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The current lack of knowledge about the effect of maternally administered
drugs on the developing fetus is a major public health concern worldwide.
The first critical step toward predicting the safety of medications in pregnancy
is to screen drug compounds for their ability to cross the placenta. However,
this type of preclinical study has been hampered by the limited capacity of
existing in vitro and ex vivo models to mimic physiological drug transport
across the maternal—fetal interface in the human placenta. Here the proof-
of-principle for utilizing a microengineered model of the human placental
barrier to simulate and investigate drug transfer from the maternal to the fetal
circulation is demonstrated. Using the gestational diabetes drug glyburide as
a model compound, it is shown that the microphysiological system is capable
of reconstituting efflux transporter-mediated active transport function of the
human placental barrier to limit fetal exposure to maternally administered
drugs. The data provide evidence that the placenta-on-a-chip may serve as a
new screening platform to enable more accurate prediction of drug transport

by maternally administered drugs to the
developing fetus remain a largely unan-
swered question to both clinicians and
expecting mothers.

One of the major contributors to this
problem is our limited ability to model
and predict the physiological transport
function of the human placenta. The
placenta is responsible for regulating
the transfer of all materials between the
mother and the fetus during pregnancy,
and therefore plays an essential role in
fetal exposure to drugs.’l To assess the
safety of medications in pregnancy appro-
priately, it is imperative to first understand
whether and how drug molecules cross
the placental barrier from the maternal to
the fetal circulation. While animal models

in the human placenta.

1. Introduction

Fetal exposure to medications is a critical issue in pregnancy
that can lead to serious gestational complications and long-
term health consequences. A recent survey of clinical data from
1976 to 2008 reported that approximately 90% of women in the
United States take at least one medication during pregnancy.!!l
Moreover, retrospective studies have reported significantly
increasing use of over-the-counter and prescription drugs by
pregnant women. In the United States, for instance, the frac-
tion of women taking four or more medications during preg-
nancy has more than doubled over the past three decades and
continues to rise.!l Despite this alarming trend, the risks posed
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of pregnancy provide useful surrogates for
these types of studies, considerable inter-
species differences in placental structure
and function have rendered the use of
these models controversial.**! The inadequacy of preclinical
animal testing is best highlighted by the tragedy of thalidomide
in the 1960s that caused serious birth defects and fetal deaths
due to the failure of animal models to predict human fetal tox-
icity.l") Despite significant progress in animal experimentation
for reproductive toxicology, the predictive value of animal data
continues to be questionable. As a result, alternative strategies
are urgently needed for the preclinical assessment and accu-
rate prediction of drug transfer across the human placenta and
subsequent fetal exposure.

To address this critical unmet need, here we demonstrate the
proof-of-principle for using a human cell-based microphysio-
logical model of the placenta for simulation and quantitative
analysis of placental drug transport. This study builds upon
the “placenta-on-a-chip” system that we have developed previ-
ously to mimic the salient structure and function of the human
placental barrier (Figure 1A—C).”] In this microdevice, human
trophoblast cells and villous endothelial cells are cultured in
apposition on a semipermeable membrane under flow condi-
tions (Figure 1D,E). This configuration makes it possible to
reconstitute the multilayered architecture and hemodynamic
environment of the placental barrier, providing compelling
advantages over existing in vitro models based on static cul-
ture of trophoblast monolayers in Transwell inserts.®! In com-
parison to traditional ex vivo approaches using extracorporeal
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Figure 1. The human placenta and placenta-on-a-chip. A) 3D cross-section of the human placenta illustrates cotyledons, which contain chorionic villi
bathed in the maternal blood in the intervillous space. B) A zoomed-in view highlights the fetal capillaries that are located within the chorionic villi.
C) The placental barrier that separates the maternal intervillous space from the fetal capillary lumen consists of two cell types: the syncytiotrophoblast
and fetal endothelial cells separated by a thin interstitial tissue layer. D,E) The placenta-on-a-chip is a microengineered model designed to recapitulate
the multilayered 3D architecture of the placental barrier. Within the device, trophoblast and endothelial cells are cocultured on the opposite sides of
a thin porous polymeric membrane. During culture, the viability of the cells is maintained by continuous low of culture medium on both sides of the

membrane.

perfusion of cannulated whole human placenta,®!% our model
is more attractive for mechanistic investigation due to its ability
to precisely control and manipulate various key parameters of
placental drug transport.

In the present study, we leverage these unique capabilities
to recapitulate physiological function of the human placental
barrier to regulate maternal-to-fetal transfer of drugs that are
commonly used during pregnancy. A specific focus of our
investigation is on active drug transport mediated by the breast
cancer resistance protein (BCRP), which is one of the major
ATP-binding cassette (ABC) efflux transporters abundantly
expressed in the apical membrane of trophoblast cells in the
placenta.l'/ Studies have shown that BCRP plays a central role
in limiting fetal drug exposure by pumping various types of
maternally administered drug compounds from the fetal com-
partment back into the maternal circulation.l' We demon-
strate the ability of our placenta-on-a-chip model to mimic this
critical BCRP-mediated transport function using a model drug,
glyburide—a BCRP substrate and an oral medication used to
treat diabetes in pregnancy. Our data show that the in vitro
human placental barrier engineered in our device reconstitutes
physiological expression of BCRP in trophoblast cells and emu-
lates the protective role of its in vivo counterpart by effectively
preventing transfer of glyburide from the maternal to the fetal
compartment.

The work described herein represents an important step
towards the development of human-relevant predictive in vitro
models for preclinical evaluation of drug safety in pregnancy.
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The placenta-on-a-chip system holds great potential as a
promising alternative to traditional models in reproductive toxi-
cology and offers a novel platform to screen drug transport in
the human placenta in a rapid and cost-effective manner. We
believe that our technology provides a technical basis for more
systematic investigations in the future and may eventually allow
clinicians to make informed decisions and recommendations to
pregnant mothers.

2. Results and Discussion

2.1. Production of the Microengineered Human Placental Barrier

As illustrated in Figure 1C, the in vivo placental barrier is a
multilayered structure that consists of trophoblast and fetal
endothelial cells, which are separated by basement membrane.
As pregnancy progresses, this villous membrane becomes grad-
ually thinner and reaches an average thickness of approximately
4.53 um at term, as determined by measurements made in pla-
centas following cesarean delivery.'3] Formation of appropriate
intercellular junctions in these tissue layers is crucial for physio-
logical barrier function of the placenta to mediate transfer of
substances in the maternal blood from the intervillous space to
the fetal capillaries. Perfusion coculture of human trophoblasts
and human placental villous endothelial cells (HPVECs) in our
compartmentalized microfluidic device provided a means to
recapitulate this important feature of the placental barrier. The
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cells plated on either side of a fibronectin-coated semiperme-
able membrane were observed to proliferate continuously and
form confluent monolayers within 24 h of cell seeding. By 72 h
of culture, the HPVECs had grown out of the membrane sur-
face to cover all four channel walls in the lower microchannel.
Typically, the cells were cultured for 3 d under continuous per-
fusion of medium to establish a bilayer tissue structure remi-
niscent of the trophoblast-endothelial interface of the placental
barrier in vivo. Importantly, immunofluorescence imaging
illustrated the formation of continuous intercellular junctional
complexes in both cell types. The trophoblast cell and HPVEC
populations showed robust expression of E-cadherin and vas-
cular endothelial (VE)-cadherin, respectively (Figure 2A,B).
Our analysis revealed no visible intercellular gaps, suggesting
the formation of continuous monolayers on either side of the
membrane. The structural integrity of the microengineered
barrier was confirmed by our analysis of electrical resistance
across the trophoblast-endothelial interface. This study showed
that the transepithelial-endothelial electrical resistance (TEER)
measured in the coculture system increased rapidly over time
and reached approximately 5020 Q cm? when the cells were
allowed sufficient time (typically over 2 d) to form fully con-
fluent monolayers.

To further assess barrier function of our model, we also
conducted a permeability assay to measure the passage of

Acellular Co-culture

VE-cadherin

o F
™ _— 1 M Matemal
[ Fetal
0h LA, 72h
0 Y w2 oo, —=——

www.advhealthmat.de

Fluorescein isothiocyanate (FITC)-conjugated inulin across the
microengineered placental barrier. Control experiments using
acellular devices revealed significant transfer of FITC-inulin
from the maternal to the fetal compartments, as evidenced
by more than 25% increase in the fluorescence intensity of
fetal outflow over a period of 3 h (Figure 2C). In contrast, the
coculture model showed no detectable florescence in the fetal
chamber, illustrating negligible transport of FITC-inulin across
the trophoblast-endothelial barrier. Combined with the inter-
cellular junction staining data and TEER measurements, these
results clearly demonstrate the formation of a microengineered
tissue—tissue interface with structural integrity and appropriate
barrier function.

Another key feature of the human placental barrier that
influences drug transfer is the microvilli on the apical surface
of the syncytiotrophoblast. These cellular protrusions serve to
increase the overall placental surface area for maternal-to-fetal
transport, which increases significantly over the course of ges-
tation.) Our microengineered model enabled reproduction
of this physiological phenotype as well. In microscopic visu-
alization using actin staining, we observed that fine hair-like
projections covered the entire cell surface of the vast majority
of trophoblast cells cultured in our microdevice (Figure 2D).
Although intercellular variability was observed in their size and
density, these microvilli were generated on the apical side of the
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Figure 2. Microengineered in vitro placental barrier. A) BeWo cells cultured on the upper side of the porous membrane form a continuous epithelial
barrier. Red shows E-cadherin staining. Scale bar: 55 um. B) HPVECs are grown to confluence on the lower side of the membrane. Widespread expres-
sion of VE-cadherin (green) illustrates the structural integrity of the endothelial tissue. Scale bar: 36 um. C) The microengineered placental barrier
effectively prevents the transfer of FITC-inulin from the maternal microchannel to the fetal compartment, demonstrating appropriate barrier function.
D) Dense microvilli cover the surface of the BeWo cell population, as illustrated by F-actin staining (green). Scale bar: 20 um. E) A cross-sectional view
of actin-stained BeWo cells reveals the apical microvilli projections protruding from the cell body. Scale bar: 6 um. F) Extended forskolin treatment
induces a significant loss of intercellular junctions (red) and syncytialization-like cell fusion in BeWo cells over the course of 72 h. Scale bars: 55 pm.
Blue shows nuclear staining. G) During image analysis of E-cadherin staining, individual cells are pseudo-colored to delineate cell—cell junctions and to
quantify cell area during forskolin treatment. The average area of BeWo cells increases over 72 h, illustrating progressive cell fusion in the trophoblast
population. * and ** indicate p < 0.05 and p < 0.01, respectively. H) Another method for image analysis of cell fusion is to segment DAPI-stained

##3% indicate p < 0.001 and p < 0.0001, respectively.
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cells facing the maternal compartment, matching the polarity
of syncytiotrophoblast microvilli in vivo (Figure 2E). Previ-
ously we have shown that the extent of microvilli formation
is reduced considerably when trophoblasts are cultured on a
similar semipermeable membrane support in a static Transwell
insert.”] In conjunction with this previous finding, our results
indicate that dynamic culture conditions due to continuous
perfusion in our model is beneficial not only for maintaining
cell viability but also for inducing cultured trophoblasts to reca-
pitulate their native morphological characteristics. Considering
that a variety of active membrane transporters implicated in the
transfer of drugs and xenobiotics are expressed on the microvil-
lous surface of trophoblast cells,[”] the formation of abundant
microvilli demonstrated here represents a critical requirement
for reconstituting physiological drug transport across the
placental barrier.

2.2. Induction and Characterization of Trophoblast
Syncytialization

The placental barrier undergoes continuous and significant
alterations in its structure during pregnancy.'® This structural
evolution allows for more efficient exchange of vital substances
between the mother and the fetus while enhancing barrier func-
tion of the placenta to further restrict the penetration of foreign
materials into the fetal circulation.'”] Central to this physiological
development is progressive intercellular fusion of cytotropho-
blasts on the maternal surface of the chorionic villi that eventu-
ally leads to the formation of a multinucleated barrier termed
the syncytiotrophoblast.l'¥! Given the integral role of trophoblast
cells in placental drug transport, the process of syncytialization
is an important feature that needs to be recapitulated in in vitro
platforms for screening the safety of drugs for use in pregnancy.
To induce trophoblast syncytialization in our model, we used
forskolin to increase intracellular levels of cyclic adenosine
monophosphate in the BeWo b30 clone.'”) When these cells
were perfused with forskolin-containing medium, progressive
cell fusion occurred over the duration of treatment (Figure 2F).
In the first 24 h, most of the cells retained a cytotrophoblast-
like morphology but prolonged treatment resulted in noticeable
changes characterized by cytoplasmic fusion and nuclear aggre-
gation in a significant fraction of the cells. Our quantitative
morphometric analysis showed more than a 38% increase in
average cell area from 24 to 72 h, indicating forskolin-induced
cell fusion (Figure 2G). Aggregation of cell nuclei was also
evident from a significant increase in the nuclear area that
occurred during the same period (p < 0.0001) (Figure 2H).
Although syncytialization of the entire monolayer was not
achievable even in further extended treatment, this method
serves to significantly improve the physiological relevance of
our model and also provides the opportunity to more realisti-
cally simulate drug transfer across the native placental barrier.

2.3. Heparin Transport across the Placental Barrier

Prior to investigating active drug transport using the pla-
centa-on-a-chip model, we first examined whether our
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microengineered placental tissue had the capacity to form an
effective barrier to soluble molecules and to properly mimic
restrictive barrier function of the maternal-fetal interface
in vivo. Specifically, we used fluorescently labeled heparin as a
tracer to analyze molecular transport from the maternal com-
partment to the fetal microchannel. Heparin is an anticoagu-
lant medication used in the treatment of deep vein thrombosis
and pulmonary embolism during pregnancy.??! It has been
established that heparin does not cross the placental barrier
due to its large molecular size (3000-15 000 kDa), offering a
safe alternative to other anticoagulants, such as warfarin, which
can be transferred to the fetal circulation and exert deleterious
effects on the developing fetus.[?2-24

In our study, we exploited this nonpermeable property of
heparin to assess barrier integrity of the microengineered pla-
cental interface. Our analysis was carried out by administering
fluorescently conjugated heparin into the maternal compart-
ment and subsequently measuring the fluorescence intensity of
outflow collected from both microchannels to quantify heparin
transport. As a control condition, we first tested acellular devices
that consisted of bare semipermeable membrane supports
without trophoblast cells and HPVECs. In this case, the fetal
perfusate sampled over the course of 5 h showed high levels
of fluorescence, corresponding to 11.3% of the initial heparin
concentration in the maternal compartment (Figure 3A). When
the same assay was conducted in the coculture system, how-
ever, fluorescence intensity of collected samples was reduced
dramatically and was negligible as compared to that meas-
ured in the acellular model (p < 0.01) (Figure 3A). Under this
condition, the final fetal concentration of fluorescein-heparin
was estimated to be approximately 0.2% of the initial maternal
concentration. These data indicate that our microengineered
tissue can effectively prevent the passage of heparin into the
fetal compartment, confirming previous findings about heparin
transport in the human placenta. Our results also suggest the
ability of our model to recapitulate the barrier integrity that pre-
vents the passage of heparin across the placental barrier in vivo.

2.4. Active Drug Transport Mediated by the Microengineered
Placental Barrier

In the next phase of the study, we explored the possibility of
simulating active drug transport function of the placental
barrier in our microfluidic device. For this investigation, we
used glyburide as a representative example of a medication
commonly prescribed and administered to pregnant women.
Glyburide is a second-generation sulfonylurea widely used in
the treatment of gestational diabetes, which is a condition that
affects up to 10% of pregnancies in the United States and is
becoming increasingly prevalent worldwide.?>20) With the
rapidly growing use of diabetes drugs in pregnancy, extensive
research has been undertaken in the past decades to evaluate
the transfer of glyburide in the human placenta. Several ex vivo
perfusion and clinical studies have reported that maternally
administered glyburide is nearly undetectable or found in very
low concentrations in the fetal circulation even at concentra-
tions far exceeding therapeutic doses.””-*! Increasing evidence
now suggests that the limited placental transfer of glyburide
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Figure 3. Drug transport in the placenta-on-a-chip. A) The kinetics of drug transport across the microengineered placental barrier is examined by per-
fusing the maternal microchannel with fluorescently labeled substrate and measuring fluorescence in the perfusates. B) Transfer of fluorescein—heparin
from the maternal compartment to the fetal chamber is evaluated by measuring MFI of perfusate collected from the fetal microchannel. Acellular
devices allow a significant fraction of maternally administered heparin to move across the membrane into the fetal compartment, whereas the barrier
covered with trophoblast cells and endothelial cells (coculture) effectively blocks heparin transport. ** shows p < 0.01. C) BeWo cells exhibit widespread
expression of BCRP (red). Blue shows cell nuclei. Scale bar: 36 um. D) Cross-sectional view of BeWo BCRP expression. Scale bar = 36 ym. E) BCRP is
localized to the microvillous membrane of BeWo cells. **** shows p < 0.0001. F) In the coculture model, a continuous increase in the fluorescence
of maternal perfusate indicates transporter-mediated efflux of glyburide back into the maternal circulation. The fluorescence of perfusate from the fetal
compartment remains low and constant, showing limited transfer. G) Under endothelial cell monoculture conditions, maternal glyburide concentra-
tion is decreased. **** indicates p < 0.0001. H) Microscopic analysis illustrates accumulation of glyburide in the BeWo cell monolayer, but no visible

fluorescence in the HPVEC population. *#*** indicates p < 0.0001.

is achieved through the function of ABC efflux transporters
expressed by trophoblasts that actively pump the drug against a
concentration gradient into the maternal circulation.’%3! Based
on this knowledge, we asked whether our placenta-on-a-chip
model was capable of mimicking active transport of glyburide
mediated by BCRP, which is one of the most important and
abundant efflux transporters in the human placenta.?

First, we measured and characterized the expression of
BCRP in the microengineered placental barrier. When syncy-
tialized trophoblast cells were immunostained and imaged
using confocal microscopy, they showed robust BCRP expres-
sion throughout the monolayer (Figure 3B). Importantly,
transporter expression was localized to the apical microvillous
surface of the cells (Figure 3C), closely matching the spatial
distribution of BCRP reported in vivo.['!

To investigate glyburide transport, we then introduced
culture medium containing 1 X 10°® m BODIPY-conjugated
glyburide into the upper maternal channel and monitored the
fluorescence of perfusate retrieved from the fetal compartment
(Figure 3D). Both sides of the barrier were perfused continu-
ously throughout the duration of the experiments to simulate
the hemodynamic environment of the placenta in vivo. In the
absence of cells cultured on the membrane support, the con-
centration of glyburide in the maternal perfusate remained
virtually constant without significant fluctuations over time
(Figure 3E). In comparison to this acellular model, the
BeWo-HPVEC barrier showed an entirely different temporal
profile of the maternal drug concentration. The concentration of
glyburide at early time points were measured to be considerably
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lower (e.g., fivefold reduction at 30 min) (Figure 3E), indi-
cating a significant loss of drug from the maternal circula-
tion. We suspect that this is presumably due to drug uptake
by the trophoblast cells facing the maternal side, as evidenced
by strong green fluorescence detected in this cell population
after 3 h perfusion with BODIPY-labeled glyburide (Figure 3F).
It should be noted that poly(dimethylsiloxane) (PDMS) can
absorb glyburide (Figure S1, Supporting Information) and thus
may serve as another source of drug loss from the maternal
flow.?3l Considering that the acellular device made out of the
same material still yielded high maternal glyburide concentra-
tions, however, the contribution of PDMS drug absorption may
not be as significant as cellular uptake.

Interestingly, the initially low concentration of glyburide
began to rise and continued to increase over time, eventually
reaching the levels that were almost four times higher by the
end of 3 h drug perfusion (Figure 3F). We speculate that this
significant increase is attributed to BCRP-mediated active trans-
port of BODIPY-glyburide absorbed by the placental barrier
back into the maternal circulation. Another important observa-
tion was that the fetal concentration of glyburide remained con-
stant and considerably lower than the maternal concentration
throughout perfusion. Additionally, microscopic imaging of
HPVECs after drug treatment yielded no detectable intracellular
fluorescence (Figure 3G). These results were compared to gly-
buride transport in endothelial monoculture conditions, where
only HPVECs were present on the lower surface of the poly-
carbonate membrane. Under these conditions, the progressive
increase in maternal drug concentration seen in the cocultured
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placental barrier was no longer observed (Figure 3H). The level
of glyburide in the maternal compartment was maintained low
without significant changes over the entire duration of drug
perfusion. Considering that BCRP is absent in the endothe-
lial cell population,l'!l this observation indicates that the trans-
porter-mediated efflux of maternally administered glyburide is
governed predominantly by BeWo cells in the microengineered
placental barrier. Taken together, our results clearly illustrate
the insignificant transfer of glyburide across the microengi-
neered placental barrier.

2.5. Biochemical Inhibition of Glyburide Transport

To validate the active transport function of BCRP in our gly-
buride transport model, we next measured the maternal concen-
tration of BODIPY glyburide in the presence of Ko143, which is
a specific inhibitor of BCRP.B**I In these experiments, addi-
tion of 150 x 107 m Ko143 to the glyburide-containing medium
resulted in the reduction of fluorescence detected in the
maternal perfusate, as compared to the inhibitor-free condition
(Figure 4A). This change was statistically significant from 90 to
150 min of perfusion. Considering that no structural changes
of the placental barrier were observed during this period and
identical hydrodynamic conditions were maintained across all
experiments, these data suggest that Ko143 effectively reduced
the transport function of BCRP and decreased the amount of
glyburide shuttled back into the maternal compartment from
the BeWo cells. This observation was further supported by
increased intracellular green fluorescence in the BeWo cells
treated with Ko143 (Figure 4B). Despite this significant effect of
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a BCRP inhibitor, however, no visible fluorescence was detected
in the HPVEC population cultured on the other side of the
membrane, nor did the fetal concentration of glyburide signifi-
cantly increase over time (Figure 4C). This result implies that
the reduced activity of BCRP during Ko143 treatment was still
sufficient to limit the transfer of glyburide from the maternal to
the fetal compartments.

3. Conclusion

In this work, we have demonstrated the feasibility of utilizing
the placenta-on-a-chip platform for analysis of drug transport
across the human placental barrier. Using glyburide as a rep-
resentative medication, our data show the capability of the
placenta-on-a-chip to recapitulate the native function of efflux
transporters and to mimic the limited placental transfer of
a maternally administered drug. While the physiological rel-
evance of this model has yet to be validated in a more system-
atic and rigorous manner, our findings are consistent with
previous reports of glyburide transport in the human placenta.
For example, the first randomized human trial to compare gly-
buride and insulin in women with gestational diabetes showed
that glyburide levels were undetectable in the cord serum of
any infant.?’! Similarly, studies using the gold standard ex
vivo perfusion of the human placenta reported uniformly low
glyburide transport rates ranging from 0.62% to 3.9%, which
approximates those estimated in our model (5.6%).127:%]
Despite the demonstrated capabilities of our model, further
studies are needed to maximize its potential for the study of
placental drug transport. Of particular importance is that our
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Figure 4. Inhibition of BCRP. A) Addition of Ko143, a BCRP inhibitor, results in decreased maternal glyburide levels as compared to the control perfu-
sion. This is attributable to inhibition of efflux function of BCRP. B) The levels of fetal glyburide in the inhibitor condition are not significantly different
from those in the control group without the inhibitor. Passage of glyburide to the fetal compartment remains very low over the course of drug perfu-
sion in both groups. C) Increased drug accumulation in BeWo cells due to reduced activity of BCRP is evident from fluorescence imaging of the cells.
D) In the presence of the inhibitor, the cells show significantly higher levels of fluorescence, suggesting increased intracellular drug retention.

#¥i% indicates p < 0.0001.
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system has been designed to mimic the placental barrier late
in pregnancy, when there is minimal distance between syn-
cytiotrophoblasts and fetal capillaries.”® Thus, this model is
not appropriate for modeling drug transport in earlier stages
of gestation. Given the plasticity of placental structure, new
engineering strategies need to be developed to reconstitute the
significant changes that occur in the microarchitecture of the
human placental barrier throughout pregnancy. For example, it
may be possible to create a model that incorporates cytotropho-
blasts and interstitial stromal tissue to study the little known
process of transplacental drug transfer in the first trimester.
Another important goal for future investigation is to extend
our analysis to other key transporters reported in the human
placenta and to evaluate the transfer of their substrate drugs
in our model. These types of studies may be limited by the
transformed cells (BeWo) used in our current system that fail to
fully recapitulate the expression profiles of native transporters.
To address this problem, work is required to incorporate stable
culture of primary human villous trophoblast cells into our
system. Primary villous trophoblasts can be isolated from term
placentas using protocols similar to those developed for isola-
tion of HPVECs. Since these cells are postmitotic and cannot
be externally stimulated to proliferate, however, it is challenging
to establish and maintain confluent trophoblast monolayers.
Furthermore, the behavior of primary trophoblast cells under
perfusion culture conditions has not been investigated previ-
ously. Future studies are needed to address these potentially
significant challenges and to develop new strategies for genera-
tion and long-term maintenance of structurally stable primary
trophoblast barrier in microfluidic cell culture devices. Finally,
special attention needs to be paid to the absorption of drug
compounds into PDMS. This undesirable property is a particu-
larly critical issue for drug screening that can significantly alter
the pharmacokinetics of small molecule therapeutics. Studies
are necessary to explore alternative materials or develop new
strategies (e.g., engineering of PDMS surface chemistry) to
render cell culture chambers resistant to drug absorption.

In conclusion, our work represents a significant advance that
may provide the impetus to improve and innovate traditional
models in reproductive toxicology. With increasing use of medi-
cations during pregnancy, the paucity of preclinical models for
predicting drug transfer in the human placenta is emerging
as a critical research challenge that also raises serious public
health concerns. The proof-of-principle demonstrated in this
paper may hold great potential as a technical basis for devel-
oping new drug screening technologies to address this impor-
tant problem. Specifically, our model, with its current capabili-
ties, may find obvious and immediate applications in screening
the likelihood of fetal exposure to a wide variety of drug com-
pounds currently in use or under development for use in preg-
nancy. Beyond studies of placental drug transport, this platform
also provides a robust means to systematically investigate how
the structure and function of the placental barrier itself can be
altered in response to perturbations in the local environment
due to various factors including drugs, xenobiotics, pathogens,
abnormal hemodynamics, disease-derived biomolecules, and
environmental toxicants. Another possibility to explore building
upon recent progress in the development of multiorgan micro-
physiological models is to link the placenta-on-a-chip with other
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microfluidic devices containing different types of fetal cells for
analysis of not only placental transfer of drug compounds but
also their beneficial or adverse health effects on the developing
fetus. We believe that the versatility of our placenta-on-a-chip
technology offers great promise for enabling significant pro-
gress in various aspects of placental physiology and reproduc-
tive medicine.

4. Experimental Section

Cell Culture: The b30 clone of the BeWo trophoblast cell line was
generously provided by Dr. Nicholas lllsley of Hackensack University
Medical Center. The BeWo cells were maintained in DMEM/F-12K
medium (GE Healthcare) containing 10% fetal bovine serum (FBS), 1%
t-glutamine, and 1% penicillin/streptomycin (Gibco). HPVECs isolated
from term placentas following a previously published protocoll®® were
generously provided by Dr. Emily Su at the University of Colorado,
Denver and cultured in EGM-2 media containing 2% FBS (Lonza).

Microfluidic Device Fabrication: Placenta-on-a-chip devices were
fabricated following standard soft lithography protocols. PDMS (Sylgard,
Dow Corning) base was mixed thoroughly with curing agent at a ratio
of 10:1. This mixture was then poured over a photolithographically
prepared silicon master containing microchannel features fabricated
in a negative photoresist, SU-8 (MicroChem). The dimensions of the
microchannels were 1 mm (width) x 1.5 cm (length) x 135 um (height).
The PDMS was degassed and then incubated at 65 °C to induce
polymerization. Once fully cured, the channel slab was peeled off of the
master, and through-holes were made through the slab using a 1 mm
biopsy punch to generate inlet and outlet access ports.

For device assembly, PDMS stamping was used to bond the upper
and lower slabs to a semipermeable polycarbonate membrane (1 um
pores, GE Healthcare) as previously described.?”] In this technique, the
upper channel slab was stamped onto a thin (=10 um) layer of uncured
PDMS and then bonded to the lower channel slab. During this step, the
intervening membrane was sandwiched between the two channel layers.

Microfluidic Cell Culture: Following fabrication, the PDMS microchannels
were filled with 70% ethanol and incubated for 1 min. The ethanol
solution was then removed from the channels by vacuum aspiration
applied to the access ports of the upper and lower microchannels.
This step was repeated until complete removal of the solution was
achieved. The device was then placed under ultraviolet light for a 20-min
sterilization cycle. Next, to prepare the polycarbonate membrane for cell
seeding, the microchannels were filled with human fibronectin solution
(0.1 mg mL™" in PBS) and incubated at 37 °C for a minimum of 4 h. This
solution was rinsed with PBS prior to the introduction of cells. Trypsinized
HPVECs at a concentration of 4 X 10 cells mL™" were first introduced into
the lower microchannel. The device was inverted and incubated for 1 h
in a cell culture incubator to enable attachment of the cells to the lower
surface of the membrane. Following endothelial cell adhesion, BeWo
cells were subcultured and injected into the upper microchannel at a
concentration of 4 x 10 cells mL™". The microdevice was again incubated
at 37 °C for at least 1 h for BeWo cell attachment. Once complete cell
attachment was confirmed, the device was connected to a syringe pump
(Chemyx) for continuous perfusion at a flow rate of 100 pL h™". To induce
syncytialization, the BeWo cells in the upper microchannel were perfused
with DMEM/F12-K medium (GE Healthcare) containing 50 x 107 m
forskolin (Sigma). The lower microchannel containing HPVECs was
perfused with EGM-2 medium (Lonza).

Barrier Characterization: Cells cultured in the microfluidic devices were
fixed in 4% paraformaldehyde for 15 min and permeabilized in 0.25%
Triton X-100 for 10 min, with thorough rinse steps in between. Next,
the channels were filled with 2% bovine serum albumin (BSA) for 1 h
at room temperature. For imaging of intercellular junctions, BeWo cells
were incubated with anti-E-cadherin (Life Technologies) and HPVECs
were incubated with anti-VE-cadherin (Cell Signaling Technologies) for
1 h. Following a PBS rinse, secondary antibodies diluted in 2% BSA
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(Life Technologies) were introduced into the microdevice and incubated
for 45 min. For visualization of trophoblast microvilli and the actin
cytoskeleton, cells were exposed to Alexa Fluor 488 conjugated phalloidin
(Life Technologies) for 30 min. Finally, DAPI was utilized to stain cell
nuclei. Immunofluorescent images were acquired using a confocal laser-
scanning microscope (Leica TCS SP8) and inverted microscope (Zeiss
Axio Observer). Volocity (PerkinElmer) was utilized for image processing.

Analysis of Cell Fusion: Fusion of BeWo cells following forskolin
treatment was analyzed using MATLAB and CellProfiler. These values
were calculated from 3 to 5 images at each time point. A MATLAB script
was utilized to segment nuclei based on thresholding and subsequently
quantify nuclear characteristics, including area, in pixels. Changes in
nuclear area indicated aggregation and fusion of BeWo cell nuclei.
Junction segmentation was performed with CellProfiler by applying
maximum correlation thresholding to the E-cadherin channel followed by
intensity-based object identification and declumping.*33° By segmenting
based on E-cadherin expression, the area of individual cells could be
measured. The quantification of changes in cell area enabled analysis of
progressive forskolin-induced cell fusion in the BeWo cell population.

TEER Measurements: A digital voltage-ohm multimeter (Fluke
Corporation) was used to measure TEER under coculture conditions.
The electrodes were placed into the outlet tubing of each channel for
analysis. Baseline measurements were made in acellular devices and
subtracted from the results in the coculture devices.

Permeability Assay: Fluorescein isothiocyanate-inulin (Sigma) was
diluted to a concentration of 1 mg mL™" in serum-free DMEM/F12K
medium. This solution was perfused through the upper microchannel,
and perfusates from both microchannels were assessed following 3 h
using a microplate reader (Tecan).

Measurement of Fluorescein—Heparin Transport: Green-fluorescent
fluorescein—heparin conjugate (Thermo Fisher) was diluted to a
concentration of 0.05 mg mL™" in DMEM/F12K medium. The fluorescent
heparin solution was perfused through the upper microchannel, and
outflow was collected from both channels following a 5-h perfusion.
The duration of drug perfusion was chosen to ensure sufficient sample
volumes for transport analysis. Fluorescence levels of the maternal
and fetal channel perfusates were quantified using a microplate reader
(Tecan). These steps were carried out in both coculture and bare
membrane (acellular) conditions on-chip.

Analysis of Glyburide Transport: For both monoculture and coculture
glyburide transport studies, BODIPY-conjugated glyburide was diluted
into serum-free DMEM/F-12K medium and used at a final concentration
of 1 X 10°® m. The microdevice was connected to a syringe pump
for infusion, with drug-containing medium perfused through the
upper microchannel and serum-free EGM-2 medium in the lower
microchannel. Following a 30 min equilibration phase, outflow was
serially collected in 30 min intervals, and fluorescence was quantified
using a microplate reader (Tecan). Where appropriate, a standard curve
was generated to enable calculation of drug concentrations from mean
fluorescence intensity (MFI) of each sample. Following the time course
study, the microdevice was imaged using an inverted microscope (Zeiss
Axio Observer) to assess intracellular drug accumulation. For inhibitor
studies, Ko143 (150 x 10 m in DMSO, Sigma) was added to the drug-
containing medium perfused continuously in the upper microchannel.
Each transport study was repeated in six devices.

Statistical Analysis: Results were presented as mean + S.E.M.
Statistical analysis was carried out using a two-tailed Student’s t-test.
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