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Abstract

Per- and polyfluoroalkyl substances (PFAS) can pass through the placenta and
adversely affect fetal development. However, there is a lack of comparison of legacy
and emerging PFAS levels among different biosamples in pregnant women and their
offspring. This study, based on the Shanghai Maternal-Child Pairs Cohort, analyzed
the concentrations of 16 PFAS in the maternal serum, cord serum, and breast milk
samples from 1,076 mother-child pairs. The placental and breastfeeding transfer
efficiencies of PFAS were determined in maternal-cord and maternal-milk pairs,
respectively. The binding affinities of PFAS to five transporters were simulated using
molecular docking. The results suggested that PFAS were frequently detected in
different biosamples. The median concentration of perfluorooctane sulfonate (PFOS)
was the highest at 8.85 ng/mL, followed by perfluorooctanoic acid (PFOA) at 7.13
ng/mL and 6:2 chlorinated polyfluorinated ether sulfonate at 5.59 ng/mL in maternal
serum. The median concentrations of PFOA were highest in cord serum (4.23 ng/mL)

and breast milk (1.08 ng/mL). PFAS demonstrated higher placental than breastfeeding
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transfer efficiencies. The transfer efficiencies and the binding affinities of most PFAS
to proteins exhibited alkyl chain length-dependent patterns. Furthermore, we
comprehensively assessed the estimated daily intakes (EDIs) of PFAS in
breastfeeding infants of different age groups and used the hazard quotient (HQ) to
characterize the potential health risk. EDIs decreased with infant age, and PFOS had
higher HQs than PFOA. These findings highlight the significance of considering
PFAS exposure, transfer mechanism, and health risks resulting from breast milk
intake in early life.

Keywords: Emerging PFAS; Placental transfer; Breast milk; Health risk; Binding
affinity

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) constitute a category of artificial
organic compounds characterized by containing a chain of two neighboring carbon
atoms. One carbon atom is bonded to at least two fluorine atoms, while the other is
bonded to at least one fluorine atom, with neither bound to hydrogen'. PFAS have
been extensively used in the production of packaging, textiles, lubricants, and cooking
utensils for their excellent hydrophobic and oleophobic properties®. PFAS are widely
utilized and emitted, leading to their pervasive presence in the air, water, and soil.
They can penetrate the human body through various pathways, resulting in significant
health hazards. Furthermore, certain emerging PFAS, such as F-53B, exemplified by
6:2 chlorinated polyfluorinated ether sulfonate (6:2 CI-PFESA) and 8:2 chlorinated
polyfluorinated ether sulfonate (8:2 CI-PFESA), are primarily employed as chromium
mist inhibitors within the electroplating sector. These substances have become
considerably prevalent in China in recent years®. Short-chain PFAS have replaced
long-chain compounds in many fields, and can be widely detected in various tissues
and organs of animals and humans®. The levels of short-chain PFAS in Chinese and
European populations have also shown an upward trend, leading to public concern
about the health risks of these chemicals®. Many studies have shown that PFAS lead

to metabolic and immune system disorders, endocrine disrupting effects, neurotoxic,
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reproductive and developmental toxicity, and visceral and organ toxicity’®.
Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) have been
banned®. Perfluorohexanesulfonic acid (PFHxS) was also incorporated into the
Stockholm Convention on June 27, 2022, and banned globally.

The initial stages of life are a pivotal period for human development'®. Evidence
has shown that both legacy and emerging PFAS in pregnant women can pass through
the placental barrier'"!2. Prenatal PFAS exposure is associated with an elevated
susceptibility to infectious diseases, autism, and Attention Deficit Hyperactivity
Disorder (ADHD) in children®®*. Recent research in Sweden®® and Ohio, the United
States®® found a decreasing trend in PFAS levels in maternal serum, possibly due to
maternal physiological changes during pregnancy, such as increased body weight and
blood volume?’, or the transmission of PFAS from the mother to fetal tissues, such as
fetal lung and liver®. Furthermore, breast milk is commonly recognized as the
primary source of nutrition for infants aged 1-6 months, and it is the decisive source
of exposure to environmental pollutants!® . Infants can be exposed to PFAS through
breastfeeding, leading to postnatal exposure for newborns. These findings?®%
emphasize the need to comprehensively assess early-life PFAS exposure in mother—
child pairs.

The placenta is a vital organ that can prevent the transfer of foreign substances,
thus serving as a protective barrier?®. The placental transfer properties of PFAS have
become a highly concerning and urgent scientific issue that needs to be addressed
within the field of environmental science?®. The placental transfer mechanism is
typically described as being characterized by passive diffusion and active transport?*,
The main method for transplacental transfer of PFAS is passive diffusion, with the
levels of free PFAS in serum being a critical determinant®®. Human serum albumin
(HSA) and liver-fatty acid binding protein (L-FABP) are the main binding proteins of
PFAS?. Additionally, the active transport mediated by the adventitial pump and
transporter family can transport PFAS from either the maternal or fetal side to the
opposite side of the placenta?®. An in vitro placenta perfusion experiment

demonstrated that PFOS and PFOA bind to organic anion transporter 4 (OAT4),
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affecting their placental transfer?’. PFAS are the substrate of OAT4 in the placenta.
The stronger binding affinities of PFAS with OAT4 restrict the potential for transfer
from the fetal side to the maternal side, consequently leading to elevated
concentrations of PFAS in the placental tissue. Recent in vitro studies have exhibited
that these transporters may affect the active transport of organochlorine pesticides,
such as how they screen the outflow of PFAS?. In addition, the breast cancer
resistance protein is thought to be independent of the transfer of PFOA or PFOS?%.
The current understanding of the binding modes between PFAS and these transporters
is still very limited. Thus, evaluating the affinities of PFAS homologs with
momentous transporters in serum and the placenta by molecular docking calculation
can enhance our understanding of the placental transfer of PFAS%,

The objective of this study was to determine the levels of legacy and emerging
PFAS compounds in matched samples of maternal serum, cord serum, and breast milk
samples. Additionally, molecular docking calculations were employed to investigate
the interaction between PFAS and HSA, L-FABP, OAT4, P-gp, and MRP2.
Furthermore, we estimated daily intakes (EDIs) of PFAS for breastfeeding infants to

evaluate their potential health hazards.

2  Materials and methods
2.1 Study design and sample collection

The study utilized data from the Shanghai Maternal-Child Pairs Cohort. More
detailed information has been mentioned before®®. The study enrolled pregnant
women who fulfilled the following criteria: 1) Shanghai resident; 2) age > 18 years; 3)
without severe chronic illnesses; and 4) able to provide a biological sample from at
least one phase of the study, including serum from the first, second, or third phase of
follow-up, along with cord serum and breast milk (serum samples were hemolysis
free with the sample volumes being > 100 pL and the breast milk sample volume
being > 1.00 mL). In total, the study encompassed 1,076 participants, and 1,039
maternal serum samples at the first follow-up (16—18 weeks), 995 maternal serum

samples at the second follow-up (24-28 weeks), 887 maternal serum samples at the
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third follow-up (30-34 weeks), and 988 cord serum and 551 breast milk samples were
collected within 2-3 days after delivery. The serum was collected using a coagulant
collecting vessel, while breast milk was collected using a 15-mL centrifuge tube and
stored at -80 C freezer. The samples were placed at room temperature to thaw, and
each tube of sample was mixed well before measurement.

The Fudan University Institutional Review Board granted approval for the
Shanghai Maternal-Child Pairs Cohort study (IRB#2016-04-0587), and informed
consents were duly obtained from participants.

2.2 Determination of PFAS in serum and breast milk samples

The 16 target PFAS included 9 legacy long-chain PFAS, 5 short-chain PFAS, and
2 new substitutes [i.e., PFOS, perfluorononanoic acid (PFNA), PFOA,
perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnA), perfluorolauric
acid (PFDoA), perfluorotridecane acid (PFTrA), PFHxS, PFOS,
perfluorooctanesulfonamide (PFOSA), perfluorobutyric acid (PFBA),
perfluoropentanoic ~ acid  (PFPeA),  perfluorohexanoic  acid  (PFHxA),
perfluoroheptanoic acid (PFHpA), potassium perfluorobutane sulfonate (PFBS), 8:2
CI-PFESA and 6:2 CI-PFESA] were analyzed in three matrices using a high-
performance liquid chromatography-triple quadrupole mass spectrometer (HPLC-
QqQ-MS, Agilent 1290-6490, USA).

The instrument parameters and assay process for serum samples were described
in our previous study®! (see Methodology of PFAS Detection in the appendix). The
disparities in pretreatment between breast milk and serum samples are as follows:
After thawing and mixing, a small volume (100 pL for serum samples or 1.00 mL for
breast milk samples) was taken and added to a centrifuge tube. Before instrumental
analysis, the breast milk sample was filtered through a 0.22-uM filter membrane,
while this step was not needed for the serum samples.

In this analysis process, isotope internal standards were added to each test
sample to control the loss of the target substance during the pre-treatment process.
Methanol was used as the substrate for the method blank (one blank control sample

was added for every 28 samples) to control for the impact of human and
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environmental factors. The limit of detection (LOD) and limit of quantitation for each
analyte were determined as 3 and 10 times the concentrations producing a signal-to-
noise ratio, respectively, ranging from 0.004 to 0.16 ng/mL and 0.03 to 0.54 ng/mL.
The recoveries of substances in serum and breast milk range from 70.0% (8:2 Cl-
PFESA) to 103% (PFNA) and from 69.4% (PFOSA) to 119% (6:2 CI-PFESA),
respectively. The intra-day and inter-day RSDs are both < 20.0% (Tables S1 and S2).
2.3 Docking simulations

We obtained the 3D structures of PFBA (CID: 9777), PFOA (CID: 9554), PENA
(CID: 67821), PFDA (CID: 9555), PFTrA (CID: 23084971), PFHxS (CID: 67734),
PFOS (CID: 74483), 6:2 CI-PFESA (CID: 22568738), and PFOSA (CID: 69785) from
PubChem and used ChemDraw to draw the 3D structures of 8:2 CI-PFESA, PFUnA
and PFDoA. The three-dimensional crystal structures of HSA (PDB ID: 4¢99) and L-
FABP (PBD ID: 3stm) were obtained from the Protein Data Base. Since the crystal
structures of OAT4, P-gp, and MRP2 cannot be obtained to date, the corresponding
gene sequences were obtained from NCBI, and homologous modeling was performed
using the SWISS-MODEL server. Online protein structure scoring was conducted
using SAVES V6.0. The quality of the protein structure obtained through homologous
modeling was evaluated using the Ramachandran plot (Figure S1). To characterize the
active site residues of five protein receptors and target compounds and predict their
binding modes, we used the Lamarckian genetic algorithm provided by AutoDock
Vina software for molecular docking calculations. In the docking calculation process,
the protein structure was set as a rigid structure, while the target ligand structure was a
flexible structure (Table S3). Each ligand was subjected to 9 independent docking
tests. In molecular docking, the binding between ligand and receptor will cause a
change in Gibbs free energy (AG), which is determined by the thermodynamic and
kinetic parameters of the interaction between ligand and receptor.
When AG < 0, the interaction between the ligand and the receptor is favorable, and
they tend to bind. When AG > 0, the interaction between the ligand and the receptor is
weaker and less likely to occur. Therefore, for molecular docking studies, the negative

value of AG is usually used as a quantitative indicator to judge the stable binding
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between the ligand and the receptor. There is a quantitative relationship between the
dissociation constant (Kd) and the molar Gibbs free energy:
AG = RTInKd
(1

In the equation, AG represents the standard free energy change, Kd refers to the
dissociation constant, R represents the ideal gas constant, which is equal to 8.314
J/(mol-K). T signifies the temperature measured in Kelvin. The dissociation constant
of the target compound and the receptor protein was calculated at human body
temperature in this study.

A random forest score (RF score = pKd = —logKd) was utilized: a higher RF
score indicates a smaller Kd, which translates into a higher binding ability between
the small molecule and protein.

2.4 Health risk assessment
The EDIs of PFAS (expressed in ng/kg body weight [bw] per day) for infants
consuming breast milk were compared with exposure guidelines. EDIs of PFAS were
calculated in different age groups of breastfeeding infants using Eq. 2 adapted from
Zhu et al®2. The hazard quotients (HQ) were computed to evaluate potential health
risks using Eq. 3. The calculation equations are as follows:
EDI = Cpyy X FIR
)

EDI
HQ = R7D

®)
Where Cmik is the median concentration of each substance in breast milk,
measured in ng/mL. FIR refers to the food ingestion rate, expressed as mL/(kg
bw-day). The average FIR values for different age groups can be referenced from the
Exposure Factors Handbook of the United States Environmental Protection Agency
(EPA). For infants aged less than 1, 1-3, 3—6, and 6—12 months, the average daily
intake of breast milk was 150, 140, 110, and 83.0 mL/(kg bw-day), respectively>3.
RfDs (Reference Doses) are set by the European Food Safety Agency (EFSA).
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These include the following: the 2008-proposed daily tolerable intake (TDI) for
PFOA, which is 1,500 ng/(kg-d); the 2008-proposed daily tolerable intake (TDI) for
PFOS, which is 150 ng/(kg-d); and the 2020-proposed weekly tolerable intake (TWI)
for the sum of PFOA, PFNA, PFHxS, and PFOS, which is 4.40 ng/(kg-wk). When the
HQ is less than or equal to 1.00, the exposure does not exceed the adverse effect
threshold; when the HQ value exceeds 1.00, the exposure level is deemed
unacceptable.
2.5 Data analysis

The concentrations of PFAS congeners in serum and breast milk had skewed
distributions. To describe the distribution of the target substance levels with a
detection rate > 0, we utilized the geometric mean (GM), frequencies, and quartiles on
a volume-based scale (ng/mL). For concentrations below the LOD, we assigned a
value of LOD/2. The PFAS congeners with a detection rate > 50% were used in the
statistical analyses. To assess the temporal variability of PFAS levels during
pregnancy, we calculated the intraclass correlation coefficient (ICC) and its
corresponding 95% confidence interval (CI). In our study, we categorized low
variability as an ICC > 0.75, moderate variability as an ICC between 0.40 and 0.75,
and high variability as an ICC < 0.40. The ICC was used to measure the variability of
repeated measurements over time. To examine the correlations between PFAS levels
in maternal serum and cord serum, we employed the Spearman correlation coefficient.

To obtain an accurate estimation of the placental transfer efficiencies (C:T3 ratio)
of PFAS, we included only matched samples with detectable concentrations (>LOD)

in both the third follow-up and cord serum. Similarly, when calculating the
breastfeeding transfer efficiencies (M:T3 ratio), only paired samples with T3 and
breast milk concentrations > LOD were used. Table S4 shows the correspondence
between paired samples and compounds.

All statistical analyses were conducted using R software (version 4.0.5). The
standard of statistical significance was p < 0.05 (two-tailed).

3 Results
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3.1 Demographic characteristics

The demographic characteristics of the 1,076 pregnant women included in the
study are displayed in Table 1. The average age at delivery was 29.3 + 4.37 years, and
their average BMI was 21.4 + 2.96 kg/m?. Among the participants, 69.5% had a BMI
between 18.5 and 24.0, and 42.8% had a normal range of gestational weight gain.
Additionally, 79.9% had attained at least a high school education. During pregnancy,
43.1% of mothers were exposed to passive smoking. More than half (57.1%) of
pregnant women were first-time mothers. The average gestational week of pregnant
women was 39.3 + 1.23 weeks, and 3.6% of pregnant women gave birth preterm.

Table 1. Demographic characteristics of the pregnant women (n = 1,076) in the study

Characteristic Mean £ SD or n(%)

Age at delivery (year) 29.3+4.37
Pre-pregnancy BMI? (kg/m?) 21.4+2.96

<185 149(13.8)

18.5-24 747(69.5)

>24 180(16.7)
Gestational weight gain® (kg) 13.7+5.23

Normal 461(42.8)

Inadequate 129(12.0)

Excessive 486(45.2)
Education

High school and below 216(20.1)

Above high school 860(79.9)
Household income (CNY per year)

< 100k 248(23.0)

100k—300k 737(68.5)

> 300k 91(8.50)
Passive smoking

Yes 464(43.1)

No 612(56.9)
Parity

Primiparity 614(57.1)

Multiparity 462(42.9)
Gestational weeks at delivery 39.3+1.23

Premature delivery 39(3.6)
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Term delivery 1037(96.4)

* Pre-pregnancy BMI and pregnancy weight gain classification referred to Chinese standards. °
The normal range of pregnancy weight gain of low-weight pregnant women (BMI < 18.5) is 11.0—
16.0 kg, that of normal-weight pregnant women (18.5 < BMI < 24.0) is 8.00-14.0 kg, that of
overweight pregnant women (24.0 < BMI < 28.0) is 7.00-11.0 kg, and that of obese pregnant
women (BMI > 28.0) is 5.00-9.00 kg.

3.2 PFAS concentrations in maternal, cord serum and breast milk

Table S5 lists the detection rates, geometric mean (GM) values, and distributions
of PFAS concentrations in the 25th, 50th (median), and 75th percentiles in both serum
and breast milk. The dominant analytes observed in all samples were the legacy long-
chain PFOS and PFOA, and the new substitute 6:2 CI-PFESA. PFOSA was detected
in maternal and cord serum samples but not in breast milk. PFPeA, PFHpA, and
PFBS were not detected in any samples. The detection rates of PFOA, PFNA, PFDA,
PFHxS, PFOS, and 6:2 CI-PFESA in maternal serum (three follow-up visits) were
all > 90.0%. The detection rates of PFUnA, PFTrA, and 8:2 CI-PFESA were all >
50.0% in three follow-up visits. The detection rates of PFBA in the first follow-up
visit (T1) and the third follow-up visit (T3) were > 60.0%, but the detection rate in the
second follow-up visit (T2) was 35.8%.

The highest median concentration observed during pregnancy was PFOS (8.85
ng/mL), followed by PFOA (7.13 ng/mL) and 6:2 CI-PFESA (5.59 ng/mL) (Figure 1).
The detected concentrations of PFAS varied among the three trimesters. Except for
those of 6:2 CI-PFESA and PFTrA, the median concentrations of PFAS in maternal
serum followed the order of T1 > T3 > T2. The concentrations of PFTrA and 6:2 CI-
PFESA in maternal serum at different trimesters decreased with increasing trimesters
(T1 > T2 > T3). The detection rates of five kinds of PFAS, namely, PFBA, PFDA,
PFDoA, PFTrA, and 8:2 CI-PFESA, were also above 50% in cord serum. The median
concentrations of PFOA (4.23 ng/mL), PFOS (2.70 ng/mL), 6:2 CI-PFESA (2.04
ng/mL), and PFHXS (1.18 ng/mL) in cord serum were notably higher than those of
other PFAS. The levels of PFBA and PFTrA were low. The level of 6:2 CI-PFESA in
serum was higher than that of 8:2 CI-PFESA.
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In 551 breast milk samples, the detection rates of four PFAS were above 50.0%:
PFBA (86.6%), PFOA (86.6%), 6:2 CI-PFESA (63.0%), and PFOS (50.0%). PFOA
had the highest median concentration in breast milk (1.08 ng/mL). The detection rate
and concentration of 6:2 CI-PFESA in breast milk were significantly lower than those

observed in maternal and cord serum (Figure 1, Table S5).

Figure 1. Box-plots of concentrations of PFAS with > 50% detection in maternal serum across
trimesters (T1-T3), cord serum or breast milk (ng/mL). The lower and upper edges of the box
represent the first and third quartiles, respectively, while the line inside the box denotes the

median level. The whiskers mark the 5th and 95th percentiles.

There were significant positive correlations between the concentration of PFAS
in serum and breast milk samples at each time point (p < 0.05) (Figure S2). A detailed
correlation analysis between the concentrations of various PFAS in the three matrices
is shown in the Supporting Information (Figure S2).

The ICCs and 95% ClIs for the concentrations of PFAS in serum during different
trimesters are listed in Table S6. The ICC values ranged from 0.07 to 0.83, indicating
the reproducibility of the PFAS measurements. PFHxS (ICC = 0.79) and 6:2 Cl-
PFESA (ICC = 0.83) had high reproducibility across the three follow-up visits. PFOA
and PFOS showed moderate reproducibility with ICC values of 0.70 and 0.81,
respectively. This suggests that the measurements of these PFAS were relatively
consistent but not as consistent as those of PFHxS and 6:2 CI-PFESA. On the other
hand, PFTrA had a low ICC, indicating poor reproducibility. This suggests that the
measurements of PFTrA varied significantly across the three follow-up visits.

3.3 Placental and breastfeeding transfer efficiency of PFAS

We calculated the C:T3 ratio of each substance to evaluate the placental and
breastfeeding transfer efficiency of each substance. As shown in Figure 2a, the
median C:T3 ratios of PFOSA, PFDoA, and PFTrA were far greater than 1.00 (1.40—
2.00), and PFBA was close to 1.00. This indicates that these substances have a higher

transfer efficiency and can easily cross the placental barrier, leading to their
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enrichment in cord blood and fetal exposure. The median C:T3 ratio of other
substances was < 1.00, indicating that the placental barrier could partially block its
transfer from mother to fetus. It was observed that perfluoroalkyl carboxylates
(PFCA) were more easily transferred through the placental barrier than
perfluoroalkane sulfonates (PFSA) under the same chain length. For instance, PFOA
demonstrated a median C:T3 ratio of 0.75, which was two fold greater than that of
PFOS. A U-shaped pattern in placental transfer efficiency was observed as the
molecular chain length increased for both carboxylates and sulfonates. As the chain
length increased, the transfer efficiency initially decreased, then reached the lowest
point and finally increased. PFUnA has the lowest transfer efficiency. These findings
offer insights into the transfer efficiency of different PFAS pass through the placenta
and their potential for fetal exposure.

As shown in Figure 2b, compared to the median C:T3 ratio, most PFAS had
lower M:T3 values, ranging from 0.03 to 3.22. However, the median PFBA of M:T3
was 3.31, which was significantly higher than the C:T3 value. The breastfeeding
transfer of carboxylic acids showed an obvious U-shaped trend with increasing chain
length. The sulfonic acid decreased with increasing chain length: PFHxS (0.26) >
PFOS (0.07) > 6:2 CI-PFESA (0.04). A comparison of the two routes of transfer
showed that PFAS more readily crossed the placenta into the fetal side. Moreover, the
efficiencies of breastfeeding transfer surpassed those reported by Zheng et al?*®. As
far as we are aware, this study represents the first report on the breastfeeding transfer
efficiency of full-chain PFCA ranging from C4 to C13. PFBA (C4) is the PFAS with

the shortest carbon chain reported in transfer efficiency studies®* %,

Figure 2. Distributions of (a) C:T3 and (b) M:T3. The lower and upper edges of the box represent
the first and third quartiles, respectively, while the line inside denotes the median level. The
whiskers mark the 10th and 90th percentiles. The C:T3 represents the efficiency of placenta

transfer and the M:T3 represents the efficiency of breastfeeding transfer.

3.4 The binding affinities of PFAS to proteins
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The proteins in maternal serum and the placenta can be an important factor
affecting their distribution and transport. The binding affinities of PFAS to five
transport proteins, namely, HSA, L-FABP, OAT-4, P-gp, and MRP2, are listed in
Table S7. The distinct target PFAS exhibited variable binding affinities with the same
transporter, while the binding affinity of the same PFAS to different transporters also
differed. This heterogeneity can be explained by the structural dissimilarities between
PFAS homologs and transporters.

Overall, all target PFAS demonstrated a strong affinity to five transporters,
whereas HSA had the strongest binding affinity toward the target PFAS. In the case of
PFCA and PFSA, binding affinities to HSA escalated with elongating chain lengths.
Likewise, the binding affinities of PFSA and CI-PFESAs to L-FABP and OAT4
demonstrated an ascent alongside chain length augmentation. However, except for
that of PFDoA, the binding affinities of PFCA to L-FABP were observed to increase
with longer chain lengths, highlighting PFUnA as the pivotal point (or the turning
point) for the binding affinity shift. Apart from PFOA, PFUnA, and PFDoA, the
binding affinity of the remaining PFCA with OAT4 rose with increasing chain length,
still showing an upward trend. Excluding that of PFDoA, the binding affinities of
PFCA to P-gp and MRP2 exhibited an ascending pattern with increasing chain length,
which underlined PFUnA as the turning point in their affinity trend. The binding
affinities of CI-PFESAs to P-gp and MRP2 were found to rise with longer chain
lengths. However, PFOS exhibited a lower binding affinity to P-gp compared to
PFHxS. The binding affinity of PFSA to MRP2 still increased as the chain length
increased. The results of molecular docking indicated that the binding affinity of the
PFAS homolog to five transporters was closely linked to chain length.

The visualization of the results is depicted in Figure 3 using Discovery Studio to
further explore the intermolecular forces between PFUnA and five transporters.
Hydrogen bonds and halogen (fluorine) bonds formed between PFUnA and the amino
acid residues of the five transporters, accounting for more than 70.0% of all
intermolecular forces formed. The binding energy of PFUnA to five transporters was

< -8.30 kcal/mol, and the affinity between L-FABP and PFUnA was the strongest.
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PFUnA was completely encapsulated in the L-FABP cavity (Figure S3).

Figure 3. The two-dimensional docking conformation of PFUnA in the substrate binding pocket

of (a) HSA, (b) L-FABP, (c) MRP2, (d) OAT4, and (e) P-gp model

3.5 Risk assessment of PFAS exposure in breastfeeding infants

The study assessed the health risks of infants by calculating EDIs for PFAS
ingested via breast milk, comparing them with RfDs, and calculating HQs. Table 2
summarizes the EDIs of PFAS ingested by infants of different age groups through
breast milk. The median EDIs of XPFAS for infants in different age groups, namely,
less than 1, 1-3, 3—6, and 6—12 months, were 313, 292, 230, and 173 ng/(kg bw-day),
respectively. The EDIs of infants in different age groups decreased with increasing
age. This trend can be attributed to the high standardized intake rate of weight in this
particular age group. The change in EDIs is due to the increase in the EPA breast milk
intake reference level and body weight with age. Meanwhile, the EDIs of different
substances in the same age group were also different. Among all age groups, the
maximum median EDI was PFOA [89.7-162 ng/(kg bw-day)], followed by PFBA
[55.6—101 ng/(kg bw-day)], PFOS [9.96—18.0 ng/(kg bw-day)], and 6:2 CI-PFESA
[5.81-10.5 ng/(kg bw-day)]. The EDI of PFOA was higher than the United States
EPA standard in 2016, which specified an RfD of 20.0 ng/(kg bw-day) for both PFOA
and PFOS. Notably, the median EDI for infants less than one month old reached 18.0
ng/(kg bw-day), nearing the RfD (Table 2). The EDIs exceeding the RfD indicated
that the exposure of infants to PFAS in Shanghai needed attention.

To assess the potential health risks of PFAS exposure to breastfeeding infants,
EDIs were compared with TDI and TWI. The EDIs of PFOS and PFOA were far
lower than the TDI of 1,500 and 150 ng/(kg-day) (Table 2), aligning consistently with
prior research findings. The median HQs based on TDI for PFOA and PFOS for
breastfeeding infants of different ages ranged from 0.06 to 0.11 and from 0.07 to 0.12,
respectively. The risk caused by PFOS is higher than that caused by PFOA. The
median HQs calculated with TWI for the sum of PFOA, PFOS, PFHxS, and PFNA for
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different age groups of breastfeeding infants ranged from 166 to 301 (Table 3). When

using the TWI for assessment, the exposure risk of breastfeeding infants was higher.

These results indicated the risk of infant exposure to PFAS by ingesting breast milk in

Shanghai.

Table 2. The median estimated daily intake [EDI, ng/(kg bw-day)] of PFAS by infants through

breastfeeding and the tolerable exposure levels (TDI, TWI)

age, months

Analyte TDI* TWI®
1 1-3 36 6-12
PFBA 100 93.8 73.7 55.6 - -
PFHxA 6.00 5.60 4.40 3.32 - -
PFOA 162 151 119 89.6 1,500 -
PFNA 1.50 1.40 1.10 0.83 - -
PFDA 0.75 0.70 0.55 0.42 - -
PFUnA 0.75 0.70 0.55 0.42 - -
PFDoA 3.00 2.80 2.20 1.66 - -
PFTrA 2.25 2.10 1.65 1.25 - -
PFHxS 7.50 7.00 5.50 4.15 - -
PFOS 18.0 16.8 13.2 9.96 150 -
6:2 CI-PFESA 10.5 9.80 7.70 5.81 - -
8:2 CI-PFESA 0.38 0.35 0.28 0.21 - -
Y (PFOA, PFNA, PFHxS, PFOS) 189 176 139 105 - 4.40
~PFAS 313 292 230 173 - -

*the 2008-proposed daily tolerable intake [ng/(kg-day)] by the EFSA;

®the 2020-proposed tolerable weekly intake [ng/(kg-wk)] by the EFSA.

Table 3. Calculated hazard quotients (HQs) for PFAS intake by infants through

breastfeeding.
HQ
PFOA PFOS >(PFOA, PENA, PFHXS, PFOS)
< 1 month 0.11 0.12 301
1-3 months 0.10 0.11 281
3-6 months 0.08 0.09 221
6-12 months 0.06 0.07 166
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4 Discussion

In this study, PFAS were detectable in most serum and colostrum samples of
mother-child pairs in Shanghai, China. In addition to the widely used PFOA and
PFOS, we observed a high level of 6:2 CI-PFESA in our samples. The concentration
of PFAS showed a dynamic change during pregnancy. ICC values showed that
PFUnA, PFTrA, and 8:2 CI-PFESA had large time variability, suggesting that
multipoint measurements should be performed to comprehensively assess the
exposure levels of PFAS during pregnancy and avoid a misleading assessment of
intrauterine fetal exposure. Pan et al.?® observed a gradual decrease in the median
concentration of PFAS in pregnancy serum and that the concentrations of various
substances in each pregnancy were highly correlated, which was not entirely
consistent with this study. The discrepancy could be attributed to differences in
sample size, sampling time, dietary pattern, and region of the study population®®*'.
The sample size of this study population is relatively larger, with a total of 1,076
participants recruited from April 2016 to May 2018. Moreover, Tian et al.*® found that
the primary source of PFAS for adults in Shanghai was diet, which would affect the
concentration of PFAS in serum. The high levels of PFOA and PFOS in animal-
derived foods were reported in Shanghai, and the PFOA levels of aquatic products in
Shanghai were apparently higher than those in other cities®®. A Shanghai birth cohort
study® found that higher maternal age at delivery, increased levels of education, and
multiparity were associated with higher PFAS levels. Women with higher levels of
education may purchase more consumer goods containing PFAS, such as seafood
products and sports equipment*®*l. Cariou et al*? found that freshwater fish
consumption was a dietary predictor of PFNA level in maternal serum during the third
trimester in France. The dietary pattern of consuming fatty fish was observed in both
Europe*® and Shanghai**. Considering the accumulation and long half-life of PFAS,
their levels in the third trimester of this study are higher than those in the second
trimester, which mainly depends on the diet and consumption patterns of the study
population during pregnancy.

Currently, PFAS with high detection rates in domestic and foreign studies



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

include mainly PFOA, PFNA, PFDA, PFHxS, and PFOS®%%® (Figure S4), with
relevant references available for further details. The concentrations of PFOA in both
serum and breast milk samples were found to be higher in the studied population
compared to populations in other countries or regions. Conversely, when compared to
investigations carried out in Seoul, Warsaw, Denmark, Avon, and Ohio, the PFOS
level in maternal serum demonstrated notably reduced levels. Moreover, PFOS
exposure levels in cord serum were significantly lower than those in Denmark,
Russia, and Korea and below reported levels in other domestic regions, such as
Wuhan and Guangzhou. Nonetheless, the PFOS exposure level in breast milk
surpassed the levels observed in Beijing, Jiangsu, and Hangzhou. There are currently
fewer studies of F-53B in breast milk (Figure S5), with relevant references available
for further details. The concentration of 8:2 CI-PFESA in this population was
relatively low. However, it is important to highlight that the level of 6:2 CI-PFESA in
maternal serum was notably higher in our study compared to other regions, except for
Tianjin and Nanjing. Similarly, the level of 6:2 CI-PFESA in cord serum was also
higher than that observed in other regions in China.

In most studies, maternal blood samples were collected from pregnant women
before delivery?*®®, However, the third-trimester serum was used to calculate the
transfer efficiency in the current study based on the following two considerations:
Firstly, with the average gestational week at 39.3 weeks, the third-trimester serum
samples we used were collected at 30-34 weeks, which is relatively close to
childbirth. Secondly, using third-trimester serum for calculating placental transfer
efficiency may provide an accurate reflection of fetal exposure, as the fetus is more
likely to have been exposed to PFAS from the mother during this stage, potentially
offering a representation of prenatal exposure. Additionally, we need to consider the
uncertainty associated with using serum from this period to calculate transfer
efficiency. Our results showed that transfer efficiency is influenced by both
perfluorocarbon chain length?®%-% and functional groups*?%%7. Most studies?%625
have demonstrated a U-shaped relationship between the C:T3 of PFAS and the

fluorinated alkyl chain length, consistent with the findings of our study. This may be
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affected by the different binding affinity between PFAS and proteins such as HSA and
L-FABP. However, the decreasing and irregular® trend of PFAS transfer efficiency
with the increase of carbon chain length has been previously reported in countries
such as South Korea'! and South Africa®®. When analyzing functional groups,
comparisons between PFSA and PFCA with identical fluorinated chain lengths reveal
higher C:T3 for PFCA, which is consistent with previous findings®?. Due to the
limited compounds analyzed, the relationship between C:T3 and other functional
groups and isomers of PFAS and its potential mechanism has not been clarified.
Previous evidence®®®% 70 has suggested that most branched isomers have higher C:T3
ratios compared to linear isomers. The distinctive structure of F-53B, characterized by
features like ester bonds and chlorine atoms, may promote placental metastasis?.
Therefore, F-53B might not necessarily make them “safer” than PFOS in terms of
transplacental transmissibility.

The binding affinities of PFAS to transport proteins could play a crucial part in
the transplacental transfer of PFAS. Cao et al.”* reported that the substitute of PFAS,
6:2 CI-PFESA, may have a higher affinity for endogenous proteins. Recently, the
biological process of PFAS transfer was studied on protein binding by using
laboratory experiments and computational models (including molecular docking,
molecular dynamics simulation, and QSAR modeling™) to calculate the binding
constants of different PFAS. The presence of transporters on placental
syncytiotrophoblasts adds a layer of complexity to the transfer of maternal-fetal
ectopic substances. Molecular docking calculations reveal that the main driving forces
are halogen and hydrogen bond interactions, with the binding geometry being
contingent upon the size and strength of these interactions®. In alignment with earlier
research, our study similarly found that PFAS have greater binding affinities to HSA
than to OAT4, possibly attributed to the distinct structure of proteins. In this study,
the placental transfer efficiency of PFCA decreased first and then increased, in which
PFUNA was the lowest point. On the contrary, the affinity of PFCA (ranging from C4
to C13) to L-FABP and P-gp increased first and then decreased, and PFUnA was the

turning point. This may be due to P-gp functioning as a pump, facilitating the transfer
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of PFAS from the placenta to the maternal bloodstream??. The affinity of PFSA to
protein is greater than that of PFCA, under the same carbon chain length. These
findings support that PFAS with varying functional groups and chain lengths may
exhibit different binding affinity to transporters. It is worth mentioning that those
longer chains, such as PFUnA, may have more conformations and lower global
molecular energy. This may bring uncertainty to the docking results. Nevertheless, the
binding mode of PFAS to proteins can explain its distribution in the body and its
potential toxicity to organisms.

Breast milk serves as the primary source of nutrition for the majority of
newborns under six months old. The EDIs of PFAS in breastfeeding infants surpass
those reported for adult dietary intake [0.58 ng/(kg bw-day)]’? by over one order of
magnitude, underscoring breastfeeding as a significant exposure route for infants. The
highest EDIs were identified in infants aged less than one month old. This implies a
potential heightened susceptibility to adverse health outcomes linked to PFAS
exposure within this specific age range. In this study, the EDIs of PFOA and PFDoA
were relatively high, but the EDIs of PFNA, PFDA, PFUnA, PFOS, and 6:2 Cl-
PFESA were relatively lower than those in Zheng's study?’. The discrepancies in EDIs
observed across various studies may be attributable to variations in exposure levels
resulting from diverse sources of exposure in different regions, consumption patterns,
individual metabolic differences, and the inconsistency of EDI estimation methods. In
addition, with the growth of infants, complementary foods may also be an additional
source of exposure. Given that infants are more vulnerable to external chemicals than
adults, it is necessary to enhance monitoring efforts concerning PFAS exposure and

health hazards, especially the effects on lactating infants.

5. Conclusion

Based on the Shanghai Maternal-Child Pairs Cohort, the exposure levels of
legacy and emerging PFAS in maternal serum, cord serum, and breast milk were
monitored in paired samples to comprehensively assess the exposure levels and risks

of PFAS in early life. PFAS were detectable in most of the serum and colostrum
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samples in mother-child pairs, with the highest level of PFOS in maternal serum and
the highest level of PFOA detected in cord serum and breast milk. The placental and
breastfeeding transfer efficiencies of PFAS are influenced by carbon chain length.
Infants can be exposed to PFAS through breastfeeding, particularly increasing the
health risks of PFOS and PFOA, which necessitates further attention. Furthermore,
the study investigated the binding of PFAS to transporters to explore the mechanism
of placental transport using molecular docking. However, placental transporters may
play a role in the transport process of PFAS, and further experimental studies are
necessary to elucidate their specific mechanisms in the metabolism and transfer of

PFAS.
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Highlights:

* 6:2 CI-PFESA exhibited a high detection rate and concentration in maternal
serum, cord serum, and breast milk samples.

* PFAS were more easily transferred through the placenta than breastfeeding.

* With increasing carbon chain length, the placental and breastfeeding transfer
efficiencies of PFAS showed a structure-dependent pattern.

* The EDIs decreased with breastfed infant age and the HQs of PFOS were
higher than that of PFOA.



