA% in both maternal and cord serum than Mianyang (p < 0.01). The 219 

discrepancies in n-PFOA% in maternal and cord serum were significant in Hangzhou (p < 0.01) 220 

but inconspicuous in Mianyang (p = 0.059).  221 

In terms of PFHxS, the branched compositions accounted for 9–10% in Hangzhou and 2–4% 222 

in Mianyang (p < 0.01 for both maternal and cord serum), where the median percentages in 223 

maternal serum slightly surpassed those in cord serum (p < 0.05 in Mianyang, p > 0.05 in 224 

Hangzhou). In Wuhan, br-PFHxS accounted for 14% of the PFHxS concentration in maternal 225 

serum but only 3% in cord serum, which was quite different from the other cities. 226 
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3.3. Transplacental Transfer Efficiencies of PFAS Isomers 227 

Correlations between ln-transformed concentrations of PFOS, PFOA, and PFHxS isomers in 228 

the paired maternal serum and cord serum samples in Mianyang and Hangzhou are shown in Table 229 

S8. For 1m-PFOS, 4m-PFOS, 3+5m-PFOS, n-PFOS, iso-PFOS, n-PFOA, iso-PFOA, n-PFHxS, 230 

and br-PFHxS, with detection rates of more than 33.3% in paired maternal serum and cord serum, 231 

significant positive correlations (p < 0.01) were found in Mianyang (n = 36), Hangzhou (n = 36), 232 

and both cities (n = 72). 233 

Transplacental transfer efficiencies of isomer-specific PFASs in samples from Mianyang and 234 

Hangzhou are illustrated in Figure 3. The average RCM of PFOS isomers followed the sequence of 235 

1m > 4m > 3+5m > n > iso. For PFOA, the RCM ranked as iso > n. Regarding PFHxS, the average 236 

RCM of br-PFHxS exceeded that of the linear isomer. As shown in Table S9, the differences of 237 

ln-transformed RCM among PFOS isomers were all significant (p < 0.05), except for the difference 238 

between 4m-PFOS and 3+5m-PFOS. In terms of PFOA, the difference between iso-PFOA and 239 

n-PFOA was significant (p < 0.01). But the difference between n-PFHxS and br-PFHxS was not 240 

significant (p > 0.05). 241 

For different PFAS concentrations in mothers, the transplacental transfer efficiencies were not 242 

constant but had a significant correlation with the concentration. As shown in Table 1, RCM values 243 

decreased with the increase of the corresponding concentrations in maternal serum for 1m-PFOS, 244 

4m-PFOS, n-PFOS, iso-PFOS, n-PFOA, n-PFHxS, br-PFHxS, ΣPFOS, ΣPFOA, ΣPFHxS, and 245 

ΣPFAS (p < 0.01). In cord serum, these correlations were only significant for n-PFOA, n-PFHxS, 246 

br-PFHxS, ΣPFOA, and ΣPFHxS (p < 0.05).  247 

4. Discussion 248 
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4.1. Internal Exposure Levels of PFASs and their Discrepancies among Mianyang, Wuhan, and 249 

Hangzhou 250 

To compare the internal exposure levels of PFASs in the present study with those in other parts 251 

of the world, we refer to our previous review article that summarized the concentrations of PFASs 252 

in maternal and cord blood around the world (Liu et al., 2020). Median ΣPFOS concentrations 253 

worldwide ranged from 1.6 ng/mL (Hanssen et al., 2010) to 19.7 ng/mL (Needham et al., 2011) in 254 

maternal serum and from 0.76 ng/mL (Lee et al., 2016) to 6.6 ng/mL (Needham et al., 2011) in 255 

cord serum, including those in Hangzhou (6.00 ng/mL in maternal serum and 1.80ng/mL in cord 256 

serum) and approximating those in Mianyang (1.91 ng/mL in maternal serum and 0.73 in cord 257 

serum). Since the ΣPFOS concentrations were relatively low in Mianyang, the corresponding 258 

concentrations of PFOS isomers in Mianyang were also slightly lower than those in other 259 

studies (Chen et al., 2017; Jiang et al., 2014; Li et al., 2017; Wang et al., 2018b; Zeng et al., 2019; 260 

Zhang et al., 2017). Whereas, the concentrations of PFOS isomers in Hangzhou were similar to 261 

those in these studies. Regarding ΣPFOA, the median or mean concentrations in both maternal and 262 

cord serum worldwide were mainly in the range of 1 to 3 ng/mL. Those in Mianyang were also in 263 

this range. The concentrations in Hangzhou were higher than this common range, but they were far 264 

below the 42.83 ng/mL in maternal serum and 34.67 ng/mL in cord serum reported in Shandong 265 

Province, China (Wang et al., 2019; Yao et al., 2019). Besides, The average levels of n- or iso- 266 

PFOA in Hangzhou were also higher than most of the other reported values (Chen et al., 2017; 267 

Jiang et al., 2014; Li et al., 2017; Wang et al., 2018b; Zeng et al., 2019; Zhang et al., 2017). As for 268 

ΣPFHxS, with the exception of Guangzhou, China (Li et al., 2017; Zhang et al., 2017), Uppsala, 269 

Sweden (Karrman et al., 2007), and the Faroe Islands (Needham et al., 2011), the mean or median 270 

concentrations reported worldwide were usually lower than 2 in maternal serum and lower than 1 271 
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in cord serum (Liu et al., 2020). In both Mianyang and Hangzhou, the average concentrations of 272 

ΣPFHxS in maternal and cord serum were in this range too. The br-PFHxS concentrations in 273 

maternal or cord serum had only been reported in Wuhan, and these values were close to and 274 

between those in Mianyang and Hangzhou.  275 

The order of ΣPFAS exposure levels from upstream to downstream of the Yangtze River Basin 276 

may be related to the economic and consumption levels of these cities. Previous studies have 277 

reported significant positive correlations between PFAS concentrations in maternal plasma and 278 

annual household income (Lewin et al., 2017; Tsai et al., 2018) and between PFAS concentrations 279 

in water and GDP per capita of cities or prefectures (Piao et al., 2017). However, the proportion of 280 

the secondary industry that has a greater impact on PFAS pollution contributed differently to GDP 281 

among cities, and consumption levels may better reflect the use of products that contain PFASs 282 

than income. Therefore, in the present study, we investigated the relationship between internal 283 

exposure levels of ΣPFAS and per capita consumption expenditures. We found that they followed 284 

the same sequence: Mianyang < Wuhan < Hangzhou (Table S1). According to the statistics of the 285 

Chinese Government in 2018, daily living (food, tobacco, wine, clothing, and daily necessities and 286 

services) accounted for approximately 41.1% of the national per capita consumption expenditure 287 

in 2018, which was the predominant area of household consumption expenditure (China State 288 

Council, 2018). In daily living, PFOS (UNEP, 2009), PFOA (UNEP, 2019), and PFHxS (UNEP, 289 

2018) are widely used in a variety of consumer goods, including textiles, leather, apparel, paper, 290 

carpets, packaging materials, nonstick kitchenware, coatings and so on. These civilian products 291 

penetrate our daily lives and cause direct or indirect exposure to PFASs. It has been found that the 292 

use of cosmetics, care products, nonstick-coated cooking utensils (Kang et al., 2016), and 293 

carpeting (Beesoon et al., 2012; Harris et al., 2017) were predictors of higher PFAS concentrations 294 

in the human body. Food packaging (Susmann et al., 2019), microwave paper packaging (Brenes et 295 
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al., 2019), outdoor apparel (Hill et al., 2017), and waterproof and oil-resistant high-grade clothing 296 

may also increase people’s exposure to PFASs. Impregnation sprays, treated carpets in homes, as 297 

well as coated food contact materials might be the main consumer products that increase exposure 298 

to PFOS and PFOA (Trudel et al., 2008). The improvement of consumption expenditure levels is 299 

likely to promote the widespread consumption of the above products containing PFASs, thereby 300 

increasing the overall exposure of ΣPFAS to the local maternal and infant populations. 301 

Regional pollution characteristics may cause extremely high concentrations of certain PFASs 302 

in the macroscopic environment, thereby affecting human exposure levels. Hangzhou is a 303 

well-known papermaking industrial base with severe pollution of PFOA (Lu et al., 2017; Piao et 304 

al., 2017); Wuhan has been a famous production base of the fluorochemical industry since the 305 

1960s with a tremendous amount of PFOS detected in dust (Wang et al., 2010). Comparing the 306 

concentrations of PFOS and PFOA in the water in these cities, we found that the PFOA 307 

concentration (mean: 85 ng/L) greatly surpassed PFOS (mean: 2.3 ng/L) in the surface water of 308 

Hangzhou (Lu et al., 2017); in the surface water of Wuhan, the PFOS concentration (Geomean: 4.9 309 

ng/L) exceeded the PFOA concentration (Geomean: 3.5 ng/L) (Jin et al., 2006); in the tap water of 310 

Mianyang, the concentration of PFOS was very close to that of PFOA (Fang et al., 2018). These 311 

distributions were in line with the results in the present study, where PFOA was predominant in 312 

Hangzhou, PFOS was the highest in Wuhan, and PFOA was similar to PFOS in Mianyang in terms 313 

of the concentrations in maternal serum. As for PFHxS, its level was highest in Hangzhou, 314 

followed by Wuhan and Mianyang in sequence. Among the various applications of PFHxS, the use 315 

in textile finishing constituted around 22% in the world market in 2016, second only to that in 316 

firefighting foams (around 66%) (NEA, 2018). The textile and chemical fiber industry was the 317 

pillar industry and occupied the largest proportion of the total industrial economy in Hangzhou, 318 

which might account for the relatively high exposure to PFHxS in Hangzhou (LHOH, 2019). For 319 
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the parent compound of PFHxS, perfluorohexane sulfonyl fluoride (PFHxSF), its applications 320 

were mainly comprised of intermediate feedstock (43%), textiles (10%), 321 

electronics/semiconductors (8%), coatings (5%), packaging (5%), and others for the world 322 

market (NEA, 2018). Consumption of related residential and commercial products, including 323 

carpet/rug (Beesoon et al., 2012; Harris et al., 2017), outdoor apparel (Hill et al., 2017), food 324 

packaging (Schaider et al., 2017), and canned food (Averina et al., 2018), might lead to exposure 325 

to PFHxS. That is, the consumption expenditure levels might also explain the trend of PFHxS 326 

levels along the Yangtze River. 327 

4.2. Isomeric Fingerprints in Serum from Mianyang, Wuhan, and Hangzhou 328 

Among exposure sources of PFASs, diet may account for up to 99% of the exposure for the 329 

general population (Shan et al., 2016). But it is difficult to explain the discrepancy in exposure 330 

levels among cities by the intake amount of diverse food because the distribution of PFASs in 331 

certain food ingredients is mainly related to the local environmental pollution characteristics. 332 

However, dietary habits are most likely to account for the isomeric profiles of PFASs in the human 333 

body because the isomeric fingerprints of certain PFAS produced by the same manufacturing 334 

technique remain stable. On the one hand, the patterns of PFAS isomers in the human body are 335 

affected by local production processes. On the other hand, various dietary habits may explain the 336 

main variation in the profiles of PFAS isomers in human serum because diverse foods show 337 

marked discrepancies in the accumulation of these isomers (Shan et al., 2016). The resident dietary 338 

structures in these places are illustrated in Figure S1. 339 

4.2.1. Isomeric Fingerprints of PFOS 340 

Regarding PFOS, the proportion of linear PFOS (n-PFOS%) of more than 70% in the present 341 

study coincided with previous studies on the serum of pregnant women from Wuhan (83%) (Chen 342 

Jo
urn

al 
Pre-

pro
of



17 
 

et al., 2017), Norway (78%) (Haug et al., 2011), and Edmonton, Canada (~80%) (Benskin et al., 343 

2007). Besides, in plasma of pregnant women from south central Vietnam (81%) (Rylander et al., 344 

2009), maternal whole blood (81.6%) and cord whole blood (79.7%) of pregnant women from 345 

Hubei Province, China (Zhao et al., 2017), women’s serum (84.6%) from Fujian Province, 346 

China (Wang et al., 2018a), and cord serum (75.2%) of infants from Guangzhou, China (Zhang et 347 

al., 2017), n-PFOS% also exceeded 70%. It has been revealed that n-PFOS accumulated 348 

preferentially (Fang et al., 2016) but eliminated slower (Chen et al., 2015) than br-PFOS in carp, 349 

which might lead to the enrichment of n-PFOS. In human bodies, br-PFOS showed higher 350 

transplacental transfer efficiencies (Beesoon and Martin, 2015) and excretion efficiencies (Zhang 351 

et al., 2013b) than n-PFOS, which may account for the high n-PFOS% in the maternal serum of 352 

the present study.  353 

The priority of food in accumulating n-PFOS follows the order of fish > meat > 354 

vegetables (Shan et al., 2016). Different dietary structures may be responsible for the differences 355 

in isomeric fingerprints in serum among Mianyang, Wuhan, and Hangzhou. As shown in Figure S1, 356 

Hubei has the highest vegetable intake, but its fish intake and meat intake were both lower than 357 

those of Hangzhou, so its n-PFOS% was supposed to be lower than that of Hangzhou. The total 358 

intake of fish and meat in Hubei was lower than that in Mianyang, while the intake of vegetables 359 

in Hubei surpassed that in Mianyang, so n-PFOS% in Wuhan was also proposed to be lower. 360 

Although fish intake in Hangzhou was much higher than that in Mianyang, so was vegetable 361 

intake, which probably explained why no large difference in n-PFOS% in serum was found 362 

between Hangzhou and Mianyang.  363 

4.2.2. Isomeric Fingerprints of PFOA 364 

Unlike PFOS which has only one production process, PFOA has two production processes, 365 

ECF and telomerization. Therefore, the isomer profile of PFOA in serum is first affected by local 366 
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production processes which decided the isomeric profiles of contamination background and, 367 

second, by dietary habits that affect the extent of exposure to different isomers.  368 

As shown in Figure 2, the n-PFOA% values in Hangzhou (97–98%) were very close to those 369 

in telomerization products (100%). High n-PFOA% values in maternal or cord blood were also 370 

found in Fujian Province (99.8%) (Wang et al., 2018a), Guangzhou (98.7%) (Zhang et al., 2017), 371 

and Tianjin (99.0%), China (Jiang et al., 2014), as well as in Vancouver (97.8–98.1%), 372 

Canada (Beesoon et al., 2011). The use of telomerization as well as the preferential exclusion of 373 

branched PFOA from human bodies (Zhang et al., 2013b) might contribute to these high 374 

percentages of n-PFOA.  375 

The n-PFOA% values in Mianyang (92–93%) and Wuhan (89–90%) were between those of 376 

ECF (78%) and telomerization products (100%). Such low n-PFOA% was also reported in the 377 

maternal whole blood of Hubei Province (92.8%), China (Zhao et al., 2017). It is possible that 378 

both processes have been used in Mianyang and Wuhan. According to a study on PFOA isomers in 379 

food from the same city, br-PFOA was rarely detected in meat and vegetables compared to fish, 380 

indicating that br-PFOA in serum was mainly derived from the intake of fish (Shan et al., 2016). 381 

The daily consumption of fish in Hubei Province was higher than that in Sichuan Province, so it 382 

was reasonable to find that br-PFOA% in Wuhan correspondingly surpassed that in Mianyang. 383 

4.2.3. Isomeric Fingerprints of PFHxS 384 

Studies on isomers of PFHxS are very limited, especially regarding human exposure. A 385 

previous study on the serum of occupational workers in a fluorochemical manufactory in China 386 

reported that the linear isomer of PFHxS accounted for 92.7% of the total PFHxS (Gao et al., 2015) 387 

which was close to the proportions of linear PFHxS (n-PFHxS%) in the serum of Mianyang (90%) 388 

and Hangzhou (96%) in the present study.  389 
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4.3. Transplacental Transfer of PFAS Isomers from Mothers to Infants 390 

In the current study, the average RCM values of ΣPFOS (0.38), ΣPFOA (0.83), and ΣPFHxS 391 

(0.55) were less than 1, suggesting that the placenta barrier partially blocks these contaminants 392 

from transferring into fetuses. Consistent with our findings, most reported mean/median values of 393 

RCM for PFOS, PFOA, and PFHxS were less than 1 (Cariou et al., 2015; Chen et al., 2017; Eryasa 394 

et al., 2019; Fromme et al., 2010; Gao et al., 2019; Kim et al., 2011a; Lee et al., 2013; Liu et al., 395 

2011; Needham et al., 2011; Pan et al., 2017; Wang et al., 2019; Yang et al., 2016), while some 396 

other studies reported that the RCM values of PFOA exceeded 1 (Kim et al., 2011b; Li et al., 2020; 397 

Midasch et al., 2007; Ode et al., 2013). The reason for controversial reports on PFOA RCM in 398 

literature was unclear before. Nevertheless, according to our new findings, one of the reasons may 399 

be that the transplacental transfer efficiency of PFOA is closer to 1, and its RCM increased with 400 

decreasing PFOA concentration (Table 1).  401 

The significant associations of maternal and cord serum for the concentrations of 1m-PFOS, 402 

4m-PFOS, 3+5m-PFOS, n-PFOS, iso-PFOS, n-PFOA, iso-PFOA, n-PFHxS, and br-PFHxS 403 

indicated the transplacental transfer of PFAS isomers. To our knowledge, only three studies have 404 

investigated the transplacental transfer of individual isomers of PFOS, PFOA, or PFHxS. Among 405 

these three studies, two focused on serum (Beesoon et al., 2011; Chen et al., 2017), and one 406 

focused on whole blood (Zhao et al., 2017). The median RCM of PFOS isomers in these three 407 

studies were shown in Table S10. It is apparent that the RCM values of PFOS isomers in our study 408 

on serum were very close to those reported studies on serum but are approximately twice as high 409 

as those reported in the study on whole blood. This may be because the packed cell volume (PCV) 410 

of newborns (0.60) is greater than that of pregnant women (0.38) (Hanssen et al., 2013), and PFOS 411 

partitioned more in serum/plasma than in blood cells (Jin et al., 2016).  412 
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Interestingly, the rank order of RCM in the present study (PFOS: 1m > 4m > 3+5m > n > iso, 413 

PFOA: iso > n) matched quite well with the sequence of binding affinities between the total 414 

protein in human serum and PFAS isomers (PFOS: 4m < 3+5m < n < iso < 1m, PFOA: iso < n, 415 

according to median values) (Beesoon and Martin, 2015), with the exception of 1m-PFOS. This 416 

supports that the binding affinity with serum proteins is an important factor affecting the 417 

transplacental transfer of PFAS isomers. The more PFAS-protein complexes there were, the fewer 418 

free PFASs in the serum crossed the placental barrier. The equilibrium dissociation constants of 419 

serum protein-PFAS complexes were positively correlated with the placental transfer efficiency of 420 

PFASs (Gao et al., 2019). 421 

The transplacental transfer process is expected to be a bidirectional exchange, including two 422 

opposite directions of PFASs from maternal serum to cord serum and from cord serum to maternal 423 

serum. To analyze the process, we assume the corresponding transfer velocities are vmc and vcm, 424 

respectively, which will be equal at the equilibrium state. When the concentrations of PFASs on 425 

one side increase, more free PFASs will be able to cross the placenta. Correspondingly, the 426 

velocity of transferring these compounds from this side to the other should also increase and 427 

become closer to its saturation. In our present study, the significant associations between RCM and 428 

Cmaternal serum rather than between RCM and Ccord serum elicited that the RCM of 1m-PFOS, 4m-PFOS, 429 

n-PFOS, iso-PFOS, ΣPFOS, and ΣPFAS was mainly limited by vmc rather than by vcm. That is, vmc 430 

is closer to its saturation than vcm. In other words, the higher the PFAS levels in maternal serum, 431 

the more saturated the transfer ability of PFASs from the maternal side to the fetal side, while the 432 

ability to discharge PFASs from the fetal side is relatively unrestricted. In conclusion, it is likely 433 

that the stronger transfer abilities of transporters of PFASs from the infant side to the maternal side 434 

make the overall transplacental transfer efficiency (RCM) decrease with increasing Cmaternal serum. 435 

The discrepancy of transfer abilities may be due to the expression and number of transport proteins 436 
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for the two sides. Besides, further studies on the binding affinities between PFAS isomers and 437 

transport proteins in two sides of placentae will be helpful to understand transplacental transfer 438 

mechanisms. 439 

5. Significance and limitation 440 

The significance of this study can be summarized in 4 aspects. (1) The inter-regional 441 

comparison of human exposure levels and isomeric fingerprints provides important information 442 

for the regulation of specific PFASs and/or manufacturing processes in these cities in China. (2) 443 

Previous studies on human exposure pathways of PFASs usually focused on food, drinking water, 444 

air, and dust. Few studies have paid attention to the exposure pathway of consumer products. The 445 

present finding on the relationship between cities’ consumption expenditure levels and ‘residents’ 446 

PFAS exposures emphasizes such a source of exposure to PFASs. (3) We captured specific isomers, 447 

not just total PFOA, PFOS, or PFHxS. This relatively avoids under- or over-estimating the effect 448 

of maternal exposure to PFASs, and allows us to shift our interest towards specific isomers. (4) 449 

Furthermore, the new finding on the associations of transplacental transfer efficiencies with PFAS 450 

concentrations in maternal and cord serum helps us better understand the transplacental transfer 451 

mechanism of these contaminants. 452 

While the number of sampling sites was limited, a study on pregnant women in a large-scale 453 

watershed in the same country is still valuable because it is rare, representative, and inspiring. 454 

Based on our findings, further studies encompassing more sample sites and larger sample sizes in 455 

the same sampling time will be useful to depict a more representative pattern along the Yangtze 456 

River. Since PFASs may be used in intraocular surgery, in vivo oxygen delivery, plastic surgery, 457 

and other medical procedures, future investigations need to focus on participants’ related disease 458 
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history and exclude these interfering factors. To detect isomer-specific PFASs, the instrumental 459 

analysis method we used has high sensitivity but lengthy run time, which is beneficial for small 460 

research but pose a limitation when used in large research with numerous samples.  461 
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Table 1. Spearman Rank Correlation Coefficients between concentrations and transplacental 702 

transfer efficiencies of isomer-specific and total PFOS, PFOA, and PFHxS in Mianyang and 703 

Hangzhou. 704 

 RCM  – Cmaternal serum RCM  – Ccord serum 
 Correlation 

Coefficient 
Sig. (2-tailed) Correlation 

Coefficient 
Sig. (2-tailed) 

1m-PFOS -0.506** < 0.001 -0.212 0.078 
4m-PFOS -0.638** < 0.001 0.053 0.797 

3+5m-PFOS -0.244 0.058 0.194 0.133 
n-PFOS -0.450** < 0.001 0.026 0.829 

iso-PFOS -0.495** < 0.001 0.031 0.824 
n-PFOA -0.491** < 0.001 -0.293* 0.013 

iso-PFOA -0.189 0.292 0.328 0.062 
n-PFHxS -0.585** < 0.001 -0.412** 0.001 
br-PFHxS -0.687** < 0.001 -0.376* 0.010 
ΣPFOS -0.468** < 0.001 -0.039 0.742 
ΣPFOA -0.518** < 0.001 -0.320** 0.006 
ΣPFHxS -0.610** < 0.001 -0.389** 0.001 
ΣPFAS -0.373** 0.001 -0.103 0.389 

* The significance level is 0.05 (2-tailed). 705 
** The significance level is 0.01 (2-tailed). 706 
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Figure Legend 708 

Figure 1. The average concentrations of ΣPFAS and isomers of PFOS, PFOA, and PFHxS in 709 

maternal and cord serum in Mianyang, Wuhan, and Hangzhou. 710 

Figure 2. Isomer compositions of PFOS, PFOA, and PFHxS in maternal serum and cord serum 711 

form Mianyang, Wuhan, and Hangzhou. 712 

Figure 3. Transplacental transfer efficiencies (n = 72) of isomer-specific PFOS, PFOA, and 713 

PFHxS.  714 

Notes: Original data are from Hangzhou and Mianyang. The square and the horizontal line in each 715 

box represents the mean and median, respectively. The bottom and top edges of each box represent 716 

the 25th and 75th percentiles, respectively. Whiskers represent the 95th and 5th percentiles. The 717 

circles below or above the whiskers indicate outlier values.  718 
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� Prenatal PFAS exposure was highest in Hangzhou, followed by Wuhan and then 
Mianyang. 

� Hangzhou had the highest ΣPFOA and ΣPFHxS, while Wuhan had the highest 
ΣPFOS level. 

� The percentages of linear PFOS and PFOA in serum exceeded those in ECF 
products. 

� PFAS isomers in serum were affected by production processes and dietary habits. 
� Transplacental transfer efficiencies decreased with rising PFASs in maternal 

serum. 
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