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ABSTRACT: Prenatal exposure to per� uoroalkyl and poly� uoroalkyl substances (PFASs)
has aroused public concerns as it can pose multiple health threats to pregnant women and
cause adverse birth outcomes for fetuses. In previous studies, the prenatal exposure levels and
transplacental transfer e� ciencies (TTE) of PFASs have been reported and discussed.
Speci� cally, the binding a� nities between PFASs and some transporters were determined,
demonstrating that the TTE values of PFASs are highly dependent on their binding behaviors.
To summarize primary� ndings of previous studies and propose potential guidance for future
research, this article provides a systematic overview on levels and characteristics of prenatal
exposure to PFASs worldwide, summarizes relationships between TTE values and structures
of PFASs, and discusses possible transplacental transfer mechanisms, especially for the
combination between PFASs and transporters. Given the critical roles of transporters in the
transplacental transfer of PFASs, we conducted molecular docking to further clarify the
binding behaviors between PFASs and the selected transporters. We proposed that the
machine learning can be a superior method to predict and reveal behaviors and mechanisms of the transplacental transfer of PFASs.
In total, this is the� rst review providing a comprehensive overview on the prenatal exposure levels and transplacental transfer
mechanisms of PFASs.
KEYWORDS: per� uoroalkyl and poly� uoroalkyl substances, prenatal exposure, transplacental transfer, molecular docking,
quantitative structure� activity relationship

1. INTRODUCTION
Per� uoroalkyl and poly� uoroalkyl substances (PFASs) are new
persistent organic pollutants (POPs) in which hydrogen atoms
are completely or partially replaced by� uorine atoms in
straight or branched chains.1 Due to their unique character-
istics such as hydrophobicity, oleophobicity, high chemical
stability, thermal stability, high surface activity, etc., PFASs
have been used globally in various industries and commercial
products (e.g., textiles, papermaking, packaging, pesticides,� re
extinguishing foam, household materials, and cosmetics).
PFASs contain high-energy carbon� � uorine bonds, conse-
quently, they cannot be easily degraded and can accumulate in
organisms through food chains. Many PFASs have been
demonstrated to accumulate in protein-rich organ, tissues, and
body � uid such as liver, kidneys, human serum, and breast
milk.2� 5 Toxicological studies have shown that PFASs have
various biological toxicities such as liver toxicity, neurotoxicity,
reproductive and developmental toxicity, endocrine disrupting
e� ects, and suspected carcinogenicity.6� 9 Given their environ-
mental persistence, bioaccumulation, and multiple biological
toxicities, two traditional and widespread monomers,10,11

per� uorooctanoic acid (PFOA), per� uorooctanesulfonate
(PFOS), and their related compounds have been listed into
Annex A and Annex B of Stockholm Convention, respec-

tively.12 Meanwhile, many countries and regions around the
world (especially for developed countries) have imposed a
series of regulation to eliminate the production and use of
PFOA, PFOS and their related compounds.

Recently, a large number of substitutes for PFOA and PFOS
have been designed and produced to meet the requirements of
various industrial applications (main information about the
alternatives of PFOS and PFOA is listed inTable 1).13� 15

Gold et al.16 reported that, although the U.S. Environmental
Protection Agency had reached a voluntary agreement with
eight U.S. companies on the PFOA management plan, the plan
excluded the control of alternatives that these companies may
develop, use, produce, and release. Besides, the manufacturers
keep the chemical structures of many alternatives a secret,
preventing researchers from studying their physical and
chemical properties. Consequently, many� uorinated alter-
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Table 1. Brief Information on PFOS, PFOA, and Their Main Alternatives
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natives, which are regarded as the“environmentally friendly”
substitutes, are incorporated into the production and use
without any discussion. On the other hand, with the
advancement of analytical technology, some new PFASs
monomers have been detected in environmental media and
organisms,17� 22 which has caused great concern. Therefore,
solving the environmental issues that are linked to PFASs still
has a long way to go.

The transmission behavior and health risks of PFAS in the
human body have always been the concern of research
subjects, wherein pregnant women and fetuses are the most
vulnerable populations. The placenta of pregnant women is
responsible for transferring of essential nutrients from the
maternal circulation to the fetus, while selectively preventing
from the transmission of certain biological macromolecules
and pathogens to the fetus to provide a suitable environment
for its growth and development.23 However, some studies have
found that a number of environmental pollutants, including
PFASs, can cross the placental barrier and reach the fetus
through umbilical cord blood.24,25 Other studies have also
demonstrated that the transplacental transfer of PFASs during
pregnancy may be related to adverse health e� ects and birth
outcomes of fetuses.26� 29 The fetus has an incomplete organ
development and its resistance and detoxi� cation capabilities
are very limited, as a result, exposure to xenobiotic compounds
in the uterus may bring adverse health e� ects throughout its
childhood.30,31 Herein, the concerns on prenatal exposure to
PFASs have been continuously increased in recent years. The
measurement of PFASs levels in pregnant women and fetuses
has shown that the intrauterine exposure to PFASs is a
widespread problem worldwide.32 Many studies have calcu-
lated and compared the transplacental transmission e� ciencies
of PFASs, showing that PFASs with di� erent structures have
di� erent transmission abilities.33,34 Lately, the transmission
mechanism of PFASs in the placenta has become a scienti� c
issue that is highly concerned and needs to be solved urgently.
Passive di� usion and active transport have been adopted to
explain the transplacental transfer mechanism of PFASs.
Transport proteins in maternal blood and placenta have been
demonstrated to play a critical role in the transmission process.
In vitro experiments have three main limitations:� rst, in vitro
experiments are ine� cient and take a long time; second, some
proteins products cannot be bought for the experiments; third,
the transmission mechanism cannot be explained at the
molecular level in vitro experiments. Consequently, the

transplacental mechanisms of PFASs have not been fully
understood. The exploration of this complex transfer
mechanisms by computational toxicological methods are
expected to break the bottleneck. The models established
through machine learning algorithms can e� ciently predict the
transplacental transport e� ciencies of a large number of
compounds and reveal the molecular structure characteristics
that a� ect the transport e� ciencies. Various algorithms such as
neural networks, genetic algorithms, random forest tree
algorithms, and support vector machine algorithms have
been used to predict the transplacental transmission rates of
drugs.35,36 In addition, molecular dynamics simulations can be
used to predict and evaluate the binding behavior and
mechanism of drugs and reveal related drug targets at the
molecular level.37 For the research on PFASs, machine learning
methods can be applied to study and reveal the behavior and
mechanism of transplacental transfer mechanism of PFASs.

Many previous reviews have focused on the exposure
pathways,38� 41 human body burdens,42 and health e� ects43� 46

of PFASs in pregnant women, children, or general population.
There is only one review article32 that has summarized the
variation among countries and continents, and the temporal
trend of prenatal exposure to PFASs. The review of the
characteristics and mechanisms of transplacental transfer of
PFASs, which is critical to the health risks assessment of
biologically sensitive populations such as pregnant women and
fetuses, has not been reported. In this review, we aim to (1)
provide a comprehensive summary on the global levels and
characteristics of prenatal exposure to various PFASs; (2)
provide an overview of the characteristics and trends of
transplacental transfer e� ciencies of PFASs with di� erent
structures, and (3) summarize and discuss the mechanisms of
the transplacental transfer of PFASs, especially for the
combination between PFASs and transporters in human
serum and placenta; and (4) propose the suggestions for the
application and development of machine learning methods in
future research in this� eld.

2. LEVELS OF PRENATAL EXPOSURE TO PFASS
WORLDWIDE

2.1. Concentration and Geographical Distribution of
PFASs in Various Matrices. The occurrence of PFASs in
placenta,47,48 umbilical cord blood,49,50 amniotic� uid,50,51 and
infant serum52 indicated their prenatal exposure. Numerous

Table 1. continued
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studies have shown that there are extensive prenatal exposures
to PFASs among pregnant women and infants.

In 2004, Inoue et al.53 measured the concentrations of
PFOA and PFOS in maternal serum and cord serum samples
from pregnant Japanese women for the� rst time, wherein a
high correlation of PFOS concentration between maternal and
cord serum was observed. Additionally, the concentrations of
PFOS in maternal serum ranged from 4.9 to 17.6 ng/mL, and
those in cord serum ranged from 1.6 to 5.3 ng/mL. Although
only 15 pairs of maternal serum and umbilical cord serum
samples were analyzed, this research aroused public concerns
in the world. Apelberg et al.54 determined the concentrations
of PFOS and PFOA in the cord serum of 299 newborns in
Maryland, U.S.A. They found that the geometric mean
concentrations of PFOS and PFOA were 4.9 and 1.6 ng/mL,
respectively. Besides, they con� rmed that there were
imbalances in PFOS exposure levels among ethnic groups;
the geometric mean concentrations in Asians (6.0 ng/mL) and
black people (5.1 ng/mL) were higher than those in white
people (4.2 ng/mL). Kim et al.55 investigated the residues of
PFASs in the serum and cord serum of pregnant Korean
women, suggesting that PFOS and PFOA were the two most
dominant PFASs, and PFHxS, per� uoroheptanesulfonate
(PFHpS), per� uorononanoic acid (PFNA), per� uorodecanoic
acid (PFDA), and per� uorotridecanoic acid (PFTrDA) were
also detected. In South Africa, where the industries remain
underdeveloped, the prenatal exposure to PFASs still exists.
Hanssen et al. measured the levels of PFOA, PFOS, and
PFHxS in maternal serum and cord serum of pregnant women
from 31 communities in South Africa,56 demonstrating that
pregnant women living in the cities (with industrial activities)
had higher exposure levels to PFASs than those from the
suburbs.

The maternal and cord serum are superior samples in
prenatal exposure research because of their high accessibility
and ease of handling. Besides, placenta is also frequently
collected and used in analysis of PFASs. Chen et al.47,57

reported that the median concentrations of PFOS, PFOA,
PFHxS, and 6:2 Cl-PFESA in placenta samples of women in
Wuhan, China were 2.416, 0.464, 0.207, and 0.340 ng/g wet

weight, respectively. Mamsen et al.48 measured� ve PFASs,
including PFOS, PFOA, PFNA, per� uoroundecanoic acid
(PFUnDA), and PFDA in the placenta of Danish women,
showing that their average concentrations were 1.3, 2.1, 1.1,
0.5, and 0.3 ng/g wet weight, respectively. Bangma et al.58

investigated the PFAS levels in the placenta from a high-risk
pregnancy cohort (n = 122) in North Carolina, wherein PFOS,
PFHxS, PFHpS, and PFUnDA were detected in 99%, 75%,
55%, and 49% of the placenta, respectively. There was no
correlation between the level of PFASs and hypertensive
disorders of pregnancy, fetal growth, or gestational age,
whereas maternal race/ethnicity was associated with signi� cant
di� erences in PFUnDA levels. Because the internal structure of
the placenta is very complex,24 current researchers have failed
to e� ectively separate the maternal side from the fetal side in
placenta. Therefore, the level of PFASs in the placenta can only
be used to con� rm the occurrence of prenatal exposure but
cannot be used to further explain their transmission. In fact,
the transmission of PFASs between maternal blood and fetal
blood occurs at the placental villus, in which the fetal
capillaries are scatteringly distributed. To further reveal the
transfer process of xenobiotic compounds in the placenta and
to overcome the limitations of placenta samples, methods such
as ex vivo human placental perfusion model and virtual organs
can be used (more details can be found inSection 3.2).

In addition, as demonstrated by several studies, PFASs in
amniotic� uid have also been detected. However, the levels of
most PFASs in amniotic� uid were very low and below the
detection limit.50,51 Amniotic � uid is the dialysis� uid as
maternal serum enters the amniotic cavity through the placenta
in the� rst trimester, and mainly comes from the urine excreted
by the fetus after the second trimester.59 Low levels of PFASs
in amniotic� uid indicate the amniotic� uid is not the main
route of intrauterine exposure, nor is it the main route of fetal
excretion of PFASs.

In addition to the countries and cities mentioned above, the
prenatal exposure of PFASs have been also found in China,33,47

Germany,52 Denmark,60,61 France,62 Sweden,63 Canada,64

Spain,65,66 Italy,67 and Russia,68 as exhibited inFigure 1and
Supporting Information (SI) Table S2(details are not

Figure 1. Concentrations and compositions of PFASs in maternal and cord blood of pregnant women from various countries worldwide. The
numbers shown above the pie charts represent the median concentration of total PFASs in ng/mL. The corresponding sampling period was written
under the name of the country or city. The data from America are geometric mean values. The data for Russia and Denmark are from whole blood,
those for Norway are from plasma, and those for other countries are from serum.
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discussed here). Taken together, the prenatal exposure of
PFASs has been a widespread issue worldwide.

Figure 1shows the levels of PFASs in human blood and cord
blood of pregnant women from various countries/regions
worldwide. It should be noted that there is a certain gap in the
period of each study. Besides, due to the limitations of
technical methods, the types of PFASs measured in each study
are di� erent. As a result, these factors should be considered
when comparing the prenatal exposure levels of PFASs in
di� erent countries/regions. In the Asia, the highest exposure
levels were observed in Tianjin and Wuhan which are two
industrial cities in China.33,47 In addition, the sampling time is
an important factor a� ecting the levels of PFASs. For example,
the exposure level in Russia is signi� cantly higher than that in
Japan and South Korea, and this may result from that the
sampling time in Russia68 (years of 2001� 2002, when PFOS
could be produced and used without any regulation) is earlier
than that in Japan53 and South Korea.55 The PFASs exposure
in Denmark is the highest in the world, and its sampling period
is 1996� 2002.61 The exposure level in Sweden is also
signi� cantly higher than that in other European countries
(except Denmark), and its sampling time is 1978� 2001.63 The
study period in other European countries is 2010� 2015, thus
their low exposure levels may be the result of e� ective
regulation on PFOS. Furthermore, the di� erences in diet and
lifestyle between Sweden and other European countries may be
one of the reasons of the relatively high exposure level in
Sweden.63 The exposure level of PFASs in Canada64 is much
higher than that in the United States,69 which is also likely due
to the large di� erences in the sampling time. Moreover, the
data from the American is the geometric mean, while the data
from Canada and other countries is the arithmetic mean.
Mathematically, the geometric mean is generally less than or
equal to the arithmetic mean. This is also a unignorable reason
for the low exposure level in the American. Although the
United States is the main producer of PFASs, its prenatal
PFASs exposure level is comparable to that in South Africa.56

It is noteworthy that research on prenatal exposure of PFASs in
China starts relatively late, yet the analysis technology is the
most developed, showing the most comprehensive types of
measured PFASs, which may be one of the reasons for the
larger total PFASs in China.

2.2. Concentrations and Types of PFASs of High
Concern. As mentioned earlier, previous studies on PFASs
prenatal exposure mainly focused on PFOS and PFOA, the two
traditional monomers. With the advancement of the detection
and analysis technology, researchers have turned their
attentions to the emerging PFASs. The term“emerging”
used here mainly re� ects the following four points. The� rst
aspect is the simultaneous test of isomers. Chen et al.47

conducted a study on the distribution of PFOS, PFOA, and
PFHxS isomer in 32 pairs of maternal serum, placenta, and
umbilical cord serum samples from Wuhan, China, and
con� rmed that linear PFASs are the dominant isomer
(71%� 97%) tested. The second aspect is the simultaneous
detection of homologues. Gao et al.33 examined the levels of
per� uoroalkyl carboxylic acid (PFCAs; C4 to C13), and
per� uoroalkanesulfonic acids (PFSAs; C4, C6, C8) in maternal
serum and umbilical cord serum of 132 pregnant women in
Beijing, China. This work has been the most comprehensive
report on PFASs homologues so far. Their results showed that
PFOS is the main PFASs detected in maternal serum and cord
serum, and PFNA is the main long-chain PFASs. The third

aspect is the identi� cation of substitutes of PFASs (Table 1),
particularly for the two monomers of F-53B. As reported by
Pan et al.,70 the median concentrations of 6:2 Cl-PFESA in the
serum and cord serum of pregnant women in Wuhan, China
were 1.89 and 0.80 ng/mL, respectively, which were obviously
higher than those of pregnant women in Beijing33 (0.094 and
0.091 ng/mL, respectively). The di� erence may be due to the
fact that Wuhan has been the primary� uorine chemical base in
China since the 1990s. Lu et al.71 have detected FTSAs
(including 6:2 FTSA, 8:2 FTSA, and 10:2 FTSA) in human
placenta samples with a very low detection frequency,
reporting that the contribution of total concentration of
FTSAs to PFASs is in the range of 0� 4.9%. Finally, the fourth
aspect is the recognition of other concerned PFASs, including
PFOS precursors and some unknown PFASs. In 2013,
Hanssen et al.68 detected per� uorooctane sulfonamide
(PFOSA) in the maternal blood and umbilical cord blood of
Russian pregnant women and reported that their median
concentrations are 0.33 and 0.31 ng/mL, respectively. Zhao et
al.34 reported that the median concentration of PFOSA in
whole blood of pregnant women in Tianjin, China is 0.011 ng/
mL. In addition, Morello-Frosch et al.69 also reported very low
concentrations of PFOSA in the maternal serum and cord
serum of pregnant women in Los Angeles. PFOSA is more
frequently detected in whole blood than in serum because
PFOSA can bind more strongly to red blood cells.72 To
e� ectively detect other PFASs, especially for those with
unknown identities, nontargeted screening technology can be
employed. In 2020, Li et al.73 applied nontargeted screening
methods to screen 19 PFASs in the maternal serum and cord
serum from 117 pairs of pregnant women in Beijing, China,
and found that the highest concentration of emerging PFASs is
6:2 Cl-PFESA. They also detected other� uorinated com-
pounds including unsaturated per� uorinated alcohols, OBS,
hydrosubstituted poly� uoroalkyl carboxylic acids, ether-per-
� uoroalkyl sulfonates, and ketone per� uorooctanesulfonate, all
of which have not been reported in human serum prior to their
publication. The emerging PFASs identi� ed in this study are
accounted for 27.9% of the total PFASs in the maternal serum
of pregnant women and for 30.3% of the total PFASs in the
cord serum, suggesting that attentions should also be paid to
the prenatal exposure of emerging PFASs.

To sum up, although PFOS and PFOA have been regulated
around the world for over 10 years, they are still the main
PFASs exposed to the fetus during pregnancy. Current
research on the prenatal exposure of emerging PFASs is
limited to the two monomers of F-53B (6:2 Cl-PFESA and 8:2
Cl-PFESA) and homologues of PFOS and PFOA. The prenatal
exposure of other PFASs precursors such as per� uoroalkyl
phosphinic acids (PFPiAs) and per� uoroether carboxylic acids
(PFECAs), as well as some alternatives such as HFPO� DA,
and ADONA, has not been reported. Therefore, it is necessary
to develop more sensitive analysis method to investigate the
prenatal exposure levels of di� erent types of PFASs more
comprehensively. Given that the structure information on
many PFASs is still unknown, it is worth trying the
nontargeted screening method as a research pathway to
investigate the prenatal exposure of the unknown emerging
PFASs.
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3. TRANSPLACENTAL TRANSFER MECHANISM OF
PFASS

3.1. Transplacental Transfer E�ciency of PFASs with
Di�erent Structures. The level of transplacental transfer of
PFASs is determined by transplacental transfer e� ciencies
(TTE), which is the ratio of the PFASs concentration in cord
serum to that in corresponding maternal serum. Available
evidence has shown that the concentrations of some PFASs in
cord serum are even higher than those in maternal serum,
which indicated the accumulation of PFASs in cord serum and
the fetus because the metabolic capacity of the fetus is much
lower than that of the pregnant woman.33,50 Gu�tzkow et al.74

investigated a subpopulation of the Norwegian mother-to-child
cohort and detected 7 PFASs in 123 pairs of maternal and cord
blood samples, with TTE between 30% and 79%. Compared to
other PFASs, the transmission rates of short chain PFASs and
branched PFOS are relatively high, indicating that only certain
PFASs can cross the placenta in a structurally dependent
manner. Current research has demonstrated that TTE is
dependent on the following three aspects of structures:
per� uorocarbon chain length, isomers, and functional groups.

Many studies33,50,70,75� 77 have demonstrated that the TTE
of PFASs homologues has a U-shaped relationship with
� uoroalkyl chain lengths. That is, PFASs with shorter chain
lengths (such as PFBA and PFBS) or longer lengths (such as
PFTrDA and 6:2Cl-PFESA) have higher TTE, whereas PFASs
with modulate chain lengths (such as PFDA and PFOS) have
lower TTE. However, after the regulation of PFOS was
imposed, PFBS and 6:2 Cl-PFESA have been produced and
used as substitutes worldwide. Considering their transplacental
transmissibility, therefore, these substitutes are not necessarily
“safer” than PFOS.

Other evidence34,77 has suggested that isomers of PFOA and
PFOS have di� erent TTE values; TTE usually increases as the
branch point moves closer to the carboxyl or sulfonate group,
and the TTE of branched isomers is higher than that of linear
isomers. On the contrary, some studies found di� erent

transmission trends for PFHxS47 and PFOSA,34 that is, the
TTE of straight chains is higher than that of branched chains.

Considering functional groups, the comparison of PFSAs
with the same� uorinated chain length show that PFCAs has
higher TTE values than PFSAs as follows, wherein PFBA >
PFBS, PFHxA > PFHxS, and PFOA > PFOS were
observed.33,70 Because the types of PFASs identi� ed are
limited, the relationships between TTE and other of functional
groups of PFASs, as well as their underlying mechanisms, have
not been elucidated.

3.2. Transport Mechanism. At present, the understanding
of the transplacental transfer mechanism of PFASs is still
inconclusive. Thus, researchers attempted to elucidate and
understand the transmission process and mechanism through a
variety of methods.

The mechanism of drug transport across the placenta has
been fully studied. Generally, there are three possible
mechanisms of placental transport of drugs, including passive
di� usion, active transport, and pinocytosis.78 The transfer of
drugs across the placenta barrier occurs mostly through passive
di� usion.79 Previous research has demonstrated80 that some
drugs taken by pregnant women during pregnancy can pass
into the blood circulation of the fetus via passive di� usion.
Drugs can also cross the placenta through various active
transporters located on both fetal and maternal sides of the
syncytiotrophoblasts (Figure 2). Pinocytosis and phagocytosis
are considered too slow to have any signi� cant impact on the
fetal drug concentration. Understanding the mechanisms of
drugs transport across the placenta is of great reference for the
study of PFASs, and it was speculated that PFASs may cross
placenta though passive di� usion or/and active transport.

Some studies have speculated that the transmission
mechanism of some PFASs is similar to passive di� usion. It
is known that the more hydrophobic the compounds, the
greater the degree of passive di� usion, and the straight chain
isomers are more hydrophobic than branched chain isomers.
This may explain, to some extent, why the TTE of the linear-
chain PFHxS47 and PFOSA34 is greater than that of branch-
chain isomers. However, the transmission through passive

Figure 2. Anatomy of the human placenta and potential mechanism of transplacental transport of PFASs.
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di� usion may not be true for PFOS and PFOA. Because for
PFOS34,47 and PFOA,34 it has been reported that the TTE
values of branch-chain isomer are larger than those of the
linear isomer. The passive di� usion also cannot explain the
transmission phenomenon of PFASs homologues, of which the
TTE has a U-shaped correlation with the increasing carbon
chain length. Therefore, many studies have been conducted
from the viewpoint of protein binding (Table 2).

Bischel et al.81 evaluated the associations between 12 PFCAs
(C2 � C12) as well as 3 PFSAs (C4, C6, C8) and bovine
serum albumin (BSA) using equilibrium dialysis, con� rming
that the correlation between the a� nity of BSA and carbon
chain lengths has an“inverted U” shape. Combined with the
U-shaped correlation of PFASs mentioned above, it can be
concluded that the binding of PFASs to proteins in maternal
blood can hinder their transplacental transmission. As a result,
PFASs with strong protein-binding a� nity may have a low
TTE. Inspired by this research, Gao et al.33 determined the
equilibrium dissociation constant of human serum albumin
(HSA)-PFASs complex (Kd-HP), serum proteins (SP)-PFASs
complex (Kd-SP) and liver-fatty acid binding protein (L-
FABP)-PFASs complex (Kd-LP), wherein the number of
carbon atoms has a U-shaped relationship with the threeKd
values (the higherKd value, the weaker the protein-binding
a� nity), as well as with the TTE of PFASs. This research
demonstrates the binding to proteins can cause the decrease of
TTE of PFASs.

Kummu et al.82 employed the ex vivo human placental
perfusion model to evaluate the role of organic anion
transporters 4 (OAT4) and ATP-binding cassette transporter
G2 (ABCG2) in the transplacental transmission of PFOS and
PFOA. They determined the expression levels of OAT4 and
ABCG2 proteins by Western blotting and studied their
correlation with the transfer index % (TI %) of PFOS and
PFOA at 120 and 240 min. They found that the expression of
OAT4 was negatively correlated with the TI % of both PFOA
(R2 = 0.92,p = 0.043) and PFOS (R2 = 0.99,p = 0.007) at 120
min, whereas that of ABCG2 was not associated with TI %.
This implies that PFOS and PFOA in the placenta are
modi� ed only by the transporter OAT4, not ABCG2; and
OAT4 may reduce the fetal exposure to PFASs, similarly to
HSA, SP, and L-FABP mentioned above.33 Generally, OAT4 is
mainly expressed in the basal membrane of the syncytio-
trophoblast (fetal side),83 whereas the ABCG2 is located at the
apical membrane of the syncytiotrophoblast (maternal side).84

Thus, location of transporters should also be taken into
consideration in future studies exploring this mechanism
exploration.

Current evidence has shown that the binding of certain
transporters to PFASs can inhibit the transplacental transport
of PFASs. However, the interactions between PFASs and
transporters in the placenta, as well as critical factors a� ecting
their interactions, are poorly understood. Many studies have
reported the mechanism of interactions between PFASs and
some proteins that are ubiquitous to blood, such as albumin85

and liver fatty acid binding protein (L-FABP).86� 88 Zhang et
al.89 compared the molecular docking of PFOA, PFOS, and L-
FABP and found that two hydrogen bonds between the
carboxyl head of PFOA and L-FABP, and three hydrogen
bonds between the sulfonic acid head of PFOS and L-FABP.
The number of hydrogen bonds is positively correlated with
the binding a� nity between PFASs and proteins; for this
reason, the binding a� nity of PFOA and L-FABP is less than
that of PFOS and L-FABP.

Based on the current evidence, a consensus that PFASs
bound to selected proteins have lower ability to pass through
the placenta compared to free PFASs has been reached.
However, it is still unclear whether the binding a� nity of
PFASs and transporters is dependent on structures. In fact,
studies have demonstrated that some transporters in the
placenta could facilitate the transmission of certain drugs.83

Thus, it can be speculated that PFASs can enter the fetal blood
circulation through active transport with the intervention of
certain proteins. In addition to di� usion and binding to
proteins, PFASs may pass through the placenta via paracellular
passage (Figure 2). Studies have shown the placenta is a lipid-
pore membrane and placental channels in the syncytiotropho-
blast range from 15 to 25 nm in diameter.90 Some nanosized
drugs can cross the placenta via the placental channels (also
known as paracellular passage).91 However, this type of
transmission pathway of PFASs has not been examined.
Additionally, there are more than 30 types of transport
proteins expressed in the human placenta,92,93 and data on
some proteins are currently still limited. Considering that the
large number of PFASs and related active proteins, the more
e� cient method than in vitro experiments to study them is
computational toxicology.

3.3. Molecular Docking of 32 PFASs to HSA, hL-FABP,
and OAT4. According to literatures, HSA, SP, hL-FABP, and
OAT4 can bind to a variety of PFASs, and the binding can

Table 2. Binding of PFASs to Transporter Proteins Reported in the Literatures

substrate transporter methodology conclusion reference

PFCAs (C4� C13), PFSAs (C4, C6, C8), 6:2Cl-PFESA HSA, SP,
hL-FABP

equilibrium dialysis equilibrium dissociation constants and
per� uoroalkyl chain lengths have a U-shaped
correlation

33

PFCAs (C2� C12), PFSAs (C4, C6, C8) BSA equilibrium dialysis 82
PFOA, PFOS OAT4,

ABCG2
ex vivo human placental perfusion

model
PFOS and PFOA are modi� able by OAT4, not

ABCG2
83

PFOA, per� uorododecanoic acid (PFDoA) BSA equilibrium dialysis and molecular
docking

hydrogen bonding and hydrophobic interaction
promote the interaction between PFASs and
proteins

86

PFOA, PFOS,N-ethyl per� uorooctane sulfonamideN-
ethyl per� uorooctane sulfonamidoethanol

rL-FABP equilibrium dialysis PFASs competitively inhibit the binding between
fatty acids and rL-FABP

87

PFCAs (C4� C18), PFSAs (C4, C6, C8), 6:2
� uorotelomer alcohol, 8:2� uorotelomer alcohol

hL-FABP molecular docking the number of hydrogen bonds is positively
correlated with a� nity

90

PFCAs (C4� C9), PFSAs (C4, C6, C8), EEA, Genx,
ADONA, 2m-PFOA, F-53B, F-53

hL-FABP,
rL-FABP

molecular docking and molecular
dynamics simulation

F-53 and F-53B have similar or stronger binding
a� nity than PFOS

88

74 PFASs hL-FABP size-exclusion column coelution (to
screen unknown hL-FABP
ligands)

eight high-a� nity ligands are selectively captured
from 74 PFASs

89
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a� ect the transplacental transfer e� ciencies of PFASs.
However, studies on PFASs monomers are still limited.
Therefore, we adopted molecular docking to evaluate the
binding of 32 PFASs monomers with HSA, hL-FABP, and
OAT4 (Figure 3). The details of the molecular docking
methods are summarized in theSupporting Information. HSA
is the most abundant protein in human blood, and it plays a
role in transporting long-chain fatty acids in blood.94 Although
L-FABP is mainly present in the liver, it is one of the major
proteins in serum with an average concentration of 9.46 ng/
mL (averaged from 4.5 to 17.5 ng/mL).95 The central cavity of
the L-FABP can bind to long-chain fatty acids and some other
hydrophobic ligands. OAT4 belongs to the organic anion
transporters (OAT) family, and it is mainly expressed in the
human placenta, acting as an organic anion/carboxylic acid
exchanger on the placenta membrane.93 Our molecular
docking results con� rmed that the number of C atom in
PFASs is one of the main factors a� ecting the protein binding
ability (SI Table S1). As the number of carbon atoms
increases, the binding a� nities between PFCAs and OAT4,
PFSAs and HSA showed the U-shaped trend, indicating
PFCAs or PFSAs with medium chain lengths (such as PFHpA,
PFOA, and PFHxS) can bind more strongly to OAT4 or HSA
than PFCAs or PFSAs with other chain lengths. As for PFCAs
and PFSAs with the same carbon number, generally, PFCAs
can bind more strongly to HSA and L-FABP than PFSAs,
whereas PFSAs can bind more strongly to OAT4 than PFCAs.
In addition, PFOS or PFOA were found to bind more strongly
to these proteins than some PFOS or PFOA substitutes, such
as 6:2 Cl-PFESA, 6:2 FTSA, NaDONA, HFPO� DA, PFBS,
and PFBA, suggesting that these substitutes may have higher
health risks to the fetus compared to the legacy PFASs.

The a� nity between PFASs and proteins can a� ect the
transplacental transmission e� ciency of PFASs. In contrast to
in vitro experiments, molecular docking methods, which not
only can more e� ciently obtain the data on the binding
between PFASs with di� erent structures and di� erent proteins,
but also can further reveal the interaction mechanism between
them at the molecular level.

3.4. Application of Computational Toxicological
Methods on Transplacental Transfer Mechanisms.

Over the past few decades, machine learning algorithms and
computational toxicology methods have been widely applied to
predict and evaluate the transplacental transfer ability of drugs
and various environmental pollutants.35,36,96 Compared with in
vitro experiments, machine learning can predict the trans-
placental transfer behavior of various compounds more
e� ciently by establishing models, and may reveal the
transplacental transfer mechanism at the molecular level.

Machine learning algorithms can be employed to construct
quantitative structure� activity relationship (QSAR) models
between the structural properties and transplacental transfer
ability of thousands of compounds, which can then be used to
predict and assess the transplacental transfer ability of other
unknown compounds, meanwhile, revealing the important
molecular structural features that a� ect transplacental transfer
ability. Initially, the QSAR model was applied to the evaluation
of transplacental transfer of drugs.97 Recently, the QSAR
model has been applied to predict the transplacental transfer of
concerned environmental pollutants. Eguchi et al.98 used
multiple linear regression (MLR), partial least-squares
regression (PLS) and random forest regression (RF) to
study the relationship between transplacental transmission
rates and the physicochemical properties of polychlorinated
biphenyls (PCBs), organochlorine pesticides (OCPs), poly-
brominated diphenyl ethers (PBDEs), and dioxins. The RF
model, which has the highest prediction ability, has been used
to indicate that molecular weight and lipophilicity are the
critical parameters a� ecting the transport of organic halogen
compounds across the placenta. Li et al.99 established multiple
linear regression models based on the experimental TTE values
and computed molecular descriptors of various environmental
chemicals (including polycyclic aromatic hydrocarbons,
organochlorine pesticides, polychlorinated biphenyls, poly-
brominated diphenyl ethers, and PFASs), indicating topo-
logical polar surface area may substantially in� uence the TTE
values of environmental chemicals. With the accumulation of
experimental data on transplacental transfer of PFASs, a variety
of machine learning algorithms can be used to establish the
QSAR model to predict and evaluate the prenatal mother-to-
fetus transmission e� ciency of PFASs. Also, the molecular
structure features that have an important impact on placental

Figure 3. Representative molecular docking results for the binding between PFASs and HSA (A), L-FABP (B), and OAT4 (C).
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transport can be analyzed, which is important for the
assessment of health risk of prenatal PFASs exposure.

Di� erent from other lipid-rich POPs, PFASs have been
proven to bind to a variety of proteins, which is a key process
that a� ects the transfer of PFASs across the placenta. Through
molecular docking, machine learning algorithms can be used to
e� ectively simulate the binding process of proteins and
compounds, evaluate their a� nity, and reveal the key amino
acids and chemical bonds formed that a� ect the binding at the
molecular level. Based on the molecular docking of PFASs and
HSA, it was suggested that the selective a� nity of PFASs to
HSA could be a key factor for selective transplacental transfer
of PFASs.100,101Chen et al.102studied the binding mechanism
of PFCAs to HSA through molecular docking and found that
electrostatic interactions were the main intermolecular forces
between PFOA and HSA, while hydrogen bonding and van der
Waals interactions played important roles in the combination
of PFDA and HSA. Li et al.99 applied molecular docking to
investigate the binding a� nities between 51 environmental
chemicals and 6 selected transporters, including BCRP,
MDR1, hENT1, FR alpha, SERT, and MRP1. The results
demonstrated that the structure-dependent binding a� nity is
one of the important factors a� ecting transplacental transfer of
various environmental chemicals. In addition, based on
available data sets, machine learning can be used to build
QSAR models and to predict the e� ects of compounds to
transporter proteins. Jiang et al.103developed a series of QSAR
models by using seven machine learning approaches (including
a deep learning method, two ensemble learning methods, and
four classical machine learning methods) to discriminate
between BCRP inhibitors and noninhibitors and found the
support vector machine classi� er yielded the best predictions.

With the accumulation of data on transplacental transfer of
PFASs, it will be a hot spot for future research to use
computational toxicological methods to reveal the transport
mechanisms and predict the transport behavior of PFASs.

4. PERSPECTIVES
It has been con� rmed that PFASs can cross the placenta to
fetuses, leading to their continuous prenatal PFSAs exposure,
and causing certain adverse e� ects on human health. Current
research focusing on this topic has reported prenatal exposure
levels and transplacental transfer e� ciencies of PFASs.
Multiple evidence has demonstrated that the transmission of
PFASs in the placenta is selectively and structurally dependent,
and the transmission rates of certain PFASs substitutes are
higher than those of legacy PFASs. However, information on
the transport mechanism of PFASs across placental barrier
remains limited. Various current studies have shown that free
PFASs may pass through the placenta via passive di� usion, and
their binging to transporters can limit their transport capacity;
thus, more research evidence on this topic is required. Based
on the current knowledge, the following prospects should be
put forward:

To more comprehensively investigate the prenatal exposure
to PFASs, the development of technology for PFASs analysis is
urgently needed. At present, only a few studies have detected
PFOSA and FTSAs in human blood, but no studies that detect
PFPiAs, PFECAs, Genx, ADONA, HFPO-TA, etc. in human
blood or placental tissue have not been conducted. Therefore,
it is urgent to develop analysis methods with low detection
limit and improved sensitivity to detect these emerging PFASs.
Considering that the structure information of substantial

PFASs substitutes is still unknown, using nontargeted screen-
ing technology is an e� ective pathway to� ll these data gaps.
Nontargeted detection in human blood and placenta samples
requires higher sensitivity and accuracy than that in environ-
mental matrices, so techniques for nontarget screening of
unknown PFASs need to be developed to provide data on risks
of prenatal exposure to emerging PFASs.

To better understand the transmission mechanism of PFASs
in the placenta, the mechanisms and roles of the transporters in
the placenta need to be fully studied. A few studies have
suggested that the binding of PFASs to transporter proteins in
the placenta may restrict their transplacental transmission. This
understanding is, however, inconclusive and cannot be
extended to a wider range because the transporter proteins
investigated in these studies represent only a small portion of
the transporter proteins expressed in the human placenta.
Additionally, some transporters in the placenta could facilitate
the transmission of xenobiotics from the mother to the fetus.83

Pharmaceutical research has demonstrated83 that the ex-
pression of many endogenous and exogenous receptors in
the placenta can increase the placental transport of drugs, and
the biotransformation transporter proteins involved in the
process can also lead to the production of intermediate or� nal
products of certain drugs (such as phenytoin sodium) with
teratogenic activity. Thus, interdisciplinary research in the
environmental, pharmacy and medicine� elds should be
conducted to further reveal the roles of transporters in the
placenta on the transmission e� ciency of PFASs and to
explore the mechanism and products of the biotransformation
of PFASs in the placenta. Knowledge from such research is
critical for assessing the risk of prenatal exposure to PFASs.

Due to the lack of samples and data, it is highly necessary to
adopt machine learning to research on prenatal exposure of
PFASs. Through machine learning algorithms, the quantitative
structure� activity relationship between structural character-
istics of PFASs and TTE can be established to predict and
evaluate TTE of various PFASs. In addition, it is possible to
apply the molecular docking method to identify the key
chemical bonds, functional groups, and amino acids in the
interaction between PFASs and active proteins. By knowing
which PFASs are more likely to bind to proteins, it is readily to
reduce the bioavailability of these PFASs by reversely designing
the safer PFASs alternatives.

Finally, establishing a more systematic toxicokinetic model
to comprehensively assess the risk of PFASs exposure in
fetuses is another essential step. It is known that the main
excretion pathways of fetal metabolites in the uterus are the
umbilical artery and amniotic� uid. The� rst excrement from
the fetus within 48 h after born is meconium, along with
PFASs that are accumulated due to the prenatal PFASs
exposure. By determining the level of PFASs in umbilical
venous blood, amniotic� uid and meconium, the remaining
level of PFASs in the fetus can be deduced, and the ability of
fetus to metabolize PFASs in the uterus can then be evaluated.
Moreover, multiple studies have demonstrated104� 107 that the
presence of PFASs in breast milk is an indicator that
breastfeeding infants are still exposed to PFASs. Therefore, a
systematic toxicokinetic model for the intrauterine and
lactation periods should be established to assess the risk of
PFASs exposure in fetuses/infants, which are the most
biologically sensitive populations.
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