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Increasing human exposure to nanoparticles (NPs) from various sources raises concerns for public health,
especially for vulnerable risk groups like pregnant women and their developing fetuses. However, nanomedicine
and the prospect of creating safe and effective NP-based formulations of drugs hold great promise to revolu
tionize treatment during pregnancy. With maternal and fetal health at stake, risks and opportunities of NPs in
pregnancy need to be carefully investigated. Importantly, a comprehensive understanding of NP transport and
effects at the placenta is urgently needed considering the central position of the placenta at the maternal-fetal
interface and its many essential functions to enable successful pregnancy. The perfusion of human placental
tissue provides a great opportunity to achieve predictive human relevant insights, circumventing uncertainties
due to considerable differences in placental structure and function across species. Here, we have reviewed the
current literature on the ex vivo human placenta perfusion of NPs. From 16 available studies, it was evident that
placental uptake and transfer of NPs are highly dependent on their characteristics like size and surface modi
fications, which is in line with previous observations from in vitro and animal transport studies. These studies
further revealed that special considerations apply for the perfusion of NPs and we identified relevant controls
that should be implemented in future perfusion studies. While current studies mostly focused on placental
transfer of NPs to conclude on potential fetal exposure, the ex vivo placental perfusion model has considerable
potential to reveal novel insights on NP effects on placental tissue functionality and signaling that could indi
rectly affect maternal-fetal health.

1. Introduction
NPs are small nano-sized materials (at least one dimension < 100
nm) [1] with a high surface-to-volume ratio, which are omnipresent in
our environment. NPs occur naturally (e.g. during forest fires and vol
canic eruptions or as endogenous fatty acid liposomes or micelles) or can
form incidentally or intentionally from anthropogenic sources (e.g.
pollution particles from combustion processes or industrially produced
NPs). Engineered NPs that are designed for a specific purpose can offer
manifold advantageous characteristics compared to their bulk form such
as a superior optical, electrical, magnetic, mechanical, and thermal
properties, e.g. due to their higher surface-to-volume ratio. Advances in
synthesis processes, nowadays, enable that NPs can be produced in

almost every desired size, shape and material composition and, thus, are
frequently used in industrial, medical, and consumer applications [2–6].
The rapid increase in NP manufacturing and the concomitant po
tential release of particles into the environment raises public concerns
on human health risks. This is particularly relevant for high-risk groups
including pregnant women and the developing fetus. Indeed, epidemi
ological studies linked higher prenatal exposure to fine particulate
matter (PM2.5 < 2.5 μm) from ambient air pollution, to increased in
cidences of preterm birth, low birth weight, or autism spectrum disor
ders [7–10].
Beside the safety assessment of unintentional NP exposure, recent
research is exploring the potential of engineered NPs to revolutionize
therapy during pregnancy [11–13]. The use of prescription medications
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scholar, scopus) using keywords such as “placental perfusion”, “human
placenta” combined with “nanoparticle”, “nanomaterial”, “soot”, “diesel
exhaust”, “nanomedicine”, “liposomes” or “extracellular vesicles”. Only
studies which employed the ex vivo human placental perfusion system to
study NP interactions were considered (Table 1, Table S1). A total of 17
studies were published between 1996 and 2020, including five studies
on liposomal NP, three on polystyrene (PS) NPs, two on gold NPs, and
one each on TiO2 NPs, silica NPs, dendrimers and a block copolymer
NPs. The main focus was to determine maternal-fetal translocation rates
of the NPs while some studies provided further information on accu
mulation and localization of the particles in the placental tissue.
Overall, translocation was observed for most of the investigated NPs
in the ex vivo placental perfusion model after 1–6 h of perfusion, but the
transfer was mostly low (lower percentage or even sub-percentage
range) with the exception of plain 50–80 nm PS NPs (ranging from
13.7 ± 8.4% to 35.6 ± 7.2% of the initial dose) [39–41]. Importantly,
even though that applied NP doses were relatively high likely over
estimating realistic unintentional exposure scenarios, the cited studies
demonstrated no influence on barrier integrity as controlled by appro
priate transfer of passive diffusion markers (antipyrene or creatinine)
and/or absence of fetal to maternal leakage of perfusate (Table S1). For
nanomedicines reported concentrations might be feasible for intrave
nous bolus administrations.
However, most NPs showed a propensity to accumulate in the
placental tissue, in particular in the syncytiotrophoblast (ST) layer.
Since the ST exerts important immunological, endocrine, metabolic and
protective functions, future research should more closely address the
short- and long-term consequences of NP accumulation on placental
tissue viability, functionality and signaling (reviewed in Ref. [16]). In
some of the studies, different particle functionalization or sizes were
included in order to unveil if different physicochemical properties could
affect placental accumulation and transfer. Such structure-activity re
lationships (SAR) have been previously established for NPs [50] and are
essential for the implementation of safe-by-design approaches for NPs.
For example, Wick et al. have demonstrated that the translocation of
fluorescent PS NPs across the placenta is clearly size-dependent, and that
PS beads larger than 240 nm hardly cross this tissue barrier [39].
Size-dependent translocation was also demonstrated for liposomes, with
small liposomes (74 nm) crossing the placental barrier in higher
amounts compared to large (147 nm) or multilamellar (296 nm) lipo
somes [47]. However, material composition and surface modifications
play a crucial role as well. Even if the size suggests that NPs below ~296
nm should be able to cross the placental barrier, polyethylene
glycol-coated gold (Au) particles between 15 and 30 nm did not show
any transfer across the placental barrier [34]. Moreover, Grafmueller
et al. reported a higher transport of plain or carboxylated PS beads
compared to amine-modified PS NPs of similar sizes [41]. Thus, the
findings from placental perfusion studies indicate that the capability of
the NPs to cross the placental barrier does not only depend on particle
size, but also on other characteristics such as the material composition,
surface charge, surface modifications, agglomeration, biological sur
rounding and dissolution behavior. Accordingly, instead of a single
characteristic, combinations of NP properties should be considered as
recently highlighted in a multi-hierarchical SAR assessment visualizing
the contributions of seven basic properties of Fe2O3 to its diverse
bio-effects [51].
Identification of SARs for placental translocation of NPs could also
guide the selection of a drug carrier to support passive targeting of drugs
to maternal, fetal or placental tissues in addition to active targeting
strategies with surface ligands [11–13].
For instance, nanocarriers that could limit placental translocation of
fetotoxic antiepileptic drugs or anticoagulants such us valproic acid or
warfarin would be needed for maternal therapies with improved safety.
Here, placental perfusion studies showed that fetal drug concentrations
could be reduced by 30–60% and placental uptake was minimized when
these drugs were administrated within cationic liposomes [33,48]. On

during gestation involves some complex decision-making, balancing
treatment efficacy with protection of mother and fetus. Specific
administration of medications to either the mother, the placenta or the
fetus is thus, of utmost relevance [14]. NPs designed to target specif
ically maternal, placental or fetal tissues could deliver drugs preferen
tially to the side of action, thereby maximizing efficacy and minimizing
adverse side effects of the therapeutic drug [11–13]. Especially, particle
systems that mimic naturally occurring NPs such as liposomes or
extracellular vesicles (EVs) hold great promises for the application as
drug carrier during pregnancy. For instance, liposomes have highly
promising characteristics such as low toxicity, biodegradability and
flexibility for functionalization with targeting ligands, and they were
among the first approved nano-based drug formulations (Doxil® [15]).
In any case, the safe design and use of NPs in future applications
requires a fundamental understanding of their effects on human health.
In pregnancy, a transient organ, the placenta, is formed at the maternalfetal interface, which performs a plethora of indispensable functions to
serve the changing needs of the growing fetus and to adapt the maternal
organism. Some of the main functions of the placenta are the exchange
of nutrients and oxygen for carbon dioxide and other waste products, the
production of pregnancy supporting hormones and the protection of the
fetus against infections and xenobiotics. Hence, normal placental
development and function are crucial for maternal and fetal health. It is,
therefore, of paramount importance to understand if NPs are trans
located to the fetal side, potentially causing direct fetotoxic effects, but
also if NPs interfere with placental functions and signaling, thereby
eliciting indirect placenta-mediated developmental toxicity [16].
The majority of studies investigating developmental toxicity of NPs
originate from pregnant rodents [17,18]. However, direct extrapolation
of these data to human pregnancy is questionable, especially regarding
placental translocation, uptake and underlying mechanisms since the
development, structure and function of the placenta differs greatly be
tween species [19,20]. To circumvent species-specific differences,
several in vitro and ex vivo placental models were developed using
human cell lines, primary cells or placental tissue [21–27]. In compar
ison to the ex vivo placental perfusion, these models offer different ad
vantages such as a higher screening throughput and longer exposure
times. They are seen as valuable complementary models (for compre
hensive review on advantages/limitations of different placental models
see Refs. [28–30]). However, for investigations on placental trans
location of substances and NPs, the ex vivo placenta perfusion model is
still considered as the gold standard. This model elegantly allows to
assess the potential effects of NP interactions and underlying mecha
nisms under dynamic near-physiological conditions using the full
complexity of human term placental tissue. Therefore, the possibility to
access human placenta after delivery, provides a unique opportunity to
obtain human-relevant data on NP translocation and their effects on
placental function. With this review, we compile the current knowledge
from human ex vivo placental perfusion studies of NPs. Further on, we
discuss potential future applications of the ex vivo placenta model as well
as specific considerations in the design of future placental perfusion
studies with NPs.
1.1. Ex vivo placental perfusion of NPs
The ex vivo placental perfusion model has been developed by Panigel
et al., in 1967 [31] and continuously modified by Schneider et al., in
1972 [32] (for a review on the history see Schneider/Albrecht et al.
manuscript submitted for this special issue). Initially, the model has
been applied to study the placental transfer of endogenous compounds
and pharmaceutical drugs. From 1990 onwards, perfusion studies were
extended to environmental chemicals (Mathiesen et al. manuscript
submitted for this special issue) followed by the first perfusion of a
liposomal NP formulation in 1996 [33].
To get an overview on the current state of the art, a literature search
was done on different scientific publication platforms (pubmed, google
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Table 1
Current studies using the human ex vivo placenta perfusion model to investigate placenta-NP interactions.
NP (functionalization, size, applied
dose)

Perfusion parameters (mode*,
duration, main medium contents)

Placental transfer

Placental uptake

Ref

PEGylated AuNPs (10–30 nm); 2.0 ×
109–7.9 × 1011 NPs/mL

Open (18 min) and closed (6 h)
Open: Krebs-Ringer phosphatebicarbonate buffer without serum
Closed: RPMI 1640 medium with
albumin (2 g/L)
Closed (6 h)
M199 medium/Earl’s buffer with
BSA (10 g/L)

No placental transfer

AuNPs detected in placental tissue; mainly ST
and CT layer, not in endothelium of fetal
capillaries

[34]

0.0031 μg/mL of PEGylated AuNPs (6 h)

[35]

PEGylated AgNPs (2–15 nm; 40 μg/
mL) & carboxylated AgNPs (5–15
nm; 70 μg/mL)

Closed (6 h); M199 medium/Earl’s
buffer with BSA (10 g/L)

TiO2–COOH &
TiO2–NH2 NPs; (4–8 nm); 10 μg/mL
Foodgrade (E171) TiO2 15 μg/mL

Closed (6 h); M199 medium/Earl’s
buffer with BSA (10 g/L)
Open (1 h); Earl’s medium with BSA
(2 g/L)

Fluorescently labeled PS beads (50,
80, 240 and 500 nm); 25 μg/mL

Closed (3 h); NCTC-135 medium/
Earl’s buffer with BSA (8 g/L)

Fluorescently labeled nonfunctionalized (50 & 240 nm) and
carboxylate-modified (50 & 300
nm) PS beads; 25 μg/mL

Closed (6 h); M → F and reverse (F →
M); M199 medium/Earl’s buffer
with BSA (10 g/L)

Fluorescently labeled nonfunctionalized, carboxylated or
amine-modified polystyrene beads
(60–534 nm); 25 μg/mL

Closed (6 h);
M199 medi-um/Earl’s buffer with
BSA (10 g/L)

Fluorescently labeled plain PS beads,
80 nm; 40 μg/mL

Closed (6 h); DMEM/Earls buffer
with BSA 5 g/L or HSA 40 g/L and
8,6% human plasma or HSA 40 g/L
or IgG 10 g/L

Ag fraction >25 nm that crossed the
placental barrier (mass percentage):
0.0148 ± 0.0192% for AgPEG and
0.0002 ± 0.0002% for AgCOONa
Ag fraction ≤ 25 nm: 0.1578 ± 0.1032%
for AgPEG and 0.0151 ± 0.0077% for
AgCOONa
Fetal Ti concentrations < limit of
detection (6 h)
Fetal Ti levels increase slightly, but origin
of Ti not determined (might be from Ti
already accumulated in tissue not from
added E171)
Fetal particle concentrations after 3 h: 50
nm = 8.9 ± 1.8 μg/mL, 80 nm = 7.47 ±
1.77 μg/mL, 240 nm = 2.03 ± 0.29 μg/
mL and 500 nm = 0.31 ± 0.21 μg/mL
Plain 50 nm: M → F = 13.7 ± 8.4%; F →
M = 23.7 ± 5.8%
COOH 50 nm: M → F = 1.4 ± 0.5%; F →
M = 7.2 ± 1.3%
Plain 240 nm: M → F = 2.4 ± 0.7%; F →
M = 6.1 ± 4.1%
COOH 300 nm: M → F = 1.2 ± 0.7%; F →
M = 5.3 ± 0.5%
Transfer of plain (87 nm = ~8%; 504 nm
= ~2%) and carboxylated (101 nm =
~6%; 534 nm < 1%) PS beads but not of
all amine-modified beads
(Transfer values are rough read-outs from
published figures)
BSA (6 h): 6.7 ± 1.1 μg/mL
HSA/Plasma (6 h): 9.8 ± 2.8 μg/mL
HSA (6 h): 11.6 ± 0.5 μg/mL
IgG (6 h): 5.3 ± 0.8 μg/mL

4–7 μg/g tissue for PEGylated AuNPs vs.
2–14 μg/g tissue for carboxylated AuNPs;
AuNPs mostly found attached to/in the outer
ST layer; PEGylated AuNPs penetrated
deeper into the tissue
Mass concentration of Ag fraction that
accumulated in the placenta (% of applied
dose):
AgPEG: > 25 nm = 0.75%; ≤25 nm = 15%
AgCOONa: > 25 nm = 4.2%; ≤25 nm = 7.5%

Fluorescently (Alexa 488) tagged
G4PAMAM dendrimer (DA) 16 kDa;
(5.6 nm); 66.7 μg/mL

Closed (5.5 h); M199 media without
serum (different dextran
concentrations in maternal (7.5 mg/
mL) and fetal (30 mg/mL) media)
Closed (6 h);
DMEM F12 media with human
serum albumin (maternal 30 g/L,
fetal 40 g/L)
Closed (1 h);
Earle’s bicarbonate buffer with
0.017 mM BSA

PEGylated AuNPs (3 nm),
carboxylated AuNPs (4 nm); 25 μg/
mL

Rhodamine labeled silica NPs (25 &
50 nm); 100 μg/mL
Texas-red conjugated HPMA110DMAEMA33 particles containing a
PLAC1-hIGF1 plasmid; size and
dose not indicated
Fluorescent liposomes (lipidrhodamine tracer); 125 nm; exact
dose not indicated
Liposome encapsulated
carboxyfluorescein; small (74 nm),
large (147 nm), multilamellar (296
nm); 20 nM

Closed (1 h); Krebs solution without
serum but different dextran
concentrations (maternal 7.5 g/L,
fetal 30 g/L)
Closed (2 h); autologous maternal
and cord blood diluted with Tc-199
medium (mean haematocrit:
maternal 6, fetal 14)

Closed (2 h); autologous maternal
and cord blood was diluted with Tc-

TiO2–NH2: 161.70 ± 253.50 μg/g tissue;
TiO2–COOH 19.80 ± 8.95 μg/g tissue (6 h)
Basal average Ti level in placental tissue:
0.10 mg/kg (7 placentae: 0.1–0.5 mg/kg Ti)

[36]

[37]
[38]

Placental uptake of PS beads up to a diameter
of 240 nm

[39]

PS beads with higher transfer rate showed
lower tissue accumulation; mostly found in
ST

[40]

Fluorescent amine-modified particles found
in the ST and the villous mesenchyme (no
results shown for plain and carboxylated PS)

[41]

[42]

25 nm: M → F = 4.2 ± 4.9%;
50 nm: M → F = 4.6 ± 2.4%

NP recovery after 6 h;
BSA: 59.4 ± 6.7%
HSA/Plasma: 86.7 ± 13.3%
HSA: 74.5 ± 4.1%
IgG: 54.1 ± 2.1%
<33 μg DA/g placental tissue; mainly in
maternal intervillous spaces; some DAs in the
nuclei and cytoplasm of ST and inside the
villous core; no DAs in villous capillaries
Agglomerated NPs at outer surface of
chorionic villus

No measurable transport

NPs localized in the ST layer of the villi

[45]

No detectable transport

Not investigated

[46]

Small (M → F = 3.7 ± 0.4%; FAUC = 186
± 27% dose min− 1; F/M-ratio = 0.05 ±
0.005)
Large (M → F = 0.8 ± 0.1%; FAUC = 43.5
± 6.8% dose min− 1; F/M-ratio = 0.009 ±
0.002)
Multilamellar (M → F = 0.4 ± 0.2%;
FAUC = 19.0 ± 7.0% dose min− 1; F/Mratio = 0.003 ± 0.005)
Warfarin (M → F = 14.9 ± 1.1%; FAUC =
890.7 ± 95.4% dose min− 1; F/M-ratio =

Small (15.2 ± 1.6%)
Large (3.0 ± 0.4%)
Multilamellar (1.3 ± 0.3%)

[47]

M → F = 2.26 ± 0.12 μg/mL
F/M-ratio: 0.07 ± 0.02

[43]

[44]

[48]
(continued on next page)
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Table 1 (continued )
NP (functionalization, size, applied
dose)

Perfusion parameters (mode*,
duration, main medium contents)

Placental transfer

Placental uptake

Free warfarin vs. liposome
encapsulated warfarin (F-SUV; SSUV; 73.6 ± 3.8 nm); 0.1 μg/mL

199 medium (mean haematocrit:
maternal 6, fetal 14)

Warfarin (12.3 ± 3.3%)
F-SUV (6.3 ± 1.7%)
S-SUV (2.2 ± 0.5%)

Free T4 vs. liposome encapsulated T4
(F-SUV; S-SUV; 73.6 ± 3.8 nm); 0.1
μg/mL

Closed (2 h); autologous maternal
and cord blood was diluted with Tc199 medium (mean haematocrit:
maternal 6, fetal 14)

Free VPA vs. liposome-encapsulated
VPA (233 nm); 80 mg/L

Closed (3 h); Earls buffer with 0.2%
BSA

0.21 ± 0.02)
F-SUV (M → F = 6.4 ± 0.6%; FAUC =
414.3 ± 71.2% dose min− 1; F/M-ratio =
0.07 ± 0.01)
S-SUV (M → F = 5.0 ± 0.8%; FAUC =
292.8 ± 27.9% dose min− 1;; F/M-ratio =
0.05 ± 0.8)
Free T4 (M → F = 1.9 ± 0.5%; FAUC =
118 ± 28% dose min− 1; F/M-ratio = 0.02
± 0.001)
F-SUV (M → F ~ 16%; F/M-ratio ~ 0.33)
S-SUV (M → F ~ 7.5%; F/M-ratio ~ 0.13)
Free VPA (cmat (3 h): 46.8 ± 8.8 μg/mL;
cfet (3 h): 41 ± 6 μg/mL)
Liposome-encapsulated VPA (cmat (3 h):
53.3 ± 5.8 μg/mL; cfet (3 h): 33.5 ± 4.9
μg/mL)

Ref

Free T4 (~3.9%)
F-SUV (~13.5%)
S-SUV (~6.5%)

[49]

Free VPA (23.9 ± 7.4 μg/g; nonperfused
tissue 13.5 ± 8.3 μg/g)
Liposome-encapsulated VPA (14.3 ± 10.6
μg/g; nonperfused tissue 6.1 ± 2.4 μg/g)

[33]

*Closed/open loop perfusions refers to recirculating/non recirculating medium in fetal and maternal placental circulation.
Abbreviations: Ag = silver; Au = gold; BSA = bovine serum albumin; CT=Cytotrophoblast; FAUC = integrated value of fetal concentration; F → M = perfusion from
fetal to maternal direction; F/M-ratio = Fetal to maternal ratio; F-SUV = lecithin small unilamellar liposome; HSA = human serum albumin; IgG = Immunoglobulin G;
M → F = perfusion from maternal to fetal direction; NP=Nanoparticle; PS=Polystyrene; ST=Syncytiotrophoblast; S-SUV = distearoyl phosphatidylcholine small
unilamellar liposome; VPA = valproic acid.

Extracellular vesicle (EV) signaling is another emerging research line
where placenta perfusion studies may be explored to assess the effects of
NPs on placenta-mediated communication. EVs are cell-derived parti
cles in the micro- or nano-range (mostly microvesicles or exosomes),
delimited by a lipid bilayer and packed with molecular information,
including RNAs and proteins [53]. Placenta-derived EVs are indicated to
be involved in crucial processes such as the formation of the
maternal-placental vascularization and the maintenance of
maternal-fetal immune tolerance [54,55]. There is first evidence that
NPs can interfere with EV communication [56,57] and thus, it is
conceivable that NP accumulation in placental tissue might interfere
with EV signaling processes relevant to successful pregnancy outcome.
Here, the ex vivo placenta perfusion model could be used to elucidate
potential underlying toxicity mechanisms such as: (I) expulsion of NPs
internalized by placental cells via EVs to the fetal and/or maternal side,
(II) interference of NPs with the release of placental EVs, and (III)
modification of EV cargo (other than NPs) leading to adverse effects in
target cells. In case of adverse effects on placental EV signaling, a
modification in placenta-derived EVs could be used as an early
biomarker for adverse NP exposure.
On the other hand, endogenous or engineered EVs (“EV mimetics”)
are discussed as vehicles for delivering therapeutic molecules [58,59].
They might allow the design of novel safe therapies to treat placental
complications or deliver drugs across the placental barrier as it is
currently studied in the brain [60]. Here, the ex vivo placental perfusion
may be used to collect placental-derived EVs [61], but also to study the
translocation of EVs from non-placental and artificial origins. For
example, the translocation of maternally derived EVs to fetal tissues has
been shown in mice [62], but this concept has not been confirmed in
humans yet. Overall, further studies on EVs in human placenta ex vivo
perfusion have the potential not only to elucidate crucial safety aspects
for pregnant women and the fetus, but also to support the development
of safe NP-based therapeutic approaches during pregnancy.

the other hand, anionic liposomes containing the thyroid hormone
thyroxin T4 significantly increased the transfer of T4 from the maternal
to the fetal circulation, which may be useful as an approach to fetal
thyroid hormone replacement [49].
Of note, the majority of the cited studies used placentae from un
complicated pregnancies (table S1) and only one study included
placentae obtained from pregnancies exhibiting gestational diabetes
mellitus or intra uterine growth restriction [46]. In this particular study,
liposomes did not penetrate the placental barrier independent from the
pregnancy condition [46]. However, an additional adverse condition
could, for example, enhance or reduce NP translocation to the fetal side.
Moreover, the exact role of maternal particulate exposure in the path
ogenesis of pregnancy complications is not completely understood so
far.
1.2. Future perspectives
Previous studies employing the ex vivo placental perfusion model
mainly focused on NP translocation or uptake to estimate fetal exposure.
However, studies on indirect developmental toxicity effects of NPs on
the fetus or the mother, which could be mediated by NP induced
placental dysfunction, are underrepresented in literature so far [16,52].
With recent technological advancements, perfusion studies could be
exploited to tackle further questions on the impact of NPs on the human
placenta beyond maternal-fetal transfer. For instance, omics-based
technologies like proteomics, metabolomics or transcriptomics, can
reveal detailed insights into molecular and functional mechanisms un
derlying or succeeding NP-tissue interactions [42,51].
Another emerging research field relates to the exposome paradigm
and the fact that pregnant women are exposed to multiple environ
mental factors, including but not limited to NPs. In addition, exposure
that occurs before pregnancy could result in an accumulation in the
female body before pregnancy leading to an in utero exposure later on.
While an individual stressor alone might not be sufficient to induce a
sustained response, they could do so if they act synergistically to induce
developmental toxicity. Therefore, future research should investigate
the impact of combined exposures (e.g. mixture of different kinds of NPs
or a combination of environmental chemical pollutants and NPs) to
elucidate potential additive effects. Here, the ex vivo placental perfusion
could provide a reliable model to achieve first mechanistic insights on
placenta-specific responses from a complex tissue under nearphysiological conditions.

2. Methodological considerations for ex vivo perfusion of NPs
The placenta perfusion model has been developed, optimized and
verified for the perfusion of biomolecules and pharmaceutical drugs. For
these, good correlation between transfer rates from perfusion studies
with physiological data has been obtained [63]. However, NPs have
unique properties and often behave differently from soluble small
molecules, which might require small adaptations to the perfusion
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the results from perfusion studies, it is crucial to understand the colloidal
stability of NP suspensions in perfusion medium. Many NPs have a
strong propensity to agglomerate in biological media, which can in
crease non-specific adherence and loss of agglomerates to tubing and to
other components of the perfusion system [35,37]. This will ultimately
result in a considerable discrepancy between applied dose and concen
tration of the compound delivered to the placental barrier. Therefore,
stability of NP suspensions should be carefully characterized in the
respective perfusion medium for the same incubation time and under
similar conditions as applied for perfusion studies. The exact analysis of
non-stable polydisperse particle suspensions is currently a major chal
lenge. However, a combination of analytical techniques for particle size
distribution such as Nanoparticle Tracking Analysis (NTA), Dynamic
Light Scattering (DLS) or Small Angle X-ray Scattering (SAXS) can pro
vide valuable information on particle agglomeration/sedimentation
characteristics [35,77]. To assess absorption of NPs to the perfusion
system, control perfusions in the absence of placental tissue should be
included to every study protocol. However, the obtained absorption
values only provide an estimate on particle binding to the device, but do
not directly correlate to the placenta perfusion experiments since pro
teins released from the placental tissue and/or slightly different pressure
conditions can partially stabilize the NP suspension [35].
Solubility of NPs is another critical parameter in NP perfusion
studies, in particular for proper interpretation of placental translocation.
For instance, for Ag NPs, dissolution and reprecipitation processes have
been observed in maternal and fetal perfusates as well as in placental
tissue [36]. Consequently, the mere presence of NPs in the fetal circu
lation does not necessarily imply that they have crossed the placenta in
the particulate form. Characterization of NP suspensions by
inductively-coupled plasma-mass spectroscopy (ICP-MS) may provide
insights on particle dissolution in perfusion medium over time while
ICP-MS analysis in single-particle mode (spICP-MS) of perfusates and
placental tissue samples allows distinguishing between particulate and
ionic forms of soluble metal-containing NPs [36].
The translocation of NPs to the fetal side can also be falsely deter
mined by the release of previously accumulated NPs in the placental
tissue with a similar material profile. For example, recent studies
demonstrated that placentae exhibit basal levels of black carbon or TiO2
particles [38,78]. For black carbon particles, placental load was 0.95 ×
104 ± 0.66 × 104 and 2.09 × 104 ± 0.96 × 104 particles per mm3 tissue
after low and high exposure to air pollution during pregnancy, respec
tively [78]. In another recent study, Guillard et al. demonstrated a basal
placental Ti level of 0.10 mg/kg with some placentae even exhibiting
much higher Ti levels of up to 0.5 mg/kg tissue [38].
These NPs can be released to the fetal side during perfusion and
potentially disturb the NP measurement in the fetal compartment.
Further characterization of the NPs via Scanning Electron microscopy-

system or the inclusion of additional controls (Fig. 1).
A first aspect relates to the choice of the perfusion medium. Ex vivo
placental perfusion is not yet standardized in regards of the used
perfusion medium. Perfusion media are mostly based on cell culture
media containing specific additives like plasma expanders (dextranes)
and/or proteins like bovine or human serum albumin [32,36,44]. Pro
teins and components of the medium will adhere to the NP surface to
form a so-called protein- or bio-corona [64,65]. This corona forms de
novo in the medium depending on the NP material and the preincubation
time of the particles in the medium [66–68]. Its composition has a
decisive impact on the NP-bio interactions such as on particle uptake
and toxicity [69,70]. Obvious approaches to achieve a more physio
logical bio-corona in placental perfusion studies are the usage of human
plasma or serum to pre-coat the NPs or to complement the perfusion
medium [65]. However, the addition of blood plasma requires the use of
anticoagulants to prevent the formation of thrombi, which again can
change the composition of the protein corona [71]. Recently, it has been
investigated whether a preincubation with human plasma alters the
transfer of 80 nm PS NPs across the human placenta. The combination of
placental perfusion and proteomics analysis revealed human albumin as
the predominant plasma protein on the corona in media containing
physiological human albumin concentrations. This precoating led to a
significantly enhanced placental transfer of the NPs compared to a
precoating media containing bovine serum albumin or human immu
noglobin G [42].
Further modifications of the perfusion protocol and quality measures
depending on the investigated type of NPs, might be required. For
instance, the use of a suitable control to verify a sufficient overlap be
tween the maternal and fetal circulations and to normalize the trans
location data is mandatory. Antipyrine is frequently used as a passive
diffusion control that equilibrates in maternal and fetal circulation
within about 60 min of perfusion. However, since placental transport of
NPs is considerably slower than for small molecules and drugs, the
implementation of a diffusion marker with slower diffusion kinetics in
addition to/instead of antipyrine should be considered. Creatinine was
proposed as a suitable candidate [72] since it is not produced in sig
nificant amounts by the placenta and is transferred by simple diffusion.
However, so far, it has been used in few ex vivo placental perfusion
studies only [47–49,73–75]. Moreover, diffusion markers might have to
be applied only for a restricted time before or after the actual perfusion
experiment with NPs since a recent study found that antipyrine may
alter placental NP translocation possibly by modifying e.g., its surface
charge [76].
Overall, diffusion controls together with additional parameters of
placental tissue viability/functionality (e.g. fetal to maternal leakage,
glucose consumption, lactate production) are important to understand if
the applied NPs altered the barrier integrity. For proper interpretation of

Fig. 1. Graphical summary of specific considerations that needs to be taken into account in ex vivo placental perfusion studies of NPs and endpoints that can be
affected by these NP behaviors.
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energy dispersive Xray (STEM-EDX) could help to identify different
types of NPs as applied in Ref. [38]. Special care and appropriate control
measures need to be applied additionally when labeled NPs are used to
track placental uptake, tissue distribution and translocation. These la
bels, most commonly fluorescent dyes or radioactive labels, might alter
NP properties and their interaction with biological materials [79] and
loss of these labels can lead to wrong conclusions [41]. Therefore, the
label intensity should be monitored over time and filtration/dialysis
experiments should be performed with suitable approaches to under
stand signal intensity, label stability and leakage of labels from NPs
during experiments. Similar considerations should be applied for func
tionalized NPs, where the presence and stability of the functional groups
highly determines the characteristics of the particles. For a previous ex
vivo placental perfusion study, a re-characterization of different com
mercial polystyrene NPs has shown that the majority of NPs were not
appropriately functionalized (e.g. lack of positive/negative charge) or
were contaminated with a second fraction of smaller NPs [41]. In
summary, a comprehensive NP characterization is indispensable for
generating reliable study protocols, for interpreting placental perfusion
results and determining SARs for the safe use of NPs.
Further, working with NPs can result in altered analytical outcome
depending on interactions of the NPs intrinsic optical, fluorescent or
reactive properties with the specific assays [80–82]. Therefore, appro
priate interference controls must be implemented to exclude false pos
itive or negative results. This is currently only a minor topic in the
context of ex vivo perfusion studies since predominantly the particles
themselves are detected to understand placental translocation but might
become more relevant if additional functional endpoints will be
included (e.g. impact of NPs on placental tissue viability or
functionality).

Table S1
Additional information to perfusion studies (cited in Table 1)
Ref

Number of perfusions (n)

Further information
on patient group

Placental tissue
viability*/NP
toxicity on BeWo
trophoblasts

[34]

Uncomplicated
pregnancies, nonsmokers

F- > M leakage (<2
mL/h), antipyrine
transfer

[35]

PEGylated AuNPs:
10 nm: 1 (closed)
15 nm: 1 (closed), 1
(open)
30 nm: 1 (open)
PEGylated AuNPs:
2 (360 min) + 1 (330
min)
Carboxylated AuNPs:
2 (360 min) + 1 (300
min)

Uncomplicated term
pregnancies, placenta
obtained after
caesarean section

[36]

3 per NP

Uncomplicated term
pregnancies, placenta
obtained after
caesarean section

[37]

3 per NP

Uncomplicated term
pregnancies, placenta
obtained after
caesarean section

[38]

6 with NP, 1 without NP

[39]

at least 4 per NP

Uncomplicated term
pregnancies, placenta
obtained after vaginal
or caesarean section
Uncomplicated term
pregnancies, placenta
obtained after vaginal
or caesarean section

F- > M leakage (<4
mL/h)/no decrease
in viability of BeWo
trophoblast cells up
to 50 μg/mL and 48
h of exposure (MTS
assay)
F- > M leakage (<4
mL/h)/no decrease
in viability of BeWo
trophoblast cells up
to 100 μg/mL and 6
h of exposure but
reduced viability
after 24 h exposure
(MTS assay)
F- > M leakage (<4
mL/h)/no decrease
in viability of BeWo
trophoblast cells up
to 25 μg/mL and 48
h of exposure (MTS
assay)
Antiyprine transfer
(<20% transfer)

[40]

at least 3 per NP

Uncomplicated term
pregnancies, placenta
obtained after
caesarean section

[41]

between 1 and 4
perfusions per NP

[42]

5 per condition (except
for IgG-Medium 3)

Uncomplicated term
pregnancies, placenta
obtained after
caesarean section
Uncomplicated term
pregnancies (>38
weeks of gestation),
placenta obtained
after vaginal delivery
or caesarean section

[43]

4

[44]

3 per NP

[45]

1 control without NP,
6 with NPs

3. Conclusions
The ex vivo placental perfusion approach enables us to undertake
studies on the placental barrier close to physiological conditions and on
intact tissue.
So far, the uptake and translocation has been investigated only for a
few NP types. Nevertheless, these studies indicate that NP properties
(single or combined) may have a considerable effect on NP-placenta
interactions. Therefore, future research efforts should continue to
elucidate these SARs to guide the design of sustainable NP-based in
dustrial and nanomedical applications.
In summary, the ex vivo human placenta perfusion system provides a
highly valuable tool to estimate not only the fetal exposure to NPs but
also their direct impact on placental tissue, supporting the establishment
of a realistic safety assessment and the development of future nano
medical therapies during pregnancy.
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Placenta from normal
term deliveries
Uncomplicated term
pregnancies, placenta
obtained after vaginal
delivery or caesarean
section

Gender of offspring
given (5 females, 2
males), term (≥39

F- > M leakage (<4
mL/h), antipyrine
transfer
(equilibrium after
4–6 h)
F- > M leakage (<4
mL/h)/no decrease
in viability of BeWo
trophoblast cells up
to 100 μg/mL and
24 h of exposure
(MTS assay)
F- > M leakage (<4
mL/h)
F- > M leakage
(<24 mL at end of
perfusion), glucose
consumption and
lactate production,
antipyrine transfer
(>0.3 within initial
30 min of perfusion)
antipyrine transfer
F- > M leakage (<3
mL/h)/, glucose
consumption and
lactate production/
no decrease in
viability of BeWo
trophoblast cells up
to 500 μg/mL and
24 h of exposure
(MTT assay)
F- > M leakage (<4
mL/h)/no decrease
in viability of BeWo
(continued on next page)
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Table S1 (continued )
Ref

[46]

[47]

[48]

Number of perfusions (n)

3 per condition (normal,
GDM, IUGR)

Free carboxyfluorescein,
small & large liposomes:
5, multilamellar
liposomes: 6
Free warfarin: 7,
F-SUV & S-SUV: 6

[49]

6 of each condition (free
and encapsulated T4)

[33]

6 of each condition (free
and encapsulated VPA)

Further information
on patient group

Placental tissue
viability*/NP
toxicity on BeWo
trophoblasts

weeks of gestation),
appropriate
birthweight, without
diagnosed pregnancy
complications,
placenta obtained
after elective
caesarean section
Term placenta from
pregnancies classified
as normal or
exhibiting GDM or
IUGR
term pregnancies
(≥37 weeks of
gestation), placenta
obtained after vaginal
delivery or caesarean
section
Uncomplicated term
pregnancies (≥37
weeks gestation),
placenta obtained
after vaginal delivery
or caesarean section
Uncomplicated term
pregnancies (≥37
weeks of gestation),
placenta obtained
after vaginal delivery
or caesarean section
normal pregnancies,
placenta obtained
from single vaginal
delivery or caesarean
section

trophoblast cells up
to 100 μg/mL and
24 h of exposure
(MTS assay)

[8]
[9]

[10]

[11]

F- > M leakage
(<10%/h)

[12]
[13]

F- > M leakage (<2
mL/h), creatinine
transfer

[14]
[15]

F- > M leakage (<2
mL/h), creatinine
transfer

[16]

[17]
F- > M leakage (<2
mL/h), creatinine
transfer

[18]

F- > M leakage (<3
mL/h), glucose
consumption and
lactate production,
oxygen delivery,
consumption and
transfer

[19]
[20]

[21]

* only selected parameters: F- > M leakage, glucose consumption and lactate
production, antipyrine/creatinine transfer.
Abbreviations: Au = gold; F->M = fetal to maternal; F-SUV = lecithin small
unilamellar liposome; GDM: Gestational Diabetes Mellitus; IgG = Immuno
globulin G; IUGR: Intra Uterine Growth Restriction; NP=Nanoparticle; S-SUV =
distearoyl phosphatidylcholine small unilamellar liposome; VPA = valproic
acid.

[22]

[23]
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