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ABSTRACT: Per- and polyfluoroalkyl substances (PFASs)
may cross the placental barrier and lead to fetal exposure.
However, little is known about the factors that influence
maternal-fetal transfer of these chemicals. PFAS concen-
trations were analyzed in 100 paired samples of human
maternal sera collected in each trimester and cord sera at
delivery; these samples were collected in Wuhan, China, 2014.
Linear regression was used to estimate associations of transfer
efficiencies with factors. Chlorinated polyfluorinated ether
sulfonates (Cl-PFAESs, 6:2 and 8:2) were frequently detected
(>99%) in maternal and cord sera. A significant decline in
PFAS levels during the three trimesters was observed. A U-
shape trend for transfer efficiency with increasing chain length
was observed for both carboxylates and sulfonates. Higher transfer efficiencies of PFASs were associated with advancing maternal
age, higher education, and lower glomerular filtration rate (GFR). Cord serum albumin was a positive factors for higher transfer
efficiency (increased 1.1—4.1% per 1g/L albumin), whereas maternal serum albumin tended to reduce transfer efficiency
(decreased 2.4—4.3% per 1g/L albumin). Our results suggest that exposure to Cl-PFAESs may be widespread in China. The
transfer efficiencies among different PFASs were structure-dependent. Physiological factors (e.g,, GFR and serum albumin) were
observed for the first time to play critical roles in PFAS placental transfer.
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B INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) are a group of
anthropogenic fluorinated chemicals that have been widely used
for the past six decades.' Because of their unique characteristics,
such as water and oil repellency, high surface activity, and
thermal stability, PFASs have been used in many different
industrial and commercial applications, including surface
repellent coatings (e.g, food contact paper, textiles, leather,
cookware, and upholstery), surfactants (e.g,, fire-fighting foams,
mist suppressants, and cleaning products), photographic
devices, and pesticides.”® Perfluorooctanoate (PFOA) and

-4 ACS Publications  © 2016 American Chemical Society 634

perfluorooctanesulfonate (PFOS) are two of the most
predominant PFASs found in humans due to their historical
usage and bioaccumulative properties.” After the phase-out of
PFOS,’ together with its global regulation6 and the
introduction of the PFOA Stewardship Proglram,7 most
industrial emissions have been reduced.® Serum PFOS
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concentrations in U.S.”" and European populations "~ have

also decreased steadily since 2000. In contrast, many classes of
novel PFASs, including polyfluoroalkyl phosphate diesters
(diPAPs), fluorotelomer sulfonates (FTSAs), and polyfluor-
oalkyl ether sulfonates (PFAESs), have emerged as alternatives
to legacy PFOS, and have been identified in human blood.*~**

Chlorinated polyfluorinated ether sulfonates (including 6:2
CI-PFAES and 8:2 CI-PFAES) with the trade name F-53B have
been used in the Chinese metal plating industry for three
decades.'® As alternatives to PF OS, the environmental levels of
CI-PFAESs are expected to increase in China over the coming
years. Recent studies in China have detected CI-PFAESs in
surface water,'® sewage sludge,17 and freshwater fish,'® with
measured levels comparable to those of PFOS. Although China
is the only known emission source, 6:2 CI-PFAES has also been
detected in Arctic wildlife,"’ suggesting long distance trans-
portation and global contamination. To the best of our
knowledge, only one study on CI-PFAES detection in
occupationally exposed workers and high fish consumers has
been reported.”> The levels of CI-PFAES exposure in humans,
especially in the general population and biologically sensitive
populations (e.g, pregnant women and infants) remain
unknown.

Animal exposure and epidemiology studies suggest some
PFASs (e.g, PFOA and PFOS) are developmental toxicants,
with evidence that prenatal exposure to PFOA and PFOS might
result in adverse effects on fetal growth,20_23 thyroid hormone
secretion,” and reproductive system development.”® These
findings highlight the necessity to evaluate fetal PFAS exposure
during pregnancy, which is a critical time window of
development impacting health in later life.”® A number of
studies have reported on the levels of PFASs in maternal and
infant sera.”>***’~*® The levels of PFAS in maternal sera were
found to decline during pregnancy,'"*” probably due to the
dilution effect caused by the increased body weight and blood
volume during pregnancy.”’ The transfer of the chemicals from
mother to fetal tissues (e.g, fetal lung and liver) may be
another reason for the decrease.”’ Therefore, serum PFAS
levels at different stages during pregnancy might give a
misleading evaluation of fetal PFAS exposure. It is, therefore,
scientifically important to determine the best sampling time
during pregnancy at which maternal PFAS levels could give the
best estimate of fetal PFAS exposure.

Detection of PFASs in cord blood has demonstrated that
PFASs might cross the placental barrier.””””*” Placental
transfer efficiency (the ratio of PFAS concentration in cord
blood to that in maternal blood) is an important marker in
assessing fetal PFAS burden.”®*” Studying transfer efficiency
could also help understand the mechanism for transportation of
PFASs between mother and fetus. Functional group, chain
length, and degree of PFAS branching are important
determinants of transfer efficiency.”**”*®** Studies suggest
that sociodemographic, perinatal, and phzsiological factors
influence maternal PFAS exposure levels.””* However, further
studies are needed to evaluate if these factors affect placental
transfer efficiency. To the best of our knowledge, only one
preliminary study has suggested that maternal age can influence
PFAS placental transfer.”* Aside from these determinants,
limited studies explored other potential factors, for example,
maternal glomerular filtration rate (GFR, a kidney function
marker that influences renal clearance of PFASs)** and serum
albumin (primary binding protein for PFASs in serum),* for
the transfer efficiency of PFASs.
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In the present investigation, a series of maternal sera during
gestation and matched cord sera at term were collected among
Chinese pregnant women and analyzed for PFASs, including
Cl-PFAESs. Our main objectives were to (1) determine the
levels of PFASs, especially novel PFOS alternative CI-PFAESs,
in paired samples of maternal sera and cord serum; (2)
determine the most representative sampling time during
gestational trimesters for the estimation of fetal exposure; and
(3) explore whether maternal sociodemographic and physio-
logical factors are potential factors for PFAS transfer efficiency.

B MATERIALS AND METHODS

Study Population. In this study, 100 mother-newborn
pairs were recruited during August 2014 to December 2014 at
the Women and Children Medical and Healthcare Center in
Wouhan, China. Pregnant women included in this study were: <
12 weeks of gestation, age >18 years, had a single gestation, and
native Chinese women. All participants provided written
informed consent. The research protocol was approved by
the ethics committees of the Tongji Medical College,
Huazhong University of Science and Technology, and the
study hospital. For each pair, three maternal blood samples [at
the first (12.9 + 1.3 weeks), second (26.0 + 1.6 weeks), and
third trimesters (38.4 + 1.6 weeks), respectively] and one
umbilical cord blood sample (at the time of newborn delivery)
were collected. Blood samples were centrifuged immediately
after collection, with sera then transferred to prescreened
polypropylene tubes and stored at —80 °C wuntil further
analysis.

Data Collection. A face-to-face interview was conducted
with each participant by a well-trained nurse to collect
information on demographic characteristics (e.g, maternal
age, prepregnancy weight, education, employment, household
income) and lifestyle factors (e.g, active smoking, passive
smoking, alcohol consumption). Additional data (e.g., mother’s
weight at delivery, parity, disease, infant gender, gestational age,
birth weight) were obtained from medical records. Passive
smoking was defined as exposure to secondhand smoke on at
least one occasion per week, for at least 15 min per occasion,
either at home or in public areas. Gestational age was calculated
based on last menstrual period. Each mother’s body mass index
(BMI) was calculated using prepregnancy weight in kg divided
by the square of height in m. Serum creatinine (in third
trimester) and albumin (in third trimester and cord serum)
were measured using the Biochemical Analyzer 7180-ISE
(Hitachi High-Technology Science Systems Corporation,
Tokyo, Japan). Estimated GFR was calculated based on the
Cockroft—Gault (GFR-CG) formula [GFR-CG = (140 — age)
X weight (kg) X 1.04/serum creatinine (ymol/L)].

Measurements of PFASs in Serum. The 24 target PFASs
included perfluoroalkyl carboxylates (PFCAs) with 4 to 14
carbon atoms (ie, PFBA, PFPeA, PFHxA, PFHpA, PFOA,
PENA, PFDA, PFUnDA, PFDoDA, PETriDA, PETeDA),
perfluoroalkyl sulfonates (PFASs) with 4, 6, 8, and 10 carbon
atoms (i.e, PFBS, PFHxS, PFOS, PEDS), fluorotelomer
sulfonates (4:2 FTSA, 6:2 FTSA, 8:2 FTSA), methyl
perfluorooctanesulfonamidoacetate (MeFOSAA), ethyl per-
fluorooctanesulfonamidoacetate (EtFOSAA), polyfluoroalkyl
phosphate ester diesters (6:2 diPAP and 8:2 diPAP), 6:2 Cl-
PFAES, and 8:2 CI-PFAES.

Serum PFASs were extracted using an ion-pair liquid—liquid
extraction method.*® In brief, 200 uL of serum was spiked with
mass-labeled standard, 1 mL of tetra-n-butylammonium
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hydrogen sulfate solution (TBAS, 0.5 M), and 2 mL of
NaHCO,/Na,CO; buffer solution (pH = 10) were added to
the spiked sera; the mixture was vortex-mixed, and 4 mL of
methyl tert-butyl ether (MTBE) was added to the mixture. The
mixture was shaken at 250 rpm for 20 min and centrifuged at
4000 rpm for 15 min to separate the organic and aqueous
phases. Approximately 3.5 mL of supernatant was transferred to
a new tube. Another 4 mL of MTBE was added to the
remaining tube, and the extraction procedure was repeated
twice as described above. All three extracts were combined and
evaporated to dryness under a gentle stream of nitrogen at 40
°C and reconstituted with 200 uL of methanol.

Target analytes were analyzed by the Acquity UPLC coupled
to a Xevo TQ-S triple quadrupole mass spectrometer (Waters,
Milford, MA, USA) in negative electrospray ionization (ESI-)
mode. Chromatographic separation was accomplished using an
Acquity BEH C18 column (100 mm X 2.1 mm, 1.7 um,
Waters, MA, USA) with mobile phases: 10 mM ammonium
acetate in water (A) and methanol (B) at a flow rate of 0.4 mL/
min. Calibration curves (range = 0.01—20 ng/mL) exhibited
excellent linearity (R* > 0.99).

Extraction blank, matrix recovery, measurement of standard
reference materials (SRM1957, nonfortified human blood
serum, National Institute of Standards and Technology,
USA), and limit of quantification (LOQ) were used as the
quality assurance and control (QA/QC) measures. For every
batch of extraction, two extraction blanks and two SRM
samples were included to ensure no contamination occurred
and to ensure the compatibility of data from batch to batch. No
detectable levels of PFASs were found in the extraction blank.
Matrix recoveries were validated by spiking known amounts of
standards into newborn bovine serum and subjected to the
extraction method discussed above; the values were within
79%—109%. The measured PFASs in SRM were within the
reported range. The LOQs were defined as the lowest standard
in the calibration curve with measured concentrations within
70—130% of the theoretical concentrations, and were 0.01 ng/
mL for PFSAs and CI-PFAESs; 0.02 ng/mL for C8—Cl4
PFCAs; and 0.05 ng/mL for all remaining compounds. Further
details on standards and reagents, sample extractions,
instrumental analyses, and QA/QC measures are provided in
the Supporting Information (SI).

Statistical Analysis. Descriptive statistics were provided for
subject demographics and PFAS concentrations in maternal
and cord sera. When the concentrations of the PFASs were
below the LOQ, a value of LOQ/ \/ 2 was employed. Since the
PFAS levels did not have equal variances, paired t tests were
used for pairwise comparisons of PFAS serum concentrations.
Correlations among PFAS concentrations in maternal sera in
the three trimesters and in cord serum were evaluated by
Spearman Rank correlations. To estimate the variability of
PFAS levels during pregnancy, intraclass correlation coefficients
(ICC) were calculated based on one-way random effects
models with unstructured symmetry covariance matrices. The
ICC values can be interpreted as a measure of reliability of
repeated measures over time, which range from 0 (poor
reliability) to 1 (high reliability).

The percentage ratio of PFAS concentrations in cord serum
to those in third trimester maternal serum (C:T3 ratio) was
calculated to indicate PFAS transfer efficiency across the
placental barrier (higher ratios mean higher transfer efficiency).
To better estimate the actual transfer efficiency (C:T3 ratio) of
these chemicals, only paired samples with quantifiable
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concentrations (>LOQ) in both T3 and cord serum were
included (92, 99, 14, and 8 pairs were used for PFDoDA, 8:2
CI-PFAES, PFHpA and PFTeDA, respectively, and 100 pairs
were used for all other compounds). One-way analysis of
variance (ANOVA) followed by Duncan’s multiple range test
was used to compare the differences in the transfer efficiency of
PFASs. Linear regression models were performed between the
C:T3 ratios of PFASs (PFAS transfer efficiencies) and possible
covariates (factors of transfer efficiency). Because of a skewed
distribution, the C:T3 ratios were natural log (In) transformed
to better achieve the normality assumption of linear models.
The following covariates were included one at a time: maternal
age (continuous), prepregnancy BMI [underweight (<18.5),
normal (18.5—23.9), overweight (>24 kg/m?), categorical],
gestational week (continuous), household income (<50 K, 50—
100 K, >100 K yuan per year, categorical), maternal education
(higher than high school, high school, less than high school,
categorical), employment (unemployed and employed, dichot-
omous), parity [0 (nulliparous) and >1 (multiparous),
dichotomous], infant gender (male and female, dichotomous),
passive smoking status (yes and no, dichotomous), GFR
(continuous), and serum albumin (continuous). Levels of GFR
and serum albumin were also divided into tertiles with the
lowest category used as reference. The beta coefficient from the
linear model was used to calculate the percentage change in the
PFAS transfer efficiencies for each factor [percentage change =
(¢ — 1) x 100%). All statistical analyses were performed using
SAS, version 9.4 (SAS Institute Inc., Cary, NC). Two-tailed p-
values of less than 0.05 were considered statistically significant
in all models.

B RESULTS

Population Characteristics. Demographic characteristics
of the 100 pregnant women are shown in Table 1. The average
age at delivery and prepregnancy BMI were 28.6 and 20.9,
respectively. Among the participants, 76% had received
university or higher education; 62% were employed; and 47%
had household income higher than 100 K Yuan per year; 88%
were first time mothers; and 42% reported passive smoking
during pregnancy. No participants reported active smoking or
alcohol consumption. The mean values of GFR, maternal
serum albumin, and fetal serum albumin were 169.3 (mL/min
per 1.73 m?), 374 (g/L), and 36.6 (g/L), respectively. On
average (+£SD), maternal serum samples were collected at 12.9
+ 1.3, 26.0 + 1.6, and 38.4 + 1.6 gestational weeks.

PFAS Concentrations. In most paired samples, PFOA,
PENA, PEDA, PFUnDA, PFDoDA, PFTriDA, PFHxS, PEOS,
6:2 CI-PFAES, and 8:2 CI-PFAES were detected (>92%, Table
2). PFHpA and PFTeDA were only detected in 26% and 34%
of cord sera, respectively; the detection rate in maternal sera
was even lower (8—28%). No other PFASs were detected in
any samples. Because of the low detection rate of PFHpA and
PFTeDA, only the transfer efficiencies of these two chemicals
were evaluated.

A significant decline in PFAS levels during the three
trimesters was observed (Table 2 and Figure 1A). The
concentrations of total PFAS and individual PFAS significantly
decreased 6.9—25.6% between the first and second trimesters
(all paired t test p values <0.05; Table S3). A decline (2.0—
16.1%) occurred between the second and third trimesters, but
was statistically significant for only PFOA, PFNA, PFHxS, and
8:2 CI-PFAES. The levels in cord serum were 0.6—2.5-fold
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Table 1. Characteristics of the Pregnant Women (n = 100) in
the Study

characteristic mean =+ SD or n (%)

maternal age at delivery (year) 28.6 + 32
prepregnancy BMI (kg/m?) 209 + 3.0
gestational age (week) 394+ 13
prenatal GFR (mL/min per 1.73 m?)” 169.3 + 37.5
maternal serum albumin (g/L) 374 + 2.7
fetal serum albumin (g/L) 36.6 + 3.2
infant gender

boy 51 (51%)

girl 49 (49%)
parity

0 88 (88%)

1 12 (12%)
education

more than high school 76 (76%)

high school 16 (16%)

less than high school 8 (8%)
annual household income (yuan)

<50 K 22 (22%)

50 K—100 K 31 (31%)

>100 K 47 (47%)
employment

unemployed 38 (38%)

employed 62 (62%)
passive smoking during pregnancy

yes 42 (42%)

no 38 (58%)
gestational week of maternal sera

first trimester 129 + 1.3

second trimester 26.0 + 1.6

third trimester 384 + 1.6

“GFR was calculated based on the Cockroft—Gault (GFR-CG)
formula.

lower than those in the third trimester, except for PFTriDA,
which was 12.8% higher (all paired t test p values <0.001).

In all samples, PFOS was the predominant compound,
followed by PFOA > 6:2 CI-PFAES > PFHxS > PFNA =~ PFDA
~ PFUnDA > PFTriDA > PFDoDA = 8:2 CI-PFAES (Table
2). The composition profiles of PFASs in maternal sera in
different trimesters and in cord sera are shown in Figure 1B.
The compositions varied between different trimesters. For
instance, the percentage contribution of PFOA in maternal sera
significantly decreased from 14.5% (first trimester) to 11.8%
(third trimester). The proportion of PFOS increased from
57.9% (first trimester) to 60.8% (third trimester), but the
change did not reach a statistical significance.

Spearman correlation coeflicients between PFAS concen-
trations in maternal sera in different trimesters and in cord sera
are listed in Table 3. The PFAS concentrations of maternal sera
between different trimesters were highly correlated (r = 0.77—
0.97). Correlations between concentrations in maternal and
cord sera were also high (r = 0.62—0.93). The coefficients
between PFAS levels in cord serum and third trimester
maternal serum were slightly higher than those between cord
serum and sera collected in the first or second trimesters. The
ICC for serial PFAS measurements among trimesters presented
high reproducibility of PFASs during pregnancy (ICC = 0.84—
0.97) (Table S4).
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Placental Transfer Efficiency of PFASs and Related
Factors. The distributions of PFAS transfer efficiencies are
shown in Figure 2 and Table SS. The transfer efficiencies of
PFASs were less than 100%, except for PFHpA (median =
112%), PFTriDA (119%), and PFTeDA (135%). Carboxylates
were more efficiently transferred than sulfonates with the same
perfluoroalkyl chain length (e.g.,, PFOA with a median of 66%
was 2-fold higher than PFOS with a median of 35%). A U-
shape trend for transfer efficiency with increasing molecular
chain length was observed in carboxylates as well as sulfonates
(6:2 CI-PFAES contains eight carbons plus an oxygen atom in
the backbone, considered one molecule longer than PFOS).

The associations between PFAS transfer efficiencies and
demographic, prenatal, and physiological factors are presented
in Table 4. Transfer efficiencies of PFASs were higher for older
women, but only PFTriDA, PFHxS and 8:2 CI-PFAES reached
statistical significance. The transfer efficiency of PFTriDA was
negatively associated with gestational week. The transfer
efficiencies of PFOA, PFHxS, and PFOS were statistically
associated with lower educational attainment. PFAS transfer
efficiencies were inversely associated with GFR. Negative
associations were observed between the transfer efficiencies of
PFASs and the level of maternal serum albumin. In contrast, the
transfers of PFASs were positively associated with cord serum
albumin levels. No significant associations were found between
PFAS transfer efficiencies and prepregnancy BMI, parity, infant
gender, household income, or passive smoking.

B DISCUSSION

The results of the present investigation demonstrated that
PFAS exposure maybe widespread in Chinese pregnant women
and newborns, even after the voluntary phase-out of PFOS, its
global regulation,s’6 and the introduction of the PFOA
Stewardship Program.” The levels of PFOS and PFOA (median
= 14.23 and 3.24 ng/mL in T1) in the present investigation
were lower or comparable to the values reported in pregnant
women collected from different regions before or around the
time when PFOS started to phase out (e.g., 35.3 and 5.6 ng/mL
in Denmark,”” 1996—2002; 15.0 and 2.1 ng/mL in Sweden,”’
1978-2001; and 19.7 and 4.2 ng/mL in Us,* 2000); but were
higher than those reported in studies almost 10 year after the
phase-out of PFOS (e.g, 3.07 and 1.05 ng/mL in France,”’
2010—2013; 4.70 and 1.70 ng/mL in Canada,® 2008—2011).
In addition, the levels of PFOS were approximately 2—3-fold
higher than those reported in pregnant women from two other
Chinese cities (6.7 ng/mL in Tianjin,*’ 2012; 4.41 ng/mL in
Beijing,50 2013), suggesting higher PFOS exposure in Wuhan.

For legacy PFAS, the observed concentration sequences
(PFOS > PFOA > PFHxS ~ PFNA ~ PFDA ~ PFUnDA >
PFTriDA > PFDoDA) in maternal and cord sera were similar
to those from prior studies.””*”*****° However, other PFASs,
such as FTSAs, MeFOSAA, EtFOSAA, and diPAPs, were not
present in our samples. Another major difference in PFAS
composition was the relatively high contribution of CI-PFAESs
in the Chinese samples; with 6:2 CI-PFAES being the third
highest PFAS in maternal and cord sera, accounting for over
10.0% of total PFASs (Figure 1B). Earlier research reported
that known PFASs only accounted for 30—70% of extractable
organic fluorine in human blood.”" The identification of Cl-
PFAESs might explain a significant proportion of the unknown
fraction in Chinese blood. This is the first study to report
baseline concentrations of 6:2 CI-PFAES and 8:2 CI-PFAES
among pregnant women and fetuses. Our results suggest a
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Table 2. Levels of PFASs (ng/mL) in Maternal Sera in Different Trimesters (T1—T3) and in Cord Sera (n = 100)

percentile

analytes trimester detection rate (%) geometric mean Sth 25th S0th 75th 95th
PFOA T1 100 3.15 1.83 2.44 3.24 3.88 5.61
T2 100 2.52 1.44 2.05 2.50 3.13 4.33

T3 100 2.19 1.24 1.81 2.16 2.73 3.85

cord 100 1.42 0.80 1.14 1.41 1.84 2.63

PFNA T1 100 0.84 0.45 0.56 0.83 1.06 1.92
T2 100 0.70 0.37 0.48 0.72 0.92 1.54

T3 100 0.67 0.34 0.50 0.65 0.82 1.46

cord 100 0.26 0.09 0.20 0.26 0.36 0.57

PFDA T1 100 0.78 0.37 0.55 0.81 1.07 1.77
T2 100 0.69 0.34 0.50 0.68 0.94 1.44

T3 100 0.68 0.31 0.49 0.68 0.95 1.49

cord 100 0.20 0.08 0.15 0.20 0.26 0.42

PFUnDA T1 100 0.76 0.38 0.56 0.75 1.01 1.59
T2 100 0.69 0.34 0.48 0.70 0.97 1.43

T3 100 0.68 0.34 0.50 0.68 0.92 1.33

cord 100 0.22 0.10 0.17 0.22 0.31 0.46

PFDoDA T1 98 0.07 0.03 0.05 0.08 0.10 0.17
T2 929 0.07 0.03 0.0S 0.07 0.10 0.14

T3 99 0.07 0.03 0.05 0.07 0.09 0.13

cord 92 0.04 <LOQ 0.03 0.04 0.06 0.09

PFTriDA T1 100 0.15 0.07 0.11 0.16 0.22 0.39
T2 100 0.14 0.05 0.10 0.14 0.18 0.31

T3 100 0.13 0.06 0.09 0.13 0.18 0.31

cord 100 0.15 0.06 0.11 0.16 0.21 0.32

PFHxS T1 100 1.16 0.61 0.88 1.18 1.46 2.42
T2 100 0.99 0.56 0.81 0.98 1.18 1.79

T3 100 0.95 0.56 0.77 0.92 1.09 1.81

cord 100 0.46 0.24 0.35 0.46 0.55 1.04

PFOS T1 100 14.1 5.56 7.99 14.23 21.68 38.84
T2 100 13.0 4.82 7.62 13.20 20.38 38.25

T3 100 12.7 4.84 7.61 12.32 20.03 37.21

cord 100 4.33 1.66 2.68 4.38 6.19 12.54

6:2 CI-PFAES T1 100 2.30 0.90 1.70 222 345 5.46
T2 100 1.99 0.81 1.51 1.93 2.96 4.82

T3 100 1.97 0.86 1.53 1.89 2.59 4.40

cord 100 0.80 0.30 0.60 0.80 1.13 2.13

8:2 CI-PFAES T1 100 0.05 0.02 0.03 0.0S 0.08 0.18
T2 100 0.05 0.02 0.03 0.05 0.07 0.13

T3 100 0.05 0.02 0.03 0.05 0.07 0.13

cord 99 0.03 0.01 0.02 0.03 0.04 0.07

widespread exposure of CI-PFAESs in China; however, further
studies are needed to better understand the exposure pattern of
CI-PFAESs, especially in the general population from different
regions.

Strong correlations between serial maternal sera samples
from the first to third trimesters and cord sera (Table 3) were
consistent with previous mother-infant paired studies.'"*”*’
After combining these results with the high reproducibility of
maternal PFAS levels during pregnancy (Table S4), our
findings suggest the feasibility of using PFAS levels in one
maternal serum sample during pregnancy to assess PFAS fetal
exposure. Samples in the first and second trimesters were
slightly less correlated with cord sera than samples in the third
trimester (Table 3), which might be due to longer time interval
before delivery. Maternal physiological changes, including
blood volume expansion and renal clearance increase in this
period,40 might cause serum PFAS decline, leading to higher
variability in PFAS levels. To obtain nonbiased assessment of
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PFAS exposure between individuals, a relatively narrow time
window for maternal blood sampling is recommended. If there
is a window of vulnerability to affect fetal growth or even long-
term health consequence, the exposure level at that particular
trimester might be most important. Further investigation is
required in this aspect.

Using maternal sera collected at early pregnancy (before full
expansion of blood volume and renal clearance) could
overestimate the actual PFAS concentration at delivery.
Therefore, we used PFAS levels in cord sera over PFAS levels
in maternal samples taken in the third trimester (38.4 + 1.6
week, within 1 week before delivery) to better estimate the
actual transfer efficiency of PFASs. Selective placental transfer
among PFASs was observed, with comparable transfer
efficiencies to those found in previous stud-
jes,”>2H?7 3032738367389 Ap earlier study suggested that
PFAS transfer efficiencies decrease with each increasing unit
of —CF, chain.”> However, some long-chain PFASs, including
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Figure 1. (A) Concentrations of PFAS (sum of all detectable PFASs) and (B) composition profile (percentage mean mass fraction of individual
compounds) in maternal sera during the three trimesters and in cord sera. * indicates significant difference in XPFAS levels between first and second
trimesters (paired t test p-value = 0.02). ## indicates significant difference in ZPFAS levels between maternal sera taken in the third trimester and

cord sera (paired ¢ test p-value <0.001).

Table 3. Spearman Correlation Coefficients between Levels
of Selected PFASs in Maternal Sera in Different Trimesters
(T1-T3) and in Cord Sera (n = 100)

Tland Tland T2and Tland T2and T3 and

T2 T3 T3 cord cord cord
PFOA 091 0.85 0.92 0.73 0.74 0.78
PFNA 0.96 0.93 0.97 0.82 0.85 0.86
PFDA 0.94 091 0.97 0.81 0.89 0.89
PFUnDA 0.95 0.90 0.95 0.81 0.87 0.89
PFDoDA 0.80 0.77 0.85 0.62 0.75 0.77
PFTriDA 0.89 0.76 0.88 0.71 0.80 0.87
PFHxS 0.95 0.87 0.92 0.82 0.82 0.81
PFOS 0.96 0.89 0.93 0.83 0.88 0.92
6:2 CI-PFAES 0.94 0.93 0.96 0.84 0.92 091
8:2 CI-PFAES 0.89 0.85 0.93 0.83 0.92 0.93

PFDoDA, PFTriDA, and MeFOSAA, were reported to have
greater efficiency than expected.”****” In the present
investigation, the transfer efficiency of PFTriDA was over
100%, consistent with other research.*”** For the first time, we
reported on the transfer efficiency of PFTeDA (even higher
than PFTriDA), indicating no placental impediment for these
chemicals. With the detection of these longer chain PFASs
(e.g, PFUnDA, PFDoDA, PFTriDA, PFTeDA for carboxylates,
and 6:2 and 8:2 CI-PFAESs for sulfonates), we observed a U-
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Figure 2. Transfer efficiencies of PFASs with increasing molecular
chain length. PFASs with different letters indicate statistically
significant differences in transfer efficiencies by Duncan’s multiple
range test at p < 0.05. PFHpA and PFTeDA are excluded from
Duncan’s test due to their limited sample size (14 and 8 pairs for
PFHpA and PFTeDA, respectively).

shape trend with increasing chain length, rather than a falling
line. To date, this is the first study to report a U-shape trend in
sulfonates, as well as the most comprehensive study for
carboxylates (C7—C14). In addition, there was similar transfer
efficiencies between 8:2 CI-PFAES (geometric mean 61%) and
PFOA (65%), which was significantly higher than that of PFDA
(29%) having the same carbon chain length. The unique
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Table 4. continued

PFENA PFDA PFUnDA PFDoDA PFTriDA PFHxS PFOS 6:2 CI-PFAES 8:2 CI-PFAES

PFOA

factors

maternal serum albumin (g/L)

ref ref ref ref ref ref ref ref ref

ref

tertile 1 (<36.6)

—-0.8)
—-16.8 (—25.1,

—-10.4 (~19.0,

-2.9)
—-22.2 (=307,

—-13.0 (22,

8.0)
—-16.1 (=25.1,

—34 (-13.5,

5.5)
—15.7 (=23.3,

—3.8 (-12.3,

—44 (-13.9,
62)

4.4)
—16.7 (—28.5,

—10.5 (=233,

6.7)
—12.5 (=20.5,

2.9 (-11.6,

62)
~15.5 (—24.0,

—42 (=137,

10.2)
—18.5 (=287,

-33 (-15.2,

—3.8 (=139,
7.4)

tertile 2 (36.6—38.5)

—11.4 (—20.2,

—20.3 (—28.8,
—10.7)

—3.4 (-5.0,
—-1.8)

tertile 3 (>38.5)

—-7.6)
—3.3 (—4.6,
-1.9)

-6.1) -3.7) -2.9) -17) —7.4) —6.0) —12.7)
—2.4 (3.8, —2.4 (-4.7, —3.1 (—4.5, 2.9 (-4.2, 2.5 (-4.2, -43 (=57,
-1.0) -0.2) -17) -1.5) —-0.9) -2.8)

2.9 (—44,
—-1.4)

~6.8)
—3.1 (5.0,
-1.2)

albumin per 1 g/L

fetal serum albumin (g/L)

ref ref ref ref ref ref ref ref ref

ref

tertile 1 (<35.2)

17.2 (5.7, 30.1) 82 (—4.1,22.0) 17.3 (5.7,
30.2)

152 (5.6,
25.6)

17.2 (5.6,
30.0)

50.1)
162 (0.2,

29.1 (11.0,

12.6 (2.6,
23.6)
17.7 (7.0,

16.2 (5.1,
28.6)

14.7 (0.5,
31.0)

19.8 (7.6, 33.4)

tertile 2 (35.2—37.6)

26.0)
1.1 (=04, 2.5)

13.5 (2.2,

18.8 (5.3, 33.9)

45.9)
4.1 (2.8, 5.4)

8.5 (=2.0, 27.8 (17.1, 31.4 (18.4,
34.6) 20.0) 39.4)

2.3 (0.3, 4.3)

29.1)
1.8 (0.5, 3.0)

36.6)

2.9 (1.6, 4.3)
“Percentage changes were calculated as the exponentiated beta coefficients minus 1. Each factor was run in a separate model. Percentage changes with statistical significance (p < 0.05) are presented in

bold.

21.4 (6.2, 23.4 (11.5,
38.8)

31.3 (17.8,
46.4)

tertile 3 (>37.6)

2.5 (0.9, 4.1)

3.5 (2.5, 4.6)

2.3 (0.3, 4.3)

2.7 (1.0, 4.5)

4.1 (27, 5.4)

albumin per 1 g/L
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structure of CI-PFAESs (e.g., ester bond, chlorine atom) might
play a role in facilitating the placental transfer.

The U-shape trend might be explained by the binding affinity
of PFASs to blood proteins like albumin and fatty acid binding
protein (FABP). Since passive diffusion is often the mechanism
by which chemicals cross the placental barrier,”” binding to
macromolecules might increase the difficulty in passing through
placental membranes, which means the stronger binding affinity
to maternal serum proteins, the harder it is for the free PFASs
to cross the placental barrier. Zhang et al.’® reported an
inverted U-shape trend for binding affinity to FABP from C7 to
C14 PECA:s, the binding affinity increased for increasing chain-
length from C8—Cl1, but started to decrease from C12—C14,
which support this hypothesis. Studies on affinity to albumin
among different chain-length PFASs are still controversial.** >
However, linear PFOS and PFOA are reported to bind to
maternal serum albumin more strongly than their branched
isomers,” which could explain why linear PFASs cross the
placenta less efficiently than branched isomers.””**

The main binding protein for PFASs, albumin, may strongly
affect the transfer of PFASs from maternal serum to fetal serum.
The negative association observed between transfer efficiency
and maternal serum albumin and the positive association
between cord serum albumin and transfer efficiency (Table 4)
led to our hypothesis that maternal serum albumin might
sequester PFASs from entering the placenta, while fetal albumin
might facilitate the entrance of PFASs into cord blood, thus
implying “competition” for PFASs between albumin on each
side of the placenta. Passive diffusion of PFASs is more likely
involved for the transport of free fraction between each side of
the placenta, since albumin can hardly transfer across the
placental barrier.”” The rate of passive diffusion depends on the
concentration gradient; the higher fetal albumin level, the more
PFASs taken up by fetal albumin, and the less free PFAS in cord
blood, which consequently may facilitate the rate of placental
transfer via passive diffusion. Future investigation is needed to
test this hypothesis. Although the underlying mechanism
remains unclear, our study suggests that maternal and fetal
albumin are key factors affecting PFAS transport from maternal
serum to fetal serum via the placenta.

Aside from serum albumin, other demographic and
physiological factors were found to be factors for PFAS transfer
efficiency. Consistent with Manzano-Salgado et al.,>* we found
that PFAS transfer efficiencies increased for older mothers
(Table 4). It is possible that maternal age might affect placental
vascular development, consequently affecting placental func-
tion.”® Mothers with higher education tended to have higher
transfer efficiency (Table 4). It is difficult to explain how
education attainment could affect PFAS transfer; however, it
may be partly due to the positive relationship between maternal
age and education attainment (higher educated women have a
tendency to give birth later). Insufficient sample size of low
educated mothers [less than high school (n = 8)] might be
another reason, resulting in selection bias. In addition, we
observed lower PFAS transfer efficiency with higher GFR
(Table 4). Higher flow rate of filtered fluids represents higher
elimination through the kidney,” and higher renal clearance
during pregnancy may drop the burden of PFASs in maternal
blood, consequently reducing their transfer into the fetus. In
addition, sufficiently high GFR during pregnancy is essential for
normal fetal growth.””® It is not known whether kidney
function during pregnancy (indicated by GFR) affects the
formation and/or function of the placenta, which could further
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affect the transfer of chemicals such as PFASs across the
placenta. Detailed mechanisms behind this relationship requires
further investigation. There are limitations to this study. First,
due to the difficulty of collecting maternal blood during all
three trimesters and corresponding cord blood, the sample size
in this study was limited to 100. Second, although a U-shape
distribution of transfer efficiency was observed among PFASs,
special attention should be given to the interpretation of the
data due to the low detection rates of PFHpA and PFTeDA
(only 14 and 8 pairs) and relative low levels of PFDoDA and
PFTriDA. More sensitive methods or larger sample volume are
needed to confirm the trends of these compounds.

In conclusion, the presence of 6:2 CI-PFAES in sera samples
at comparable concentrations to PFOA indicated that exposure
to 6:2 CI-PFAES may be relatively high and widespread among
pregnant women and fetuses in China. Toxicological and
epidemiological studies are necessary to evaluate their potential
adverse effects on fetal growth, given that a relative large
amount of 6:2 CI-PFAES can transfer across the placenta.
Structure-dependent transfer efliciencies were observed among
different PFASs. Our results suggest both maternal and fetal
serum albumin play important roles in PFAS placental transfer.
To the best of our knowledge, this is the first epidemiological
study to show associations between PFAS transfer efficiencies
and physiological factors, such as serum albumin and GFR.
These factors might be considered as covariates when
estimating PFAS with health outcomes in future epidemio-
logical studies. Our research will hopefully contribute to the
understanding of the transport mechanism of PFASs through
the placental barrier.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acs.est.6b04590.
Additional information regarding standards and reagents,
sample extraction, instrumental analysis, quality assur-
ance, and quality control (PDF)

B AUTHOR INFORMATION

Corresponding Authors

*Telephone: +86-27-83657705. E-mail: xust@hust.edu.cn.
*Telephone: +86-10-64807185. E-mail: daijy@ioz.ac.cn.
ORCID

Jiayin Dai: 0000-0003-4908-5597

Author Contributions

*Y.P. and Y.Z. contributed to this work equally.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Strategic Priority Research
Program of the Chinese Academy of Sciences (XDB14040202),
the National Natural Science Foundation of China
(31320103915, 21437002, 81372959, 81402649), and the
Fundamental Research Funds for the Central Universities,
HUST (2016YXZDO043).

B REFERENCES

(1) Buck, R. C.; Franklin, J.; Berger, U.; Conder, J. M.; Cousins, L. T.;
de Voogt, P; Jensen, A. A.; Kannan, K;; Mabury, S. A; van Leeuwen,

642

S. P. Perfluoroalkyl and polyfluoroalkyl substances in the environment:
Terminology, classification, and origins. Integr. Environ. Assess. Manage.
2011, 7 (4), 513—541.

(2) Kissa, E. Fluorinated Surfactants and Repellents, 2nd ed.; Marcel
Dekker Inc.: New York, 2001.

(3) Lau, C.; Anitole, K; Hodes, C.; Lai, D.; Pfahles-Hutchens, A.;
Seed, J. Perfluoroalkyl acids: A review of monitoring and toxicological
findings. Toxicol. Sci. 2007, 99 (2), 366—394.

(4) Olsen, G. W.; Burris, J. M; Ehresman, D. J.; Froehlich, J. W.;
Seacat, A. M,; Butenhoff, J. L; Zobel, L. R. Half-life of serum
elimination of perfluorooctanesulfonate, perfluorohexanesulfonate, and
perfluorooctanoate in retired fluorochemical production workers.
Environ. Health Perspect. 2007, 115 (9), 1298—1305.

(5) US. EPA (US. Environmental Protection Agency) 2000.
Perfluorooctyl Sulfonates; Proposed Significant New Use Rule.
https://www.gpo.gov/fdsys/pkg/FR-2000-10-18 /pdf/00-26751.pdf
[accessed 16 Dec 2016].

(6) Stockholm Convention 2009. Governments unite to step-up
reduction on global DDT reliance and add nine new chemicals under
international treaty. http://chm.pops.int/Convention/Pressrelease/
COP4Geneva9May2009/tabid/542/languages/en-US/Default.aspx
[accessed 20 July 2016].

(7) US. EPA (U.S. Environmental Protection Agency). 2010/2015
PFOA Stewardship Program. http://www.epa.gov/oppt/pfoa/pubs/
stewardship/pfoastewardshipbasics.html [accessed 20 July 2016].

(8) Lindstrom, A. B; Strynar, M. J.; Libelo, E. L. Polyfluorinated
compounds: Past, present, and future. Environ. Sci. Technol. 2011, 45
(19), 7954—7961.

(9) Calafat, A. M.; Wong, L. Y.; Kuklenyik, Z.; Reidy, J. A.; Needham,
L. L. Polyfluoroalkyl chemicals in the U.S. population: Data from the
National Health and Nutrition Examination Survey (NHANES)
2003—2004 and comparisons with NHANES 1999—2000. Environ.
Health Perspect. 2007, 115 (11), 1596—602.

(10) Olsen, G. W,; Mair, D. C.; Reagen, W. K; Ellefson, M. E,;
Ehresman, D. J.; Butenhoff, J. L.; Zobel, L. R. Preliminary evidence of a
decline in perfluorooctanesulfonate (PFOS) and perfluorooctanoate
(PFOA) concentrations in American red cross blood donors.
Chemosphere 2007, 68 (1), 105—111.

(11) Glynn, A; Berger, U; Bignert, A,; Ullah, S.; Aune, M.; Lignell,
S.; Darnerud, P. O. Perfluorinated alkyl acids in blood serum from
primiparous women in Sweden: Serial sampling during pregnancy and
nursing, and temporal trends 1996—2010. Environ. Sci. Technol. 2012,
46 (16), 9071—9079.

(12) Yeung, L. W. Y.; Robinson, S. J.; Koschorreck, J.; Mabury, S. A.
Part ii. A temporal study of PFOS and its precursors in human plasma
from two German cities in 1982—2009. Environ. Sci. Technol. 2013, 47
(8), 3875—3882.

(13) Gebbink, W. A; Glynn, A; Berger, U. Temporal changes
(1997-2012) of perfluoroalkyl acids and selected precursors
(including isomers) in Swedish human serum. Environ. Pollut. 2015,
199, 166—173.

(14) Lee, H,; Mabury, S. A. A pilot survey of legacy and current
commercial fluorinated chemicals in human sera from United States
donors in 2009. Environ. Sci. Technol. 2011, 45 (19), 8067—8074.

(15) Shi, Y. L; Vestergren, R.; Xu, L.; Zhou, Z.; Li, C. X.; Liang, Y.;
Cai, Y. Q. Human exposure and elimination kinetics of chlorinated
polyfluoroalkyl ether sulfonic acids (CI-PFESAS). Environ. Sci. Technol.
2016, 50 (5), 2396—2404.

(16) Wang, S. W.; Huang, J.; Yang, Y,; Hui, Y. M,; Ge, Y. X,; Larssen,
T.; Yu, G,; Deng, S. B.; Wang, B.; Harman, C. First report of a Chinese
PFOS alternative overlooked for 30 years: Its toxicity, persistence, and
presence in the environment. Environ. Sci. Technol. 2013, 47 (18),
10163—-10170.

(17) Ruan, T, Lin, Y. F; Wang, T, Liu, R. Z; Jiang, G. B.
Identification of novel polyfluorinated ether sulfonates as PFOS
alternatives in municipal sewage sludge in China. Environ. Sci. Technol.
2015, 49 (11), 6519—6527.

(18) Shi, Y. L; Vestergren, R; Zhou, Z.; Song, X. W.; Xu, L.; Liang,
Y,; Cai, Y. Q. Tissue distribution and whole body burden of the

DOI: 10.1021/acs.est.6b04590
Environ. Sci. Technol. 2017, 51, 634—644


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.6b04590
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04590/suppl_file/es6b04590_si_001.pdf
mailto:xust@hust.edu.cn
mailto:daijy@ioz.ac.cn
http://orcid.org/0000-0003-4908-5597
https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/pdf/00-26751.pdf
http://chm.pops.int/Convention/Pressrelease/COP4Geneva9May2009/tabid/542/languages/en-US/Default.aspx
http://chm.pops.int/Convention/Pressrelease/COP4Geneva9May2009/tabid/542/languages/en-US/Default.aspx
http://www.epa.gov/oppt/pfoa/pubs/stewardship/pfoastewardshipbasics.html
http://www.epa.gov/oppt/pfoa/pubs/stewardship/pfoastewardshipbasics.html
http://dx.doi.org/10.1021/acs.est.6b04590

Environmental Science & Technology

chlorinated polyfluoroalkyl ether sulfonic acid F-53B in crucian carp
(carassius carassius): Evidence for a highly bioaccumulative contam-
inant of emerging concern. Environ. Sci. Technol. 2015, 49 (24),
14156—14165.

(19) Gebbink, W. A.; Bossi, R; Riget, F. F.; Rosing-Asvid, A.; Sonne,
C.; Dietz, R. Observation of emerging per- and polyfluoroalkyl
substances (PFASs) in Greenland marine mammals. Chemosphere
2016, 144, 2384—2391.

(20) Bach, C. C; Bech, B. H.; Brix, N.; Nohr, E. A,; Bonde, J. P. E.;
Henriksen, T. B. Perfluoroalkyl and polyfluoroalkyl substances and
human fetal growth: a systematic review. Crit. Rev. Toxicol. 2015, 45
(1), 53-67.

(21) Bach, C. C; Bech, B. H,; Nohr, E. A,; Olsen, J.; Matthiesen, N.
B.; Bonefeld-Jorgensen, E. C.; Bossi, R,; Henriksen, T. B.
Perfluoroalkyl acids in maternal serum and indices of fetal growth:
the Aarhus birth cohort. Environ. Health Perspect. 2016, 124 (6), 848—
854.

(22) Fei, C. Y; McLaughlin, J. K; Tarone, R. E; Olsen, J.
Perfluorinated chemicals and fetal growth: a study within the Danish
national birth cohort. Environ. Health Perspect. 2007, 115 (11), 1677—
1682.

(23) Whitworth, K. W,; Haug, L. S; Baird, D. D.; Becher, G;
Hoppin, J. A.; Skjaerven, R.; Thomsen, C.; Eggesbo, M.; Travlos, G.;
Wilson, R.; Cupul-Uicab, L. A.; Brantsaeter, A. L.; Longnecker, M. P.
Perfluorinated compounds in relation to birth weight in the
Norwegian mother and child cohort study. Am. J. Epidemiol. 2012,
175 (12), 1209—1216.

(24) Kim, S.; Choi, K; Ji, K; Seo, J.; Kho, Y.; Park, J.; Kim, S.; Park,
S.; Hwang, I; Jeon, J; Yang, H.; Giesy, J. P. Trans-placental transfer of
thirteen perfluorinated compounds and relations with fetal thyroid
hormones. Environ. Sci. Technol. 2011, 45 (17), 7465—72.

(25) Vested, A.,; Ramlau-Hansen, C. H.; Olsen, S. F.; Bonde, J. P.;
Kristensen, S. L.; Halldorsson, T. L; Becher, G.; Haug, L. S.; Ernst, E.
H.; Toft, G. Associations of in utero exposure to perfluorinated alkyl
acids with human semen quality and reproductive hormones in adult
men. Environ. Health Perspect. 2013, 121 (4), 453—458.

(26) Lau, C.; Butenhoff, J. L; Rogers, J. M. The developmental
toxicity of perfluoroalkyl acids and their derivatives. Toxicol. Appl.
Pharmacol. 2004, 198 (2), 231-241.

(27) Cariou, R; Veyrand, B.; Yamada, A,; Berrebi, A; Zalko, D.;
Durand, S.; Pollono, C.; Marchand, P.; Leblang, J. C.; Antignac, J. P;
Le Bizec, B. Perfluoroalkyl acid (PFAA) levels and profiles in breast
milk, maternal and cord serum of French women and their newborns.
Environ. Int. 2015, 84, 71—81.

(28) Fromme, H,; Mosch, C; Morovitz, M; Alba-Alejandre, 1;
Boehmer, S.; Kiranoglu, M.; Faber, F.; Hannibal, I; Genzel-
Boroviczeny, O.; Koletzko, B.; Volkel, W. Pre- and postnatal exposure
to perfluorinated compounds (PFCs). Environ. Sci. Technol. 2010, 44
(18), 7123—7129.

(29) Gutzkow, K. B; Haug, L. S.; Thomsen, C.; Sabaredzovic, A;
Becher, G.; Brunborg, G. Placental transfer of perfluorinated
compounds is selective - a Norwegian mother and child sub-cohort
study. Int. J. Hyg. Environ. Health 2012, 215 (2), 216—219.

(30) Hanssen, L; Rollin, H.; Odland, J. O.; Moe, M. K.; Sandanger,
T. M. Perfluorinated compounds in maternal serum and cord blood
from selected areas of South Africa: results of a pilot study. J. Environ.
Monit. 2010, 12 (6), 1355—1361.

(31) Hanssen, L.; Dudarev, A. A.; Huber, S.; Odland, J. O.; Nieboer,
E.; Sandanger, T. M. Partition of perfluoroalkyl substances (PFASs) in
whole blood and plasma, assessed in maternal and umbilical cord
samples from inhabitants of Arctic Russia and Uzbekistan. Sci. Total
Environ. 2013, 447, 430—7.

(32) Kim, S. K.; Lee, K. T ; Kang, C. S,; Tao, L.; Kannan, K,; Kim, K.
R; Kim, C. K;; Lee, J. S.; Park, P. S;; Yoo, Y. W,; Ha, J. Y; Shin, Y. S;;
Lee, J. H. Distribution of perfluorochemicals between sera and milk
from the same mothers and implications for prenatal and postnatal
exposures. Environ. Pollut. 2011, 159 (1), 169—174.

(33) Liw, J. Y;; Li, J. G; Liu, Y.; Chan, H. M;; Zhao, Y. F; Cai, Z. W
Wu, Y. N. Comparison on gestation and lactation exposure of

643

perfluorinated compounds for newborns. Environ. Int. 2011, 37 (7),
1206—1212.

(34) Manzano-Salgado, C. B.; Casas, M.; Lopez-Espinosa, M. J;
Ballester, F.; Basterrechea, M.; Grimalt, J. O.; Jimenez, A. M.; Kraus,
T.; Schettgen, T.; Sunyer, J.; Vrijheid, M. Transfer of perfluoroalkyl
substances from mother to fetus in a Spanish birth cohort. Environ. Res.
2018, 142, 471—478.

(35) Monroy, R;; Morrison, K; Teo, K.; Atkinson, S.; Kubwabo, C.;
Stewart, B.; Foster, W. G. Serum levels of perfluoroalkyl compounds in
human maternal and umbilical cord blood samples. Environ. Res. 2008,
108 (1), 56—62.

(36) Needham, L. L.; Grandjean, P.; Heinzow, B.; Jorgensen, P. J;
Nielsen, F.; Patterson, D. G.; Sjodin, A.; Turner, W. E.; Weihe, P.
Partition of environmental chemicals between maternal and fetal blood
and tissues. Environ. Sci. Technol. 2011, 45 (3), 1121—1126.

(37) Porpora, M. G.; Lucchini, R; Abballe, A; Ingelido, A. M,;
Valentini, S.; Fuggetta, E.; Cardi, V.; Ticino, A.; Marra, V.; Fulgenzi, A.
R; De Felip, E. Placental transfer of persistent organic pollutants: a
preliminary study on mother-newborn pairs. Int. J. Environ. Res. Public
Health 2013, 10 (2), 699—711.

(38) Zhang, T.; Sun, H. W,; Lin, Y.; Qin, X. L,; Zhang, Y. F.; Geng,
X.; Kannan, K. Distribution of poly- and perfluoroalkyl substances in
matched samples from pregnant women and carbon chain length
related maternal transfer. Environ. Sci. Technol. 2013, 47 (14), 7974—
7981.

(39) Kato, K;; Wong, L. Y;; Chen, A,; Dunbar, C.; Webster, G. M,;
Lanphear, B. P,; Calafat, A. M. Changes in serum concentrations of
maternal poly- and perfluoroalkyl substances over the course of
pregnancy and predictors of exposure in a multiethnic cohort of
Cincinnati, Ohio pregnant women during 2003—2006. Environ. Sci.
Technol. 2014, 48 (16), 9600—9608.

(40) Ouzounian, J. G.; Elkayam, U. Physiologic changes during
normal pregnancy and delivery. Cardiol. Clin. 2012, 30 (3), 317—329.

(41) Borg, D.; Bogdanska, J.; Sundstrom, M.; Nobel, S.; Hakansson,
H.; Bergman, A.; DePierre, J. W.; Halldin, K; Bergstrom, U. Tissue
distribution of °S-labelled perfluorooctane sulfonate (PFOS) in
CS7BL/6 mice following late gestational exposure. Reprod. Toxicol.
2010, 30 (4), 558—5685.

(42) Beesoon, S.; Webster, G. M.; Shoeib, M.; Harner, T.; Benskin, J.
P.; Martin, J. W. Isomer profiles of perfluorochemicals in matched
maternal, cord, and house dust samples: manufacturing sources and
transplacental transfer. Environ. Health Perspect. 2011, 119 (11),
1659—1664.

(43) Sagiv, S. K; Rifas-Shiman, S. L.; Webster, T. F.; Mora, A. M,;
Harris, M. H,; Calafat, A. M,; Ye, X. Y.; Gillman, M. W.; Oken, E.
Sociodemographic and perinatal predictors of early pregnancy per- and
polyfluoroalkyl substance (PFAS) concentrations. Environ. Sci. Technol.
2015, 49 (19), 11849—118S8.

(44) Watkins, D. J.; Josson, J.; Elston, B.; Bartell, S. M.; Shin, H. M.;
Vieira, V. M,; Savitz, D. A.; Fletcher, T.; Wellenius, G. A. Exposure to
perfluoroalkyl acids and markers of kidney function among children
and adolescents living near a chemical plant. Environ. Health Perspect.
2013, 121 (5), 625—630.

(45) Beesoon, S.; Martin, J. W. Isomer-specific binding affinity of
perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) to
serum proteins. Environ. Sci. Technol. 2015, 49 (9), 5722—5731.

(46) Hansen, K. J.; Clemen, L. A; Ellefson, M. E.; Johnson, H. O.
Compound-specific, quantitative characterization of organic: fluoro-
chemicals in biological matrices. Environ. Sci. Technol. 2001, 35 (4),
766—770.

(47) Yeung, L. W. Y.; Miyake, Y.; Taniyasu, S.; Wang, Y,; Yu, H. X;
So, M. K;; Jiang, G. B.; Wu, Y. N,; Lj, J. G.; Giesy, J. P.; Yamashita, N;
Lam, P. K. S. Perfluorinated compounds and total and extractable
organic fluorine in human blood samples from China. Environ. Sci.
Technol. 2008, 42 (21), 8140—814S.

(48) Velez, M. P.; Arbuckle, T. E.; Fraser, W. D. Maternal exposure
to perfluorinated chemicals and reduced fecundity: The mirec study.
Hum. Reprod. 20185, 30 (3), 701—709.

DOI: 10.1021/acs.est.6b04590
Environ. Sci. Technol. 2017, 51, 634—644


http://dx.doi.org/10.1021/acs.est.6b04590

Environmental Science & Technology

(49) Jiang, W.,; Zhang, Y; Zhu, L; Deng, J. Serum levels of
perfluoroalkyl acids (PFAAs) with isomer analysis and their
associations with medical parameters in Chinese pregnant women.
Environ. Int. 2014, 64, 40—7.

(50) Yang, L,; Li, ]. G; Lai, J. Q; Luan, H. M,; Cai, Z. W.; Wang, Y.
B. N,; Zhao, Y. F.; Wy, Y. N. Placental transfer of perfluoroalkyl
substances and associations with thyroid hormones: Beijing prenatal
exposure study. Sci. Rep. 2016, 6, 21699.

(51) Yeung, L. W. Y.,; Miyake, Y.; Taniyasu, S.; Wang, Y.; Yu, H. X;;
So, M. K;; Jiang, G. B.; Wy, Y. N;; Lj, J. G,; Giesy, J. P.; Yamashita, N;
Lam, P. K. S. Perfluorinated compounds and total and extractable
organic fluorine in human blood samples from China. Environ. Sci.
Technol. 2008, 42 (21), 8140—814S.

(52) Syme, M. R; Paxton, J. W.; Keelan, J. A. Drug transfer and
metabolism by the human placenta. Clin. Pharmacokinet. 2004, 43 (8),
487-514.

(53) Zhang, L. Y; Ren, X. M; Guo, L. H. Structure-based
investigation on the interaction of perfluorinated compounds with
human liver fatty acid binding protein. Environ. Sci. Technol. 2013, 47
(19), 11293—-11301.

(54) Bischel, H. N.; MacManus-Spencer, L. A.; Zhang, C. J.; Luthy,
R. G. Strong associations of short-chain perfluoroalkyl acids with
serum albumin and investigation of binding mechanisms. Environ.
Toxicol. Chem. 2011, 30 (11), 2423—2430.

(55) Chen, Y. M,; Guo, L. H. Fluorescence study on site-specific
binding of perfluoroalkyl acids to human serum albumin. Arch. Toxicol.
2009, 83 (3), 255—261.

(56) Qin, P. F; Liu, R. T.; Pan, X. R; Fang, X. Y.; Mou, Y. Impact of
carbon chain length on binding of perfluoroalkyl acids to bovine serum
albumin determined by spectroscopic methods. J. Agric. Food Chem.
2010, 58 (9), 5561—5567.

(57) Lambot, N.; Lybaert, P; Boom, A; Delogne-Desnoeck, J;
Vanbellinghen, A. M.; Graff, G.; Lebrun, P.; Meuris, S. Evidence for a
clathrin-mediated recycling of albumin in human term placental. Biol.
Reprod. 2006, 75 (1), 90—97.

(58) Reynolds, L. P.; Borowicz, P. P.; Caton, J. S.; Vonnahme, K. A;
Luther, J. S;; Buchanan, D. S.; Hafez, S. A.; Grazul-Bilska, A. T.;
Redmer, D. A. Uteroplacental vascular development and placental
function: an update. Int. J. Dev. Biol. 2010, 54 (2—3), 355—365.

(59) Morken, N. H,; Travlos, G. S.; Wilson, R. E.,; Eggesbo, M,;
Longnecker, M. P. Maternal glomerular filtration rate in pregnancy
and fetal size. PLoS One 2014, 9 (7), e101897.

(60) Vesterinen, H. M.; Johnson, P. L; Atchley, D. S.; Sutton, P.;
Lam, J; Zlatnik, M. G; Sen, S.; Woodruff, T. J. Fetal growth and
maternal glomerular filtration rate: a systematic review. J. Matern.-Fetal
Neonat. Med. 2015, 28 (18), 2176—2181.

644

DOI: 10.1021/acs.est.6b04590
Environ. Sci. Technol. 2017, 51, 634—644


http://dx.doi.org/10.1021/acs.est.6b04590

