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Abstract

Purpose of Review Despite increasing awareness of the ubiquity of microplastics (MPs) in our environments, little is known
about their risk of developmental toxicity. Even less is known about the environmental distribution and associated toxicity
of nanoplastics (NPs). Here, we review the current literature on the capacity for MPs and NPs to be transported across the
placental barrier and the potential to exert toxicity on the developing fetus.

Recent Findings This review includes 11 research articles covering in vitro, in vivo, and ex vivo models, and observational
studies. The current literature confirms the placental translocation of MPs and NPs, depending on physicochemical proper-
ties such as size, charge, and chemical modification as well as protein corona formation. Specific transport mechanisms for
translocation remain unclear. There is emerging evidence of placental and fetal toxicity due to plastic particles based on
animal and in vitro studies.

Summary Nine out of eleven studies examined in this review found that plastic particles were capable of placental trans-
location. In the future, more studies are needed to confirm and quantify the existence of MPs and NPs in human placentas.
Additionally, translocation of different plastic particle types and heterogenous mixtures across the placenta, exposure at dif-
ferent periods of gestation, and associations with adverse birth and other developmental outcomes should also be investigated.

Keywords Placenta - Transport - Microplastics - Nanoplastics - Developmental toxicity

Introduction

Since the production of plastics accelerated after the early
1950s, approximately 6300 million metric tons of plastic
waste have been generated worldwide, over three-quarters
of which have been discarded in various environments [1].
The extensive production and usage of plastic have created
an environmental health burden on both macro and micro
scales. Large quantities of plastic pollution in natural envi-
ronments have harmed ecosystems and wildlife, particularly
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marine life. Increasing amounts of micro- and nanosized
plastic particles in water, food, air, and personal care prod-
ucts have put humans at risk of potential adverse health
effects as well [2].

Micro- and Nanoplastic Characteristics

The most commonly used plastic polymers are high- and
low-density polyethylene, polyvinyl chloride, polyethylene
terephthalate, polypropylene, and polystyrene [3]. Primary
plastic particles (or pellets) are produced by industry as the
building blocks for nearly every plastic product. They are
also created for laboratory purposes, for biomedical applica-
tions, and as additives for consumer products such as cos-
metics. Secondary plastic particles are formed during weath-
ering processes of larger plastics in natural environments
[4]. Historically, there have not been universally agreed
upon definitions for the size of microplastics (MPs) and
nanoplastics (NPs). MPs are generally classified as <5 mm
in diameter, and NPs are less clearly defined but typically
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considered to be < 1 um or < 100 nm in diameter [5, 6, 7].
MPs and NPs exist in a variety of shapes including spherical,
angular, irregular, and fibrous forms [8]. These plastic parti-
cles can be environmentally transported over long distances
and as a result are found in all parts of the world including
in Arctic sea ice [9e, 10].

Sources and Routes of Exposure

Since MPs and NPs are known to be widely present in
food, water, and air, humans are most commonly exposed
through ingestion and inhalation routes [11]. A common
exposure source is bottled water—possibly from both the
water itself and its plastic packaging [12]. One evaluation of
human consumption estimated that microplastic intake for
Americans ranges from 74,000 to 121,000 particles per year
[13]. Microplastics were recently detected in human stool,
providing evidence of ingestion and gastric exposure [14].
After inhalation or ingestion, MPs and NPs can be taken up
in the lungs and gastrointestinal tract by endocytosis and
persorption and then enter circulation [11, 15]. Fragments
of plastic polymers were recently detected and quantified
in human blood for the first time [16e]. More studies are
needed to confirm and quantify MPs and NPs in blood and
other biological samples.

Toxicological Implications of Exposure

The toxicity of micro- and nanosized plastic particles likely
depends on their physicochemical properties including size,
shape, molecular structure, functionalization, surface charge,
and material type [8]. There is evidence that exposure to
MPs and NPs is associated with inflammation, disruption
of immune function, genotoxicity, and oxidative stress in
aquatic animals [8, 11, 17]. MPs and NPs can serve as vehi-
cles for other pollutants through sorption processes. For
example, endocrine disrupters such as phthalates and bis-
phenol A, brominated flame retardants, hydrophobic organic
contaminants such as polychlorinated biphenyl, and heavy
metals can associate with these particles and pose health
risks [11, 18, 19, 20]. Furthermore, the surface of MPs and
NPs can be rapidly colonized by microbes in the environ-
ment, forming biofilms that may impact the microbiome of
the host once exposed [11].

Placental Translocation

The potential for wide-ranging health risks associated with
MP and NP exposure combined with the heightened suscep-
tibility to environmental agents during fetal development
underscores the importance of investigating the maternal-
to-fetal transfer of such particles across the placenta. The
role of the placenta is to facilitate essential nutrient, gas,

@ Springer

and waste exchange for the fetus, but it is not impervious
to environmental toxicants. The placental barrier consists
of the syncytiotrophoblast layer, cytotrophoblast cells, and
the endothelial cell layer of the fetal capillaries (see Fig. 1)
[21e]. The syncytiotrophoblast layer is polarized; the basal
membrane is in contact with the villous stroma surround-
ing capillaries on the fetal side and the apical/brush border
membrane faces the maternal compartment [21e]. There
are four transport mechanisms across the placental barrier:
passive diffusion, active transport, phagocytosis/pinocyto-
sis, and biotransformation [22]. The precise mechanism that
MPs and NPs might utilize to cross the placental barrier
has not yet been elucidated. Various nano-sized materials
such as gold, silica, and titanium dioxide have been shown
to cross the placental barrier and exert toxicity in animal
studies; therefore, placental translocation of at least nano-
sized plastic particles in humans is of concern [23]. Little
is currently known about the existence, concentration, dis-
tribution, and types of NPs in the human placenta, largely
because existing analytical techniques cannot identify NP
particles in complex environmental and biological samples
[24].

Existing reviews cover the health risks posed by MPs,
NPs, and other nanomaterials including placental transport,
but none focus solely on the transport of plastic particles
across the placenta [2, 11, 17, 25, 26, 27, 28]. The purpose
of this review is to summarize the current literature on the
capacity for MPs and NPs to transport across the placental
barrier and exert toxicity on the developing fetus in order to
identify gaps to be addressed by future research.

Methods
Search Strategy

Articles were identified for review through a comprehensive
literature search using PubMed and Web of Science data-
bases. The search strategy utilized terms such as “placenta,”
“transport,” “particle,” and “plastic” with Boolean operators
(see Table S1). The search included study articles published
in English with studies conducted in humans and animals.
Additionally, references in relevant articles were screened to
find eligible publications that were not identified from the
initial database searches. The literature search produced arti-
cles published between September 1974 and February 2022.

Selection Criteria

The search targeted human and experimental studies rel-
evant to human health that investigated the translocation
of micro- and/or nanosized plastic particles across the pla-
centa. Papers describing findings from in vitro, ex vivo, and
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Human placenta

Fig. 1 Structure of placental barrier and translocation route for plastic
particles. Schematic diagram of human placenta with a labeled cross
section of a chorionic villus and arrow showing route for plastic parti-

in vivo models, as well as observational human studies, were
included. Studies investigating developmental toxicity of
MPs and NPs in animals that are not placental mammals
were excluded. Studies investigating the placental translo-
cation of particles composed of materials other than plastic
such as titanium dioxide and silica were excluded.

Selection of Studies

Reviewers EM and MS independently screened the titles,
abstracts, and full text of identified papers to exclude studies
that did not fulfill the inclusion criteria. Any discrepancies
were discussed until a consensus was reached.

Synthesis of Results

Selected studies were characterized by particle material
type, particle size, dose, exposure duration and route, study
model, detection method, and major findings. Studies were
then grouped as toxicological or epidemiological evidence,
and the former category was evaluated according to reported
results for size-dependent transport, charge independent
transport, protein corona modulated transport, passive vs.
active transport, and distribution and toxicity following
transport. We conclude with a qualitative discussion of the
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study findings regarding the placental translocation of MPs
and NPs.

Results
Study Selection

The literature search was conducted in July 2021 and
updated in February 2022. A total of 752 articles were
identified using PubMed (N=317) and Web of Science’s
Core Collection (N=435). A total of 146 duplicate arti-
cles were identified and removed using Endnote. Nineteen
additional articles were retrieved from the reference lists
of included reviews and other studies. Titles of all papers
were screened, abstracts of 51 papers were screened, and
36 full-text papers were assessed for eligibility. Articles
were excluded if they did not assess the transport of par-
ticles made of plastic across the placental barrier (only
investigated the transport of particles made from other
materials), if they did not explicitly investigate transport
across the placental barrier, or if they were not primary
research studies (e.g., review papers or protocols). The final
selection of 11 primary research articles included 4 studies
using in vitro human cell models, 2 in vivo animal stud-
ies, 1 study with both in vitro human cells and an in vivo
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Fig.2 Search process and study selection. From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. https://doi.org/10.1136/bmj.n71

animal model, 3 studies using ex vivo human placental
perfusion models, and 1 observational study in humans.
The study selection process is outlined in Fig. 2.

Study Characteristics

Study characteristics of the existing evidence on the pla-
cental translocation of MPs and NPs are summarized in
Table 1. The experimental studies reviewed used spherical
fluorescent polystyrene NPs ranging from 50 to 500 nm in
size with various modifications, charges, and fluorescent
labels. The only observational study of human environ-
mental exposure detected MPs in human placenta samples
sized 5-10 um and identified some to be polypropylene.
In vitro cell-culture studies used BeWo b30, HPEC-A2,
and 3A-Sub-E placental cell lines and primary cell cul-
tures to model the human placental barrier. In vivo and
ex vivo studies exposed pregnant mice/rats and human
placentas to plastic particles to evaluate translocation.
Numerous methods were used to detect the translocation
of plastic particles including mass measurements, fluo-
rescence measurements, fluorescence microscopy, confo-
cal microscopy, Raman microspectroscopy, transmission
electron microscopy, and asymmetrical flow field-flow
fractionation. Some studies also investigated the uptake,
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distribution, and toxicity of plastic particles in the pla-
centa and fetal tissues and organs.

While some studies used multiple experimental condi-
tions to investigate both placental translocation and toxicol-
ogy of plastic particles, study characteristics (e.g., particle
dose, exposure, placenta model, and detection method)
are provided for the translocation studies specifically. The
reported “major findings” include results from toxicological
investigations as well (Table 1).

Size-Dependent Transport

Using an ex vivo human placental perfusion model, Wick
et al. (2010) observed size-dependent maternal-to-fetal pla-
cental translocation of fluorescent polystyrene particles.
After 180 min of perfusion, fluorescence measurements and
transmission electron microscopy micrographs showed that
beads sized 50, 80, and 240 nm were able to cross the pla-
centa to the fetal compartment, while 500-nm beads did not
[35¢]. Leveraging an in vitro placental cell culture model,
Cartwright et al. (2012) seeded BeWo b30 cells on polycar-
bonate membrane Transwells and observed that 50-nm flu-
oresbrite polystyrene particles were transported to the fetal
compartment at a sixfold higher rate than 100-nm particles,
also indicating size-dependent transport of NPs. Confocal
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microscopy showed cellular accumulation of 50-nm parti-
cles, indicating transcellular transport [29¢]. Further sup-
porting size-dependent transport, Aengenheister et al. (2018)
found limited placental translocation of 49-nm polystyrene
particles and no translocation of 70-nm polystyrene particles
in BeWo b30 cells as well as the microvascular human pla-
cental venous endothelial cell line HPEC-A2. In an in vivo
mouse model, Huang et al. (2015) found polystyrene parti-
cles ranging 20-500 nm could cross the placental barrier.
Placental uptake and trophoblast internalization was greatest
for 40-nm particles, and there was no clear linear association
between particle size and uptake [32e].

Charge Independent Transport

Using BeWo b30 cells, Kloet et al. (2015) observed that
translocation of 50-nm polystyrene nanoparticles was not
dependent on the surface charge of the particles. Transloca-
tion of three types of 50-nm polystyrene NPs, one positively
charged and two negatively charged, was assessed [30e].
Particles gained a similar negative charge in medium with
10% fetal calf serum. After 24 h of incubation, the positively
charged NP and one type of negatively charged NP showed
a time-dependent increase in the basolateral compartment
[30e]. Though the two types of negatively charged NPs
were approximately the same size and charge, they showed
significantly different translocation across the BeWo b30
model [30e]. Because the two NPs were produced by differ-
ent manufacturers, the authors hypothesized the difference
in translocation observed could be attributed to unknown
differences in the chemical groups on the surface of the par-
ticles [30e]. Potentially consistent with this theory, Grafmu-
eller et al. (2015) found increased placental translocation of
plain polystyrene beads compared with carboxylate-modi-
fied beads of the same size. Overall, these findings suggest
that the translocation of plastic particles across the placenta
is determined by a combination of factors, including particle
size and the presence of chemical modifications.

Protein Corona Modulated Transport

It is plausible that the interaction of plastic particle surfaces
with various endogenous biomolecules affects particle
transport. In biological fluids, proteins can rapidly cover the
surface of nanomaterials forming a protein corona. Using
the ex vivo human placental perfusion model, Gruber et al.
(2020) found that dynamic protein coronas influenced the
translocation of plain 80-nm polystyrene nanoparticles
across the placental barrier. First, the group showed the
addition of plasma to the perfusion medium increased the
maternal-to-fetal transfer of NPs [36¢]. The composition
of the protein coronas also changed substantially in both
relative abundance and quantity [36e]. For example, they
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detected a significant increase in the number of proteins on
NPs that were in contact with the placenta versus in plain
medium and a significant decrease in the number of pro-
teins on NPs in fetal circulation versus maternal circulation
[36¢]. Using shotgun proteomics, they identified albumin
(HSA) and immunoglobulin G (IgG) as major proteins of the
NP coronas [36¢]. Media supplemented with HSA showed
a higher maternal-to-fetal transfer rate than media supple-
mented with IgG; however, the final NP concentrations in
maternal circulation were similar for both media [36e]. In
all media tested including the control, Gruber et al. (2020)
observed placental translocation of NPs which suggests any
protein corona—facilitated transport is also accompanied by
another baseline mechanism.

Passive vs. Active Transport

Kloet et al. (2015) also investigated the role of specific trans-
port mechanisms by assessing whether the distribution of
NPs in the compartments changed in the presence of inhibi-
tors of endocytosis and specific ATP-binding cassette trans-
porters. They found that inhibitors of P-glycoprotein and
breast cancer resistance protein had no effect on transloca-
tion of either NP and that an inhibitor of multidrug resist-
ance protein 1 increased basolateral translocation of the
positively charged NP and had no effect on the translocation
of the negatively charged NP [30e]. Overall, they concluded
that inhibition of these specific active transport mechanisms
did not significantly affect NP translocation and so transloca-
tion occurs preferentially by passive diffusion [30e].

In contrast, Grafmueller et al. (2015) posit that the trans-
location of polystyrene particles across the placenta mainly
involves an active, energy-dependent transport pathway. The
investigators used the ex vivo human placental perfusion
model to assess the bidirectional transfer of both plain and
carboxylate modified polystyrene particles with fluorescent
labels 50-300 nm in diameter [21e]. After 6 h of perfu-
sion, bidirectional translocation of NPs up to 300 nm was
observed and was higher in the reverse (fetal-to-maternal)
direction. This finding suggests that there are different
transport mechanisms on the fetal and maternal sides of
the placenta [21]. Antipyrine, a small molecule used as a
marker of passive transport, reached equilibrium after 4-6 h
of perfusion but concentration equilibrium of the NPs was
not reached [21]. Furthermore, while antipyrine transloca-
tion in the fetal-to-maternal direction was delayed due to
lower exchange surface on the fetal side, the translocation
of NPs in this direction was enhanced [21]. Taken together,
these observations suggest that translocation of NPs occurs
by an energy-dependent mechanism. The authors pro-
posed phagocytosis or endocytosis as possible transloca-
tion mechanisms rather than specific transporters; primary
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human macrophages have been reported to phagocytose 100-
nm polystyrene nanoparticles [21, 38]. Additionally, both
Grafmueller et al. (2015) and Gruber et al. (2020) observed
the accumulation of polystyrene NPs in the syncytiotropho-
blast layer.

Toxicity and Distribution

Since there is accumulating evidence that plastic particles can
cross the placental barrier, it is important to investigate the
toxic potential of these particles. In the studies using ex vivo
placental models by Grafmueller et al. (2015) and Wick et al.
(2010), general measures of placental viability, functional-
ity, and transfer were observed not to be affected by perfu-
sion of plastic particles [21e, 35¢]. Hesler et al. (2019) used
BeWo b30 cells to conduct a multi-endpoint toxicological
assessment of 50- and 500-nm carboxy-modified polysty-
rene particles in vitro. Consistent with Wick et al. (2010)
and Grafmueller et al. (2015), this study did not observe any
adverse effects of NP exposure on placental barrier integ-
rity as measured by transepithelial electrical resistance [9e].
Exposure to 50-nm and 500-nm particles was associated with
a slight increase in viability [9e]. As the carboxyl groups
conferred a negative charge to the polystyrene particles, this
finding aligns with the previously discussed study by Kloet
et al. (2015) in which they found only positively charged NPs
induced cytotoxicity of BeWo b30 cells.

In different in vitro models, the human 3A-Sub-E tropho-
blast cell line and villous cytotrophoblasts derived from term
placentas of normal pregnancies, Huang et al. (2015) did
observe cytotoxicity of carboxylate-modified NPs. Follow-
ing exposure to 20- and 40-nm particles in both trophoblast
models, they observed elevated cleaved caspase 3, a marker
of apoptosis induction, based on Western blot analysis [32e].
They also observed reduced cell proliferation after exposure
to 20-nm nanoparticles in both types of trophoblast models
through analysis of BrdU incorporation [32e].

Interestingly, Hesler et al. did not observe transport across
a placental BeWo b30/HPEC-A2 co-culture model at either
concentration tested (10 and 100 pg/mL) after 24 h of expo-
sure. The researchers used a different detection system than
previous studies, asymmetrical flow field-flow fractionation
(AF4), and noted the possibility of translocated particles
being present below the limit of detection [9¢]. Using con-
focal microscopy, however, the researchers observed inter-
nalization of the polystyrene particles by placental cells so
they pursued studies of embryotoxicity [9¢]. An embryonic
stem cell test in a mouse cell line, mES-D3, showed weak
embryotoxicity of the polystyrene particles [9e]. Through
assessment of micronuclei formation and p53 expression
after exposure to polystyrene particles, the study concluded
the particles were non-genotoxic at the concentrations tested
(0.1-10 pg/mL) [9e].

Given some evidence of the toxicity of plastic particles on
trophoblast and embryonic cell lines, the distribution of plas-
tic particles in fetal organs after transport across the placenta
warrants consideration. Kenesei et al. (2016) used an in vivo
model to investigate the distribution of surface-modified flu-
orescent polystyrene nanoparticles after intravenous injec-
tion of pregnant mice. Using spectral imaging fluorescence
microscopy, they found carboxylated NPs in the lacunas of
the placenta 5 min after particle administration [33e]. Parti-
cles were completely cleared from the placenta after 4 days,
and NPs were not observed in embryonic tissues, indicat-
ing proper barrier function [33e]. However, Fournier et al.
(2020) detected the distribution of 20-nm rhodamine-labeled
polystyrene beads in fetal tissues after intratracheal instilla-
tion of pregnant rats in late gestation. Elevated fluorescence
and NPs were observed in the fetal placenta, liver, lung,
kidney, heart, and brain using fluorescent optical imaging
and hyperspectral darkfield microscopy, suggesting that NPs
can translocate from the maternal lungs to a variety of fetal
tissues through the placenta [34ee]. Similarly, Huang et al.
(2015) found that carboxylate-modified polystyrene particles
20-500 nm crossed the mouse placenta and distributed in
the fetal brain, lungs, and liver. Huang et al. (2015) found
no evidence of tissue architecture alteration, degeneration,
necrosis, or inflammatory cell infiltration in these organs via
histopathological evaluation [32¢]. However, Fournier et al.
(2020) observed reduced placental weight and fetal weight
24 h after exposure, indicating plastic particle exposure dur-
ing pregnancy could affect birth outcomes.

Environmental Exposure in Humans

In a pilot observational study, Ragusa et al. (2021) were
the first to report MPs found in human placenta samples,
confirming the placental translocation of plastic particles
observed in ex vivo and in vitro models. The researchers
obtained placentas from 6 patients in Italy with uneventful
pregnancies [37ee]. Samples taken from the maternal side,
fetal side, and chorioamniotic membranes were analyzed for
the presence of MPs by Raman microspectroscopy [37ee].
To avoid contamination, plastic-free delivery and sample
preparation protocols were used [37e¢e]. Twelve pigmented
MPs ~5 and 10 uM in size were detected in the placentas of
4 women and found in all 3 types of tissues tested [37ee].
While a much larger sample size would be needed to make
conclusions about the distribution of MPs in placentas at
the population level, the discovery of MPs in the fetal side
of human placental samples warrants further investigation.
This study detected significantly larger particles (MPs) than
investigated in the previously discussed studies (NPs). Given
the evidence of size-dependent transport of plastic particles
across the placental barrier in various models, evidence of
environmental MPs crossing the placental barrier during
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pregnancy in humans suggests that smaller-sized NPs are
also likely to do so. However, Ragusa et al. (2021) were not
able to detect NPs due to the challenges of detecting small
plastic particles that are not fluorescently labeled and resolu-
tion limitations of traditional Raman microscopy.

Discussion

Eleven studies investigating the capacity for MPs and NPs
to cross the placental barrier were reviewed. Placental
translocation of plastic particles was observed in multi-
ple experimental models including in vitro cell cultures,
in vivo animal models, and ex vivo human placental perfu-
sion systems as well as in an observational study of MPs
in human placentas after delivery. One study conducted in
an in vitro co-culture context and one study conducted in
mice did not observe placental translocation of the plastic
particles tested. Given the wide variety of systems used, it
is important to weigh the strengths and limitations of the
different models when comparing study results.

While in vitro models are easier to obtain and utilize
for high-throughput studies, they can be over-simplified
compared to an in vivo environment. Promisingly, trans-
location of compounds across in vitro models has been
shown to correlate well with the ex vivo human placental
perfusion model [29e, 39, 40]. Cartwright et al. (2012) and
Kloet et al. (2015) both used BeWo b30 trophoblast cells,
an in vitro model derived from gestational choriocarci-
noma of the fetal placenta grown on transwell membranes
separating apical and basolateral compartments. Though
the model does not represent the complete placental envi-
ronment, trophoblast cells serve as the rate-limiting bar-
rier [29¢]. In their optimization of the in vitro Transwell
trophoblast model, Cartwright et al. (2012) highlight the
importance of avoiding adherence of the NPs to the sys-
tem’s Transwell matrix and ensuring monolayer forma-
tion. Citing the absence of the barrier function of placen-
tal endothelial cells in such models, Aengenheister et al.
(2018) characterized an in vitro co-culture model with
BeWo b30 cells and HPEC-A2 placental microvascular
endothelial cells. This co-culture model was utilized in the
study by Hesler et al. (2019) in which no placental trans-
port of 50- and 500-nm carboxy-modified polystyrene par-
ticles was observed. Transformed cells may not accurately
represent normal placental physiology. Though BeWo
b30 cells are most commonly used in placental transloca-
tion studies, it has been suggested that the first-trimester
human trophoblast cell line ACH-3P may actually mimic
transport results from ex vivo perfusion models better and
more closely resemble primary cells [41]. Huang et al.
(2015) utilized primary villous cytotrophoblasts isolated
from placentas after delivery [32e].
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In vivo studies of placental translocation of plastic particles
in a whole-body system are valuable for understanding more
realistic and comprehensive exposure conditions. As such,
the study Fournier et al. (2020) conducted in rats provides
insight into fetal deposition of NPs after maternal inhalation.
Additionally, Kenesei et al. (2016) and Huang et al. (2015)
investigated placental translocation of NPs in mice. However,
extrapolation of findings from animal studies to humans is dif-
ficult due to significant interspecies differences in the placenta;
rats show differences in placental morphology, yolk sac func-
tion, and steroid hormone biosynthesis, for example [42, 43].

The ex vivo human placenta model used by Wick et al.
(2010), Grafmeuller et al. (2015), and Gruber et al. (2020)
provides advantages over animal models by more accurately
representing the structure of the human placental barrier and
over cell culture models by allowing for dynamic flow during
exposure. The process of tissue degradation, however, limits
experiments with these ex vivo models to a few hours [35e].
Because placentas must be obtained from patients after deliv-
ery, the model can be difficult to access and exclusively repre-
sents late gestation when the thickness of the placental barrier
is reduced to allow increased maternal—fetal exchange [35¢].
Findings by Gruber et al. (2020) using the ex vivo placental
perfusion model highlight the importance of the biological fluid
environment in affecting protein corona formation on particles
and subsequent placental transfer. Experimental studies of the
placental transport of plastic particles use commercially pur-
chased plastic beads, which can have a wider size distribution
than reported by the manufacturer. In their article about artifacts
in transfer studies of NPs using the ex vivo human placenta per-
fusion model, Grafmueller et al. (2015) discuss the challenges
of obtaining monodisperse suspensions of polystyrene nanopar-
ticles and minimizing loss of fluorescent dye intensity from the
particles, though these issues could affect translocation studies
conducted in other models as well [44]. It may be important to
consider how accurately monodisperse suspensions of plastic
particles represent real-world exposures in light of evidence
of biogenic aggregation of MPs in marine environments [45,
46]. Overall, it is noteworthy that, despite the aforementioned
limitations, all three studies conducted with the ex vivo human
placenta perfusion model and the observational study of human
placentas after delivery showed evidence of placental transloca-
tion of plastic particles. Ragusa et al. (2021) reported using a
plastic-free protocol, but potential contamination from plastic
equipment still poses a significant challenge for studying envi-
ronmental exposures to MPs and NPs.

Conclusions and Future Directions

The current literature suggests that the placental trans-
location and toxicity of MPs and NPs depend on phys-
icochemical properties such as size, charge, and chemical
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modification. Wick et al. (2010), Cartwright et al. (2012),
and Aengenheister et al. (2018) showed size-dependent
transport of polystyrene particles across the placenta, while
Kloet et al. (2015) found that polystyrene particles of the
same size had different translocation properties likely
dependent on functional groups. Kloet et al. (2015) also
showed that functional groups and charge affect the cyto-
toxicity of polystyrene particles on placental trophoblast
cells. This has implications for the risk assessment of the
developmental toxicity of MPs and NPs—more character-
istics modulating the translocation and toxicity of plastic
particles justify the assessment of more variations and types.
Furthermore, Gruber et al. (2020) showed dynamic protein
coronas affect placental translocation of NPs, posing another
variable in experimental risk assessment.

Nine out of eleven studies examined in this review found
that plastic particles were capable of placental transloca-
tion; observations of MPs in human placentas by Ragusa
et al. (2021) make this consensus even more convincing.
The mechanism that plastic particles use to cross the pla-
centa remains unclear: Kloet et al. (2015) suggested it was
passive diffusion and Grafmueller et al. (2015) suggested it
was active transport. It is possible that these mechanisms
are not mutually exclusive and the process depends on some
combination of both.

All of the experimental studies utilized mostly uniform,
spherical, polystyrene particles. Polystyrene is widely used to
package foods and has been found to be one of the most fre-
quently detected plastic polymers in human blood [16e]. MPs
and NPs can be composed of a variety of polymers, though
they exist in a variety of shapes, and contain numerous addi-
tives. Given the diversity of findings using highly controlled
particles, it will be necessary to investigate other types and
heterogenous mixtures more representative of the totality of
environmental exposures. Only one study reviewed (Ragusa
et al., 2021) evaluated placental transport of plastic parti-
cles from the environment, highlighting the need to further
investigate more realistic human exposures. Furthermore,
most of the studies reflected exposure during late gestation,
emphasizing the need for more future studies to investigate
whether placental translocation and developmental toxic-
ity of MPs and NPs change when exposure occurs earlier
in pregnancy. One study found that injection of nano-sized
amine- and carboxyl-modified polystyrene particles into the
extraembryonic tissue of mouse embryos on day 7.5 of gesta-
tion inhibits growth, supporting the need for more investiga-
tion into developmental toxicity throughout gestation [47e].

Given the evidence that MPs and NPs can not only trans-
locate across the placenta but also subsequently deposit in
fetal tissues and exert toxicity [9e, 32e, 34ee] it will be
important to investigate whether maternal exposure to
plastic particles is associated with adverse birth and other
longer-term developmental outcomes in humans. It has been

reported that maternal exposure to 5-um polystyrene MPs
during gestation and lactation in mice altered metabolism
in F1 and even F2 generations [48e]. Additional studies are
warranted to investigate whether this developmental toxic-
ity occurs in humans and elucidate whether it is a direct
effect from transport across the placenta or indirectly from
maternal effects [49]. Finally, the role of maternal suscep-
tibility factors affecting exposure and response to MPs and
NPs, including diet and genetics, should also be investigated.
Exposure to environmental agents during fetal development
can have critical developmental consequences that affect
health outcomes throughout the life course. Given the per-
sistence and ubiquity of plastic in the environment, further
research is essential to better understand how this omnipres-
ent material is affecting human health from the very start of
development.
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