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a b s t r a c t 

Pathologies associated with uteroplacental hypoxia, such as preeclampsia are among the leading causes 

of maternal and perinatal morbidity in the world. Its fundamental mechanisms are yet poorly under- 

stood due to a lack of good experimental models. Here we report an in vitro model of the placental 

barrier, based on co-culture of trophoblasts and endothelial cells against a collagen extracellular matrix 

in a microfluidic platform. The model yields a functional syncytium with barrier properties, polarization, 

secretion of relevant extracellular membrane components, thinning of the materno-fetal space, hormone 

secretion, and transporter function. The model is exposed to low oxygen conditions and perfusion flow 

is modulated to induce a pathological environment. This results in reduced barrier function, hormone se- 

cretion, and microvilli as well as an increased nuclei count, characteristics of preeclamptic placentas. The 

model is implemented in a titer plate-based microfluidic platform fully amenable to high-throughput 

screening. We thus believe this model could aid mechanistic understanding of preeclampsia and other 

placental pathologies associated with hypoxia/ischemia, as well as support future development of effec- 

tive therapies through target and compound screening campaigns. 

Statement of Significance 

The human placenta is a unique organ sustaining fetal growth but is also the source of severe patholo- 

gies, such as preeclampsia. Though leading cause of perinatal mortality in the world, preeclampsia re- 

mains untreatable due to a lack of relevant in vitro placenta models. To better understand the pathology, 

we have developed 3D placental barrier models in a microfluidic device. The platform allows parallel cul- 

ture of 40 perfused physiological miniaturized placental barriers, comprising a differentiated syncytium 

and endothelium that have been validated for transporter functions. Exposure to a hypoxic and ischemic 

environment enabled the mimicking of preeclamptic characteristics in high-throughput, which we be- 

lieve could lead to a better understanding of the pathology as well as support future effective therapies 

development. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent years, unpredictable and untreatable pregnancy dis- 

rders associated with uteroplacental hypoxia, such as gestational 
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ypertension, intrauterine growth restriction and preeclampsia 

PE) have emerged as major maternal and fetal health concerns 

 1 , 2 ]. Among those placental dysfunctions, preeclampsia is one of 

he leading causes of maternal and perinatal mortality and morbid- 

ty in the world [3] . It affects up to 8% of all pregnancies and con-

ributes worldwide to 15% of maternal deaths annually [ 3 , 4 ]. Med-

cal care costs associated with PE amount to an estimated $2.18 

illion in the United States for the year of delivery and increase 
c. This is an open access article under the CC BY-NC-ND license 
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ven further when long-term effects are considered [5] . PE is clin- 

cally defined by hypertension and proteinuria starting in the 20th 

eek of pregnancy. Some of the severe complications include pre- 

erm delivery, organ damage, such as liver rupture or acute kidney 

ailure, and cardiovascular disease [6] . Despite a rapid increase in 

E incidence, as shown by a 25% increase between 1987 and 2004 

n the United States [5] , there are to date few reliable and early 

redicative biomarkers, preventive measures, or treatment strate- 

ies available. Today no cure is available, other than premature de- 

ivery of the fetus, which can be contributed to a poor understand- 

ng of the pathogenesis of PE [7] . 

It is well established that PE originates from the placenta [8] . 

s a unique and transient organ supporting pregnancy develop- 

ent, the placenta’s main role is to provide essential nutrients and 

asses, to mediate metabolic exchanges, as well as to protect the 

etus from xenobiotics and pathogens [9] . The placenta bridges ma- 

ernal and fetal circulation and is made up of a number of anatom- 

cal barriers, such as the syncytium, connective tissue and fetal 

apillaries [10] . The syncytium is in direct contact with maternal 

lood and constitutes the most important membrane barrier. It is 

omprised of a multinucleated layer of syncytiotrophoblasts origi- 

ating from the fusion of underlying trophoblasts. The placenta is 

lso a major source of hormone secretion, thereby playing a crucial 

ole in maintaining a healthy pregnancy [11] . 

During pregnancy, the remodeling of the maternal spiral ar- 

eries by the end of the first trimester is essential for promoting 

dequate blood supply to the placenta and the fetus. It includes 

vents such as trophoblast proliferation, differentiation and inva- 

ion [12] . Alterations in those events result in incomplete trans- 

ormation of the spiral arteries leading to a reduction of the utero- 

lacental perfusion and subsequent placental ischemia and hypoxia 

 13 , 14 ]. Even though the trigger for abnormal placental develop- 

ent and the chronological order of events remains unknown, pla- 

ental hypoperfusion is known to be accompanied by syncytium 

amage, impaired balance of angiogenic and anti-angiogenic fac- 

ors, and release of pro-inflammatory molecules into the maternal 

irculation [15] . 

The poor understanding of PE and other uteroplacental asso- 

iated diseases, lack of treatments and predictive biomarkers are 

ainly attributed to difficulties in studying the placenta, especially 

t the early stage of pregnancy. Ex vivo human placenta perfusion 

ystems are the gold standard and have provided many clues re- 

arding disease pathology [16] . However, they come with numer- 

us limitations. The study of early stage of these pathologies is 

ampered by restrictions in access to placenta from terminated 

r unsuccessful pregnancies [17] . Animal models, such as mice 

nd sheep have been useful in modeling localized physiological 

rocesses, but none of them exactly mirrors the human placenta 

athology, resulting in poor translational relevance [ 18 , 19 ]. In vitro 

odels have been developed utilizing immortalized cell lines, pri- 

ary isolated trophoblast and placenta explants [20] . Their combi- 

ation with manipulation of gene and protein expression as well 

s oxygen tension significantly helped elucidate key features of PE 

21–23] . Nevertheless, trophoblast monolayer cell culture, conven- 

ional or in Transwell systems, lacks the multilayer complexity and 

ynamic environment of the placenta. 

Culture of placenta cells in microfluidics system brought pla- 

ental barrier modeling to a more advanced level. These organ-on- 

-chip systems are enhancing tissue engineering by building more 

omprehensive tissues constituted of multiple cell types, extracel- 

ular matrix scaffolds, fluid flow and mechanical strain [ 24 , 25 ]. In

ecent years, several research groups have successfully developed 

lacenta-on-a-chip models mimicking the multi-layered maternal- 

etal interface. Models were utilized to reconstitute placenta phys- 

ology and study transplacental transfer of substances such as 

lucose [ 26 , 27 ], xenobiotics [28] , caffeine [29] or nanoparticules 
364 
 30 , 31 ]. Others have modeled placental inflammatory responses to 

acterial infections [32] . 

Current placenta-on-a-chip models do have some limitations. 

he majority do not involve trophoblast cell line differentiation 

nto syncytiotrophoblasts [ 27 , 29–34 ]. However, syncytium consti- 

utes the main functional barrier of the placenta and is crucial 

o physiologically mimic the placental barrier. Also, none have re- 

orted to recreate the physiological maternal-fetal distance inter- 

ace, primordial in the regulation of drug transfer between the 

other and infant circulation. Moreover, chips are composed of 

olydimethylsiloxane (PDMS), known to absorb small hydrophobic 

olecules such as drugs [35] . Most importantly, these systems are 

ypically low in throughput thus restricting the number of drugs 

hat can be investigated. In addition, the use of microfluidics for 

he modeling of pregnancy disorders such as PE at the maternal- 

etal interface level, has not been established yet. 

Here, we report a robust and standardized approach for mod- 

ling the human placental barrier which addresses the drawbacks 

isted above and will greatly advance the field of in vitro placen- 

al modeling. The model comprises a multilayered functional syn- 

ytium and umbilical endothelium separated by a thin connec- 

ive tissue-like extracellular matrix (ECM). We showed transporter 

unctionality, barrier function and hormone secretion. To induce 

E-like characteristics, we exposed our model to a hypoxic and 

schemic environment. Under these conditions, the placental bar- 

ier on-a-chip showed a damaged syncytium, characterized by re- 

uced barrier function and differentiation, down-regulation of glu- 

ose transporter-1 expression and reduction in angiogenic factors, 

hich are all known to be features associated with uteroplacental 

ypoxia associated pathologies, such as PE [ 8 , 15 , 36 , 37 ]. Thus, our

lacental barrier on-a-chip model constitutes a promising tool for 

he studies of healthy and diseased pregnancy and opens the door 

or the evaluation of placental drug transfer and development of 

ew therapeutics for the treatment of pregnancy disorders. 

. Materials and methods 

.1. Cell culture 

Human choriocarcinoma cell line BeWo b30 clone (#C0 030 0 02; 

ddexBio) was cultured in T75 flasks in Optimized-DMEM 

#C0 0 03-02; AddexBio) supplemented with 10% fetal bovine serum 

FBS; F4135; Sigma) and 1% penicillin-streptomycin (#15070063; 

hermo Fisher). Cells were cultured in a humidified incubator 

37 °C; 5% CO 2 ) and cell culture medium was changed every 2–

 days. After reaching 90% confluency, cells were trypsinized with 

.25% Trypsin-0.53 mM EDTA (#30–2101, ATCC) for passaging or 

eeding in the OrganoPlate. 

Human umbilical vein endothelial cells from pooled donors 

HUVEC; #C2519AS; Lonza) were thawed from liquid nitrogen and 

esuspended in Complete Human Endothelial Cell medium (#H116; 

ell Biologics) for seeding in the OrganoPlate. 

All experiments were performed with BeWo b30 and HUVEC 

ells between passages 26 to 30, and passage 4 to 5, respectively. 

he cells were routinely tested for mycoplasma contamination and 

ound negative. 

.2. OrganoPlate culture 

To recreate the multilayered architecture of the placental bar- 

ier, we used the Mimetas OrganoPlate 3-lane 40. This microfluidic 

evice based on a standard 384-well microtiter plate (40 04–40 0B; 

IMETAS BV) contains 40 independent chips, enabling the paral- 

el culture of as many organ models ( Fig. 1 A). Each tissue culture 

hip consists of three microfluidic lanes. The top and bottom per- 

usion lanes of 300 μm × 220 μm (w × h), and the middle lane of 
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Fig. 1. Placental barrier on-a-chip set-up in the OrganoPlate 3-lane. (A) Bottom view of the OrganoPlate 3-lane, a 384-well plate format containing in its bottom 40 individual 

microfluidics chips. Zoomed-in image of one microfluidic chip. (B) Schematic representation of one chip consisting of three adjacent channels accessible by top (A1), bottom 

(C1) inlets and top (A3), bottom (C3) outlets wells. Perfusion channels are separated by small ridges (PhaseGuide TM ) which enabled the patterning of ECM gel in the middle 

lane and culture of cells in the perfusion channels in a membrane-free manner. Cultures are observed from the observation window (B2). (C) Schematic of the placental 

barrier multilayered architecture. The interface is composed of syncytiotrophoblasts and cytotrophoblasts (maternal compartment) on top of their basement membrane. A 

thin connective tissue separates the maternal interface from the fetal capillaries (fetal compartment). (D) 3-dimensional schematic of the placental barrier modeling in the 

OrganoPlate 3-lane, representing the maternal and fetal compartment in close proximity. Continuous flow through the maternal and fetal compartments is depicted by the 

arrows. (E) Schematic workflow depicting placental barrier modeling set-up, BeWo b30 differentiation and controlled invasion over time. 
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50 μm × 220 μm (w × h) are all accessible by their well openings. 

hese channels are separated on their bottom by a meniscus pin- 

ing barrier, the PhaseGuide TM [38] , allowing the patterning of ex- 

racellular matrix (ECM) gel in the middle channel and the culture 

f cells in the bordering perfusion channels in a membrane-free 

anner ( Fig. 1 B). 

The first-trimester placenta is characterized by a trophoblast 

yncytium and its underlying cytotrophoblasts separated from the 

etal endothelium by a thin connective tissue [9] ( Fig. 1 C). To 

odel this maternal-fetal interface, the first-trimester trophoblast 

uman choriocarcinoma cell line BeWo b30 and HUVEC are used 

o recreate the maternal and fetal compartment, respectively 

 Fig. 1 D). Cells were cultured against a 3-dimensional ECM scaffold 

ased of collagen-I and collagen-IV, key components of the placen- 

al barrier [39] . ECM was prepared by mixing independently and 

espectively, in 8:1:1 ratio, rat collagen-I 8.91 mg/mL (#354249; 

orning) and collagen-IV from human placenta 5 mg/mL (#234154; 

igma-Aldrich) with HEPES (1 M; #15630; Life Technologies) and 

aHCO 3 (37 g/L, S5761; Sigma-Aldrich) on ice. Collagen-I and 

ollagen-IV ECM gels were then mixed in a 3:1 ratio. The collagen- 

/collagen-IV ECM mixture was kept on ice and used for seeding 

ithin 10 min. Before ECM seeding, 50 μL HBSS (#H6648; Sigma- 

ldrich) was added to the observation windows to prevent gel de- 

ydration and to increase optical clarity. The ECM mixture (1.7 μL) 

as dispensed in the gel inlet. The plate was incubated in a hu- 

idified incubator (37 °C, 5% CO 2 ) for 15 min to allow the ECM to

olymerize. For maternal compartment modeling, BeWo b30 cells 

ere resuspended in their culture medium to a cell density of 

2,0 0 0 cells/μL and 2 μL of cell suspension was added into the 

op perfusion inlet ( Fig. 1 E). Subsequently, 50 μL of BeWo b30 cul-

ure medium was added in the top and bottom inlet wells and 

he plate was placed on its side for 3 h to allow the cells to

ettle against the ECM. This was followed by addition of 50 μL 

edium to the top outlet, bottom inlet, and outlet wells. Bidi- 

ectional perfusion was started by placing the plate on a rocking 

latform (OrganoFlow; MIMETAS BV) set at a 7 ° inclination and 

-minute interval, in the incubator (37 °C, 5% CO ). Medium was 
2 

365
efreshed in top and bottom channels 2 days later. On day 3, fe- 

al compartment modeling was initiated by HUVEC seeding into 

he bottom channel. Seeding of cells in channels previously wetted 

y medium was performed by passive pumping as previously de- 

cribed [40] . In short, medium was aspirated from top and bottom 

erfusion wells and bottom inlet to be seeded was washed with 

0 μL PBS (#70013016; Thermo Fisher). 50 μL of endothelium was 

hen dispensed on the bottom outlet and 2 μL of HUVEC suspen- 

ion (10,0 0 0 cells/μL) was then seeded into the previously washed 

nlet. To avoid dehydration, 50 μL of BeWo culture medium was 

ispensed in the top channel outlet well and the plate was placed 

n its side for 1.5 h to allow the HUVEC to attach against the ECM.

eWo and HUVEC culture medium (50 μL) was respectively dis- 

ensed in top and bottom channel inlet wells. The OrganoPlate 

as placed back under perfusion in the incubator (37 °C, 5% CO 2 ). 

ells were grown for several days under continuous perfusion. On 

ay 6, medium was refreshed in top and bottom perfusion channel 

ells. After 7 days of culture, and to promote the differentiation 

f BeWo b30 into multinucleated syncytia, trophoblast cells were 

xposed for 48 h to 25 μM Forskolin (#F3917; Sigma-Aldrich), and 

0 nM of Phorbol 12-myristate 13-acetate (PMA, #P1585; Sigma- 

ldrich), well known activators of trophoblast differentiation path- 

ays [ 41 , 42 ]. Additionally, BeWo b30 are known to secrete a wide

ange of metalloproteinases, characteristic of their invasiveness and 

CM remodeling [43] . Because collagen-I is the main component 

f the ECM gel, BeWo b30 ECM invasion behavior was controlled 

nd limited by supplementing trophoblast differentiation medium 

ith 10 μM metalloproteinase-8 (MMP-8) inhibitor [44–46] (Figure 

1). 50 μL of BeWo b30 differentiation medium (25 μM Forskolin, 

0 nM PMA, 10 μM MMP-8 inhibitor) and HUVEC culture medium 

as refreshed on both days 7 and ( Fig. 1 E) 8 in the top perfusion

hannel and bottom perfusion wells, respectively. Placental barrier 

o-cultures were fully established after 9 days of culture, the main 

imepoint used for characterization and functionality assays in this 

tudy. Maternal and fetal compartments remained consistently dis- 

inct accross all cultures until 10 days (data not shown). From day 

1–12 onwards, overgrowth of the trophoblats into the fetal com- 
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artment were observed in some chips. Placental barrier model is 

ecommended to be used for assay performance between day 9 

nd day 10 of culture. 

Preeclamptic characteristics were modelled by exposing placen- 

al barrier co-cultures to a hypoxic or hypoxic-ischemic environ- 

ent. Co-cultures were established as described above and moved 

n day 8 to a low-oxygen incubator for 24 h (1% O 2 , 37 °C, 5%

O 2 ). To model the “Hypoxic” condition, OrganoPlate were culture 

n the OrganoFlow (7 °, 8-min intervals), while “Ischemic” condi- 

ion was mimicked by placing plates flat and static. 

Phase contrast images were taken every 1 to 3 days with a 

igh content microscope (ImageXPress XLS-C; Molecular Devices) 

o monitor culture development. 

.3. Barrier integrity assay (BI assay) 

From day 7 to day 9, the tightness of the trophoblast layer was 

ssessed daily by monitoring the flux of fluorescent dyes from the 

pical to basal side of the tubule. The assay was previously de- 

cribed in intestinal epithelium tubes [47] . To ensure proper flow 

rofiling, the gel inlet and outlet wells were washed with 25 μL 

ndothelium culture medium for 5 min, under perfusion. Then, 

edium was aspirated from all wells of the chip and 20 μL of 

ndothelium culture medium was dispensed in middle and bot- 

om channel wells. Subsequently, 40 μL and 30 μL of medium con- 

aining 4.4 kDa TRITC-dextran (0.5 mg/mL; #T1037; Sigma-Aldrich) 

nd sodium fluorescein (10 μg/mL; #F6377; Sigma) was dispensed 

n the top perfusion inlet and outlet wells, respectively. The pas- 

age of dextran into the basolateral side of the trophoblast layer 

as monitored every 2 min for 12 min with a high content mi- 

roscope (ImageXPress XLS-C; Molecular Devices) in the TRITC and 

ITC channels. The ratio between the fluorescent signal in the basal 

nd apical region of the tubule (leakage score) was calculated for 

ach timepoint using Fiji Software [48] . 

.4. TEER measurement 

Transepithelial electrical resistance (TEER) of the trophoblast 

arrier was measured from day 6 to day 9 using an automated 

ultichannel impedance spectrometer (OrganoTEER, MIMETAS) as 

reviously published, providing electrical connections to all inlet 

nd outlets well of the OrganoPlate [49] . Before measurement, 50 

L endothelium complete medium was refreshed in all perfusion 

hannel wells and plate was kept static at room temperature ( ≈
1 °C) for 30 min to ensure medium equilibration. 

Using the OrganoTEER software (MIMETAS), impedance spectra 

f our tubes was measured (medium settings, 40 frequency points 

rom 10 Hz to 150 kHz), from which the electrical resistance (Ohm) 

f the tubules were automatically extracted by the software fitting 

lgorithm. 

.5. Immunofluorescent staining 

Placental barrier cultures were fixed and prepared for im- 

unostaining as previously described [47] . Briefly, 3.7% formalde- 

yde (#252549; Sigma) in HBSS (with Ca + 2 /Mg + . ) was added 

o the cultures for 15 min and rinsed with PBS. Cells were 

ashed with a washing solution of 4% HI-FBS (#F4135; Sigma) in 

BS and permeabilized with 0.3% Triton X-100 (#T8787; Sigma) 

or 10 min. Next, tubules were rinsed with washing solution 

nd blocked with 2% HI-FBS, 2% BSA (#A2153; Sigma) and 0.1% 

ween20 (#P9416; Sigma) in PBS for 45 min. The cells were 

hen incubated with primary antibodies diluted in blocking so- 

ution overnight, static, at 4 °C. The following primary anti- 

odies were used: Mouse anti-Ezrin (#610602; BD Transduction 
366 
aboratories; 1:100), Mouse anti-ZO-1 (#33–9100; Life Technolo- 

ies; 1:125), Rabbit anti-ECAD (#3195S; Cell Signaling Technology; 

:20 0), Mouse anti-hCG- β (#ab958; Abcam; 1:10 0), Mouse anti- 

LUT-1 (#ab40084; Abcam; 1:125), Rabbit anti-collagen-IV (#PA5- 

04508; Thermo Fisher; 1:100), Rabbit anti-laminin (#ab11575; 

bcam; 1:200), Rat anti-perlecan (#MA106821; Thermo Fisher; 

:100), Rabbit anti-nidogen-2 (#PA5626615, Thermo Fisher, 1:500), 

ouse anti-tenascin-C (#ab88280, Abcam, 1:500), Mouse anti- 

bronectin Alexa Fluor 647 Conjugated (#56098; BD Biosciences; 

:200), Mouse isotype (#086599; Thermo Fisher), Rabbit isotype 

#086199; Thermo Fisher) and Rat isotype (#96020201, Invitrogen). 

ultures were washed three times with washing solution and then 

ncubated for 30 min at room temperature on the OrganoFlow (7 °, 
-min intervals) with Alexa Fluor 488 (#a32731; Invitrogen; 1:250) 

nd Alexa Fluor 647 (#a31571; Life Technologies; 1:250) diluted in 

locking buffer. Subsequently, cells were washed three times and 

uclei were stained with Hoechst 33342 (#H3570; Thermo Fisher; 

:20 0 0). Actin was stained using ActinGreen 

TM 488 ReadyProbes TM 

eagent (#R37110; Thermo Fisher; 2 drops/mL) or ActinRed 

TM 555 

eadyProbes TM Reagent (#R37112; Thermo Fisher; 2 drops/mL) for 

0 min at room temperature on the OrganoFlow (7 °, 2-min inter- 

als). For each immonstaining, the tested isotype controls did not 

how nonspecific binding. Chips were imaged on the High-Content 

onfocal Imaging System (ImageXPress® Micro Confocal; Molecu- 

ar Devices). Immunostainings were processed using Fiji Software. 

.6. Maternal-fetal distance quantification 

Placental barrier co-culture after 9 days of culture were 

xed and permeabilized as previously described. Cultures were 

tained with ActinRed 

TM 555 ReadyProbes TM for 30 min on the 

rganoFlow (7 °, 2-min intervals). Z-stack from the bottom to the 

op of the chips were imaged on the High-Content Confocal Imag- 

ng System with 4x objective and maximum intensity projections 

ere created. 

ActinRed stained images were processed with built-in func- 

ions from the Fiji image processing package (version 2.0.0, build 

.52e) [48] . The contrast of the middle channels was enhanced 

y contrast limited adaptive histogram equalization (CLAHE, block 

ize = 127, histogram bins = 256, maximum slope = 3) [50] . The

iddle channels were subsequently subjected to rolling ball back- 

round subtraction (radius = 50) to improve the signal-to-noise ra- 

io and smoothed with a Gaussian blur (radius = 3) [ 51 , 52 ]. The

rocessed images were binarized with the iterative self-organizing 

ata analysis technique (ISODATA) [53] . The pixel intensity ar- 

ays were loaded into Python (version 3.9.10) to calculate the dis- 

ances between the maternal and fetal epithelium cell layers of 

he defined region of interest (ROI) (Figure S2). Chips presenting 

aternal-fetal interface short distances below 20 μm, could not be 

uantified, and have been counted as 0 μm. 

.7. RNA extraction and quantitative real-time PCR (RT-qPCR) 

Total RNA was extracted and isolated from BeWo b30 tubules 

sing a RNeasy Mini Kit (#74004; QIAGEN). To specifically isolate 

NA from trophoblast cells, endothelium was first lysed using RLT 

uffer, and cell lysate was aspirated. Next, BeWo b30 from 5 indi- 

idual chips were lysed, pooled, and total RNA concentration was 

uantified with the NanoDrop OneC® spectrophotometer (Thermo 

isher). cDNA was synthetized using M-MLV reverse transcriptase 

#28025013; Invitrogen). Quantitative real-time PCR (qPCR) was 

hen performed using SYBR Green PCR Master Mix (#4309155; 

hermo Fisher) with the LightCycler® 480 device (Roche). PCR 

rimer sequences used for RT-qPCR are listed in Table 1 . Target 

ene expression levels were normalized to GAPDH or Actin. Data 

ere analyzed with the Roche, LightCycler software version 1.1. 
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Table 1 

qPCR primer sequences. 

Gene Name Forward Primer Sequence (5 ′ to 3 ′ ) Reverse Primer Sequence (5 ′ to 3 ′ ) 

ERVFRD-1 (Syncytin-2) CCAAATTCCCTCCTCTCCTC CGGGTGTTAGTTTGCTTGGT 

hCG- α TTTCTGGTCACATTGTCGGT TGGGCAATCCTGCACATCAG 

hCG- β CCTGGCCTTGTCTACCTCTT GGCTTTATACCTCGGGGTTG 

PlGF CAGAGGTGGAAGTGGTACCCTTCC CGGATCTTTAGGAGCTGCATGGTGAC 

GAPDH TTGACGCTGGGGCTGGCATT GTGCTCTTGCTGGGGCTGGT 

Actin CTCTTCCAGCCTTCCTTCCT AGCACTGTGTTGGCGTACAG 
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.8. Human chorionic gonadotropin beta (hCG- β) quantification 

BeWo culture medium from the top perfusion inlet and out- 

et wells was collected on day 7 (prior to trophoblast differen- 

iation), day 8 (24 h post-differentiation) and day 9 (48 h post- 

ifferentiation) and stored at −80C ° until assay was performed. 

he concentration of hCG- β in the culture medium was measured 

sing the Human CG beta (HCG beta) Duoset ELISA (#DY9034-05, 

&D Systems) according to the manufacturer protocol. 

.9. Drug transport activity assays 

The transport activity of multidrug resistance-associated pro- 

ein (MRP) transporters was assessed in the placental barrier on- 

-chip as previously described [54] . Briefly, 30 μL of 1.25 μM 5- 

hloromethylfluorescein-diacetate (CMFDA, #C7025, Life Technolo- 

ies) diluted in Opti-HBSS (1:2 Opti-MEM (#11058021, Gibco)) and 

BSS) was added to all the perfusion inlets and outlets, either with 

wo MRP inhibitors, MK571 (5 μM, 10 μM, 30 μM, #M7571, Sigma) 

nd Quercetin [ 55 , 56 ] (30 μM, #Q4951, Sigma)) or their vehicle

DMSO, #D8418, Sigma). OrganoPlates were incubated in a humid- 

fied incubator (37 °C, 5% CO 2 ) for 30 min on the OrganoFlow (7 °,
-min intervals). Once inside the cell, CMFDA is metabolized to 

uorescent compound MF-SG which is a substrate for MRPs. Cul- 

ures were then cooled down by adding 50 μL cold HBSS in the 

bservation window. Assay solution was replaced with ice-cold in- 

ibitor cocktail targeting MRP, BCRP and Pgp transporters (10 μM 

K571, 10 μM Ko143 (#K2144, Sigma), 10 μM PSC833 (#SML0572, 

igma), respectively) [ 57 , 58 ] and was supplemented with 5 μg/mL 

oechst 33342 to measure total nuclei. Cultures were incubated 

5 min under an angle, in the dark at RT and subsequently 

cquired. 

A z-stack imaging of the bottom layers of the culture is per- 

ormed using the High-Content Confocal Imaging System. SUM 

rojections were processed using Fiji Software. MF-SG and Hoechst 

3342 intracellular fluorescence were quantified and subtracted for 

ackground signal. The relative intensity was calculated by normal- 

zing substrate intensity to the nuclei count. 

.10. Statistical analysis 

All statistical analysis were performed using Prism 9 Software 

GraphPad). Data are presented as mean ± standard deviation (SD) 

r mean ± standard error of mean (SEM) when specified. Two- 

ailed unpaired t-tests were performed to determine the signifi- 

ance between two independent groups. One-way analyses of vari- 

nce (ANOVA), followed by Tukey’s multiple comparisons test were 

erformed when more than two groups were analyzed. Two-way 

NOVA, followed by Tukey’s multiple comparison, was performed 

hen examining the influence of 2 independent variables. For mul- 

iple comparison tests, all groups were compared between each 

ther’s. Differences with P < 0.05 were considered as significant. 

P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001 and 

∗∗∗∗ P < 0.0 0 01. 
367 
. Results 

.1. Establishment of a multicellular placental barrier on-a-chip with 

 physiologically relevant maternal-fetal interface 

The maternal-fetal interface was established in the 3-lane 

rganoPlate by co-culturing the human trophoblast cell line BeWo 

30 and HUVEC (human umbilical vein endothelial cells) against a 

ollagen-based scaffold ( Fig. 1 ). 

Phase contrast images showed that the BeWo b30 cells formed 

n epithelial barrier against the collagen-I/IV ECM gel after 3 days 

f culture, which progressed over time towards the vessel lane 

 Fig. 2 A). BeWo b30 in co-culture with HUVEC ( Fig. 2 Aii) supported

he maintenance of distinct maternal and fetal compartments. This 

ompartmentalization was visualized by staining the epithelial ma- 

ernal compartment for adherent junctions (ECAD), and both the 

pithelium and endothelium for Actin ( Fig. 2 B). A 3D reconstruc- 

ion of the placental barrier model stained for Actin and tight 

unction marker ZO-1 ( Fig. 2 C) showed two lumenized and perfus- 

ble tubules, with separated access to their apical and basal sides. 

he placental barrier co-cultures were highly reproducible across 

he platform ( Fig. 2 D). During gestation, placental barrier thick- 

ess is known to decrease, lowering to distances ranging between 

0 μm and 100 μm in the first trimester of pregnancy [ 59 , 60 ].

he maternal-fetal interface distance of the placental barrier on- 

-chip culture was assessed after 9 days of culture by measuring 

he shortest, longest, and averaged distance between the epithe- 

ium and endothelium ( Fig. 2 E). The maternal-fetal interface dis- 

ance ranged below 20 μm up to 130 μm in 75% of the cultures, 

ith 25% below 55 μm. The longest distance and average distance 

btained ranges between 51-229 μm and 9–187 μm, respectively 

or 75% of the cultures. Those variable distances are comparable to 

he first-trimester in vivo situation. 

.2. Trophoblasts differentiate into a polarized syncytium with 

ndocrine functions 

In vivo , the syncytium is a polarized and secretory epithelium 

hat is essential for the establishment and maintenance of preg- 

ancy [61] . Those features were confirmed in the placental barrier 

n-a-chip through gene and protein expression analysis. As shown 

y positive immunostaining for microvilli marker ezrin ( Fig. 3 Ai) 

f the maternal compartment at 9 days of culture, the differ- 

ntiated trophoblasts expressed microvillar proteins. The 3D re- 

onstruction ( Fig. 3 Aii) of actin and ezrin staining, showed the 

ormation of a confluent trophoblast layer with microvilli exclu- 

ively formed on the apical/luminal side of the epithelium. Syn- 

ytium formation was further confirmed at the gene expression 

evel ( Fig. 3 B). After 48 h of differentiation, BeWo b30 showed an

p-regulation of syncytin-2 mRNA, a fusogenic marker involved in 

rophoblast fusion [62] . It was accompanied by an increase in hCG- 

and hCG-ß gene expression, two sub-units of the human chori- 

nic gonadotropin hormone, as well as PlGF, a placental growth 

actor. At the protein level, a staining of the epithelium for zona 
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Fig. 2. ECM thickness mimics the physiological placental barrier interface in the early stage of pregnancy. (A) Representative phase contrast images of (i) BeWo b30 monocul- 

ture (maternal compartment), or (ii) co-culture with HUVEC (fetal compartment) depicting cell culture growth from day 3 to day 9. Middle channel contains a collagen-I/IV 

ECM gel. Scale bar: 200 μm. (B) Maximum intensity z-projection of the placental barrier co-culture after 9 days of culture. Staining for Actin (green) and DNA (blue) shows 

the maternal-fetal interface, with the distinct maternal compartment stained for ECAD (red). Scale bar: 200 μm. (C) 3-dimensionnal reconstruction of the placental barrier 

stained for ZO-1 (red), Actin (green) and DNA (blue) showing a lumenized maternal and fetal compartment in close proximity. Scale bar: 100 μm. (D) View of 20 chips 

containing placental barrier cultures after 9 days of culture, stained for Actin (yellow). Scale bar: 100 μm. (E) Maternal-fetal interface distance quantification obtained from 

placental barrier Actin immunostaining. For every chip, the shortest, longest, and average interface distance between mother and fetal compartment was measured. Data are 

plotted as box and whiskers ( N = 3, n = 16–19). The line and plus sign represent the median and mean, respectively. 
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ccludence-1 tight junctions (ZO-1) and DNA labeling showed a 

reakdown of junctions upon differentiation ( Fig. 3 C) with the 

ormation of a mixed population of cytotrophoblats, multinucle- 

ted syncytiotrophoblasts and trophoblasts undergoing fusion (Fig- 

re S3). As visualized by Actin staining, trophoblast layer conflu- 

ncy was mainted upon differentiation. Moreover, a staining for 

CG-ß and ECAD (Figure 3Di), as well as hCG-ß intensity quan- 

ification ( Fig. 3 E) showed a significant increase of the hormone 

n the model, which was specifically produced within the syn- 

ytiotrophoblasts ( Fig. 3 Dii). Additionally, while the hormone se- 

retion in the lumen of the maternal compartment ( Fig. 3 F) re- 

ained low and stable overtime (ranging between 497.2 ± 102.1 

g/mL and 1005.1 ± 307.9 pg/mL) in the undifferentiated cul- 

ure, a significant time-dependent increase was observed upon 

ifferentiation, with a 4.5-fold (2145.7 ± 307.9pg/mL) and 12.1- 

old increase (5825.9 ± 664.5pg/mL) ( Fig. 3 G), after 24 h and 

8 h differentiation respectively, compared to the undifferentiated 

pithelium. 
368 
.3. Placental barrier on-a-chip is suitable for paracellular and drug 

ransport studies 

In order to provide a tool for transport assessment across the 

aternal-fetal interface, the placental barrier on-a-chip model was 

haracterized for basement membrane production, crucial for so- 

ute filtration, as well as for barrier integrity and drug transport ac- 

ivity. To verify the molecular composition of the basement mem- 

rane, syncytium and endothelium were stained for diverse base- 

ent membrane proteins ( Fig. 4 A). Both maternal and fetal com- 

artments secreted laminin and perlecan (Figure 4Ai), collagen-IV 

Figure 4Aii) and nidogen-2 (Figure 4Aiii). In contrast, only the 

ndothelium produced fibronectin (Figure 4Aii), while tenascin-C 

as solely secreted by the syncytium (Figure 4Aiii). The syncytium 

onstitutes the main physical barrier for paracellular transport of 

olutes [60] . To characterize syncytium barrier tightness in our 

odel, a fluorescent 4.4 kDa TRITC-labelled dextran was admin- 

strated to the lumen of the trophoblast tubule ( Fig. 4 B). Leak- 
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Fig. 3. Trophoblasts differentiate into a polarized syncytium. (A) (i) Representative maximum intensity z-projection of syncytium microvilli stained for Ezrin (red) and DNA 

(blue). Scale bar: 25 μm. (ii) 3-dimensional reconstruction of the syncytium layer stained for Ezrin (red), Actin (yellow) and DNA (blue) shows a polarized syncytium. Scale 

bar: 50 μm (B) mRNA expression of trophoblast differentiation markers Syncytin-2, hCG- α, hCG-ß and PlGF in undifferentiated or differentiated BeWo b30 (48 h 25 μM 

Forskolin + 10 nM PMA + 10 μM MMP-8 inhibitor). Each data point is derived from 5 pooled chips. Graphs show the mean of relative expression values normalized to 

GAPDH ± SEM and statistical analysis was performed using a one-way ANOVA ( N = 1, n = 3). (C) Representative maximum intensity z-projection of undifferentiated and 

differentiated BeWo b30 stained for ZO-1 (red), Actin (yellow) and DNA (blue) shows the formation of multinucleated syncytium upon differentiation. Scale bar: 100 μm 

(D) Representative and (i) maximum intensity z-projection of undifferentiated and differentiated BeWo b30 stained for ECAD (green), hCG-ß (red) and DNA (blue). Scale 

bar: 100 μm. A zoom-in (ii) shows trophoblast hormone production within the formed syncytium. Scale bar: 20 μm. (E) Fluorescence intensity analysis of SUM projections 

of hCG-ß immunostaining from undifferentiated or differentiated BeWo b30. The intensity is corrected for the isotype control. Data points represent individual chips. Data 

was presented as mean ± standard deviation (SD) and statistical analysis was performed using two-tailed unpaired t -test ( N = 3, n = 4). (F) Apical secretion of hCG-ß from 

undifferentiated and differentiated epithelium at day 7 (before differentiation), day 8 (24 h differentiation) and day 9 (48 h differentiation). Data points represent individual 

chips. Data was presented as mean ± SD and statistical analysis was performed using ordinary two-way ANOVA ( N = 3, n = 4). (G) Fold change of hCG-ß release in the lumen 

of differentiated over undifferentiated BeWo b30 at day 8 (24 h differentiation) and day 9 (48 h differentiation). Data points represent the average of hCG- β concentration 

of differentiated over undifferentiated epithelium of 4 chips. Data was acquired from 3 individual experiments. Data were presented as mean ± SD and statistical analysis 

was performed using two-tailed unpaired t -test ( N = 3, n = 4). ns: non-significant; ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗∗ P < 0.0 0 01. 

369 
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Fig. 4. Placenta on-a-chip forms a leaktight barrier and is suitable for drug transport studies. (A) Representative maximum intensity z-projection of syncytium and endothe- 

lium stained for DNA (blue) and the basement membrane proteins (i) laminin (green) and perlecan (red), (ii) collagen-IV (green) and fibronectin (red), (iii) nidogen-2 (green) 

and tenascin-C (red). Scale bar: 25 μm (B) Fluorescent images of representative undifferentiated and differentiated placental barrier co-culture, perfused in the maternal 

compartment with fluorescent molecules (red) using 4.4 kDa TRITC-Dextran for 12 min on days 7, 8 and 9. Scale bar: 100 μm Trophoblast differentiation was started on 

day 7 in the Differentiated condition. The cell free control showed passage of the fluorescent dye into the adjacent gel and perfusion channel, whereas fluorescent dye was 

retained by undifferentiated and differentiated trophoblast tubules. (C) Ratio of 4.4 kDa TRITC-Dextran intensity in the basal side of the maternal tube versus the intensity 

at the apical side of the maternal tube (Leakage score) after T = 12 min, on days 7, 8 and 9. Data points represent individual chips. Data are presented as mean ± SD and 

statistical analysis was performed using ordinary two-way ANOVA ( N = 3, n = 17–19 for undifferentiated and differentiated conditions; N = 3, n = 6–9 for cell free) (D) Ratio 

of 4.4 kDa TRITC-Dextran and Fluorescein (0.376 kDa) intensity in the basal side of the maternal tube versus the intensity at the apical side of the maternal tube (Leakage 

score) in differentiated trophoblasts at 9 days of culture after T = 12 min. Data are presented as mean ± SD and statistical analysis was performed using two-tailed unpaired 

t -test ( N = 3, n = 17–18). (E) Transepithelial electrical resistance (TEER) measured on undifferentiated and differentiated trophoblasts on days 6, 7, 8 and 9. Trophoblast 

differentiation was started on day 7 in the Differentiated condition. Data is presented as mean ± SD and statistical analysis was performed using ordinary two-way ANOVA 

( N = 3, n = 9–21). (F)-(I) Evaluation of Multi-Drug Resistance Protein (MRP) transporter activity in the placental barrier on-a-chip. The non-fluorescent CMFDA was used as 

MRP substrate. It enters the cells passively and transforms inside the cells into its fluorescent product MF-SG. (F) & (H) Representative summary z-projections of intracellular 

GS-MF (green) intensity in differentiated trophoblasts (F) and endothelium (H) treated for 30 min with vehicle (DMSO) or two MRP specific inhibitors, MK571 (5 μM, 10 μM, 

30 μM) and quercetin (30 μM). Scale bar: 50 μm (G) & (I) Ratio of GS-MF intensity over nuclei count in the syncytium (G) and endothelium (I). A dose-dependent inhibition 

of MRP transporters by MK571 and Quercetin is observed. Data points represent individual chips. Data are presented as mean ± SD and statistical analysis was performed 

using ordinary one-way ANOVA ( N = 3, n = 4 for MK571; N = 2, n = 4 for Quercetin). ns: non-significant; ∗∗∗∗ P < 0.0 0 01. 
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ge from the lumen to the adjacent gel compartment was mon- 

tored for undifferentiated and differentiated trophoblast tubules 

t 7, 8 and 9 days of culture. Both undifferentiated and differen- 

iated epithelium formed a leak-tight barrier that was stable over 

ime, showing low and non-significant leakage scores ranging from 

.19 ±0.10 and 0.17 ±0.11 on day 7 to 0.08 ±0.03 and 0.10 ±0.02 on

ay 9, for undifferentiated and differentiated epithelium, respec- 

ively ( Fig. 4 C). In the same manner, fluorescein (0.376 kDa) trans- 

er across the trophoblast barrier was assessed from days 7 to 9 

Figure S4). At 9 days of culture, fluorescein paracellular trans- 

ort (0.10 ±0.02 leakage score) was increased by 38.5% compared to 

.4 kDa TRITC-labelled Dextran (0.13 ±0.03 leakage score) ( Fig. 4 D). 

he transepithelial electrical resistance (TEER) ( Fig. 4 E) revealed 

hat an undifferentiated epithelial barrier increased its tightness 

ver time with TEER values ranging from 7.56 ±1.83 k Ω on day 6 to
370 
3.50 ±1.35 k Ω on day 9, whereas trophoblast epithelium showed 

 time-dependent decrease upon differentiation with TEER values 

ropping from 13.19 ±2.24 k Ω on day 7 to 8.17 ±1.71 k Ω on day 9. 

Throughout pregnancy, drug transporters in the placenta pro- 

ect the fetus from xenobiotics [63] . We therefore demonstrated 

he functionality of the multi-drug resistance protein (MRP) fam- 

ly in our placenta model. The model expressed MRP1, MRP2, 

RP5 and less abundantly MRP3 and MRP4 at the mRNA level 

Figure S5). The cell tracker 5-chloromethylfluorescein diacetate 

CMFDA) and its fluorescent metabolite MF-SG are well-known 

RP substrates [64] . MRP-mediated transport was assessed on day 

 of culture in the syncytium and endothelium using MK571 and 

uercetin, two MRP inhibitors. In presence of MK571 and quercetin 

n both maternal ( Fig. 4 F, G) and fetal ( Fig. 4 H, I) compartments,

here was a dose-dependent increase in the intracellular fluores- 
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ence intensity indicating the inhibition of MRP-mediated efflux 

ransport in both syncytium and endothelium. In a similar set up, 

he Breast Cancer Resistance Protein (BCRP), which restricts the 

istribution of its substrates to the fetus, was shown to be active 

n the syncytium of the placental barrier-on-a-chip setup (Fig. S6). 

.4. Impaired oxygen tension and perfusion induces molecular and 

unctional changes in the placental barrier that closely resembles 

hose observed in pathologies associated with uteroplacental hypoxia 

Hypoxia and ischemia are central mechanisms of damage to 

he placenta leading to induction of preeclampsia (PE), intrauter- 

ne growth restriction (IUGR) and gestational hypertension [65] . 

n order to model features associated with uteroplacental hypoxia 

athologies in the placental barrier on-a-chip model, cultures were 

xposed to a combination of different oxygen and perfusion ten- 

ions. Parameters to mimic healthy conditions included 20% O 2 and 

erfusion flow and are here referred to as the “Normoxic” con- 

ition (Figure 5Ai). Diseased environment was mimicked by ei- 

her switching the culture to 1% O 2 with medium perfusion flow 

or 24 h on day 8 (“Hypoxic”) or to 1% O 2 and static medium

onditions (“Ischemic”). Oxygen levels within the placental barrier 

odels were monitored in the different culture set-ups with oxy- 

en sensors (Figure S7A). Oxygen levels in placental barrier cul- 

ures showed a significant drop 1 h after being exposed to hypoxic 

nd ischemic environement and reached an oxygen level equiva- 

ent to 1% O 2 5–6 h later (Figures S7B-D). Phase contrast images of 

he placental barriers cultured under different oxygen tensions and 

erfusion rates did not show a change in culture growth and sta- 

ility ( Fig. 5 B). However, measurement of transepithelial electrical 

esistance (TEER) through the syncytia ( Fig. 5 C) on day 8 and day

 revealed that the “Ischemic” environment triggers syncytium in- 

egrity damage. Indeed, while both “Normoxic” and “Hypoxic” con- 

itions showed respectively a 1.23 and 1.29-fold decrease in TEER 

alues over time, indicating hypoxia itself did not affect the ep- 

thelium barrier, the “Ischemic” condition triggered a significant 

.9-fold change decrease in syncytium permeability. Interestingly, 

uclei count over a representative syncytium area (Figure S8A) 

howed 10% more cells in the “Ischemic” condition ( Fig. 5 D, E) 

ompared to the “Normoxic” condition, an increase which was not 

bserved in the “Hypoxic” condition. While hypoxia did not signif- 

cantly affect cell viability, the ischemic set-up led to an increase 

n cell death, in both syncytium and endothelium (Figure S9). 

The different syncytia were then characterized at the gene ex- 

ression level ( Fig. 5 F) for markers known to be mis-regulated in 

lacenta pathologies. In comparison to the “Normoxic” model, the 

usogenic marker, syncytin-2 exhibited a 1.58-fold decrease in the 

Hypoxic” and 0.58-fold change decrease in the “Ischemic” condi- 

ions. Likewise, the mRNA level of two human chorionic gonatropin 

soforms hCG- α and hCG- β were downregulated to a greater ex- 

ent in “Hypoxic” with a 1.52-fold change and 2.13-fold change re- 

pectively, compared to 1.04-fold change and 1.57-fold change for 

Ischemic” conditions. Finally, placental growth factor PlGF, a pre- 

ictive biomarker of preeclampsia [66] also showed a decrease in 

xpression under low oxygen tension with a 1.81-fold change de- 

rease, while it was reduced to a 1.48-fold change after exposure 

o hypoxia-ischemia environment. 

The syncytium was further characterized at the protein level. 

mmunostaining for the microvilli marker, Ezrin ( Fig. 5 G) showed 

 modest increase in the “Hypoxic” condition compared to the 

Normoxic” placenta model that was not statistically significant 

 Fig. 5 H). However, the “Ischemic” condition exhibited 50% lower 

xpression of Ezrin than the “Normoxic” placenta model. Moreover, 

atched loss of Ezrin signal in the “Ischemic” condition showed 

 complete loss of microvilli in those cell surface areas (Figure 

8B). Compared to the “Normoxic” condition, the signal for hCG- β
371 
 Fig. 5 I, J) was decreased for the “Hypoxic” condition, which was 

mplified to 25% for the “Ischemic” condition. This reduction in 

CG- β was confirmed at the secretion level by measuring the hor- 

one release into the syncytium lumen ( Fig. 5 K) before and af- 

er 24 h exposure to the different oxygen/perfusion environments. 

ndeed, while the hormone showed a 3.06-fold increase in secre- 

ion in the “Normoxic” placenta model, only a 1.84-fold and 1.67- 

old increase was observed in “Hypoxic” and “Ischemic” respec- 

ively. Additionally, glucose transporter-1 (GLUT-1), a major regu- 

atory factor in the process of maternal-fetal glucose exchange was 

valuated at the protein level expression (Figure S10) and demon- 

trated to decrease 25% after 24 h culture under “Ischemic” condi- 

ions compared to the control. Taken together, these data showed 

hat hypoxia itself or combined with static conditions could induce 

henotypical changes in our placental barrier co-culture. 

. Discussion 

In this study, we report the in vitro modeling of uteroplacen- 

al hypoxia associated disease characteristics in the form of a pla- 

ental barrier on-a-chip in a multi-parallel setup. The healthy pla- 

ental barrier model recapitulated essential features of early preg- 

ancy, such as barrier formation, polarization, transporter function 

nd hormone secretion. Exposure of the placental barrier model to 

n ischemic and hypoxic environment triggered alterations in syn- 

ytium integrity and functionality at different degrees, representa- 

ive of syncytial alterations linked to placental pathologies, such as 

reeclampsia (PE). 

Progressing with days in culture, BeWo b30 exhibited invasive 

ehavior ( Fig. 2 ) likely supported by the secretion of a wide range

f metalloproteinases (MMPs) [43] and characteristics of their ma- 

ignant properties. In vivo , trophoblast-matrix remodeling is regu- 

ated via the secretion of a wide range of metalloproteinases and 

heir inhibitors [ 67 , 68 ]. While MMP regulation has not been stud- 

ed in this model, investigation of matrix metalloproteinases ex- 

ression and secretion, as well as their effect on cell morphology 

nd collagen organization, would give more insights on BeWo inva- 

ive behavior and how it compares to the in vivo situation. Because 

he placental barrier ECM gel was mainly composed of collagen- 

 [44] , MMP-8 inhibitor was used to control BeWo b30 invasion. 

dditionally, fetal endothelium proved important for the stabiliza- 

ion of the materno-fetal distance. The placental barrier interface 

istance reached distances below 20 μm, with variations within 

he same chip, which is in line with studies reporting an irreg- 

lar maternal-fetal diffusion distance of 10–100 μm in the first 

rimester of pregnancy in vivo [ 60 , 69 ]. In the literature, trophoblast

ells are often compared to malignant cells because of their inva- 

ive behavior [67] . Even though their degree of ECM degradation 

nd migration might differ from BeWo b30, they present strong 

imilarities in the mechanisms involved [70] . Thus, the co-culture 

et-up of ECM, BeWo b30 and HUVEC in a membrane-free man- 

er provides a unique advantage for modeling this progressive 

hinning of the maternal interface that would not be present for 

embrane-based systems such as Transwell or microfluidics de- 

ices that make use of artificial membranes [ 27 , 28 ]. 

In vivo , Ezrin is linking the microvillar F-actin core to the mem- 

rane of syncytiotrophoblasts and constitutes an essential compo- 

ent of the morphogenesis of their apical domain [71–73] . Charac- 

erization of the differentiated syncytia for Ezrin over Actin stain- 

ng (Figure 3) showed Ezrin apical localization, demonstrating the 

stablishment of apicobasal polarization. Microvilli pointed out to- 

ards the maternal compartment lumen, reflecting the in vivo syn- 

ytium with an extensive microvillous brush barrier in contact 

ith the maternal blood [74] . These microvilli are essential to in- 

rease the available surface area for material exchange and trans- 

orter polarization [ 75 , 76 ]. The 48 h differentiation of BeWo b30 
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Fig. 5. Low oxygen tension and lack of perfusion result in syncytium damage resembling preeclamptic characteristics (A) Workflow depicting the parameters to mimic 

healthy and preeclamptic conditions. On day 8, the placental barrier model is either (i) kept under standard condition: 20% O 2 and flow (“Normoxic”), (ii) cultured for 24 h 

under 1% O 2 and flow (“Hypoxic”) or (iii) cultured for 24 h under 1% O 2 and static (“Ischemic”). (B) Representative phase contrast images of the placental barrier on-a-chip 

model depicting (i) “Normoxic”, (ii) “Hypoxic” and (iii) “Ischemic” conditions over 8 and 9 days of culture. Scale bar: 200 μm. (C) Fold change decrease of transepithelial 

electrical resistance (TEER) values of the syncytium on day 9 versus day 8 in “Normoxic”, “Hypoxic” and “Ischemic” conditions. Data points represent individual chips. Data 

are presented as mean ± SD and statistical analysis was performed using ordinary one-way ANOVA ( N = 3, n = 30–33). (D) Representative summary z-projections of 

syncytium nuclei count in “Normoxic”, “Hypoxic” and “Ischemic” conditions after 9 days of culture. Scale bar: 50 μm. (E) Quantification of the nuclei count in “Normoxic”, 

“Hypoxic” and “Ischemic”. Data points represent individual chips. Data points are represented as dispersion, with the average (solid line) ± SD (dotted line) and statistical 

analysis was performed using ordinary one-way ANOVA. ( N = 3, n = 21–25). (F) mRNA expression of trophoblast differentiation markers Syncytin-2, hCG- α, hCG-ß and PlGF 

in “Normoxic”, “Hypoxic” and “Ischemic”. Each data point is derived from 5 pooled chips. Graphs show mean of relative expression values normalized to Actin ± SEM and 

statistical analysis was performed using ordinary one-way ANOVA ( N = 1, n = 3). (G) Representative summary z-projections of Ezrin intensity in “Normoxic”, “Hypoxic”

and “Ischemic” conditions. Scale bar: 50 μm. (H) Ratio of Ezrin intensity over nuclei count of the syncytium, in “Normoxic”, “Hypoxic” and “Ischemic” conditions. Data 

points represent individual chips. Data are presented as average signal intensity / nuclei count ± SD and statistical analysis was performed using ordinary one-way ANOVA 

( N = 2–3, n = 2–3). (I) Representative summary z-projections of hCG-ß intensity in “Normoxic”, “Hypoxic” and “Ischemic” conditions. Scale bar: 50 μm. (J) Ratio of hCG-ß

intensity over nuclei count in the syncytium, in “Normoxic”, “Hypoxic” and “Ischemic” conditions. Data points represent individual chips. Data are presented as mean ± SD 

and statistical analysis was performed using ordinary one-way ANOVA ( N = 3, n = 2–3). (K) Fold change increase of apical secretion of hCG-ß into the maternal compartment 

lumen in “Normoxic”, “Hypoxic” and “Ischemic” conditions on day 9 versus day 8. Data points represent individual chips. Data are represented as mean ± SD and statistical 

analysis was performed using ordinary two-way ANOVA ( N = 3, n = 3–4). ns: non-significant, ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; ∗∗∗∗ P < 0.0 0 01). 
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esulted in a significant up-regulation of syncytin-2, a gene playing 

 critical role in the fusion of trophoblasts [42] . It was translated 

t the molecular level by a loss of ZO-1 tight junctions, leading 

o the formation of an epithelium consisting of a mixed popula- 

ion of trophoblasts and multinucleated syncytiotrophoblasts (Fig- 

re S3). Syncytium formation, in our model as in placenta from 

regnant women, is a transient process making trophoblast cell 
372 
ubpopulation quantification, and thus their comparison with in 

ivo placenta, challenging. However, the continuous syncytium, 

rophoblasts displaying morphological appearance between undif- 

erentiated state and syncytiotrophoblasts, as well as decreased 

ut apparent pool of mononucleated trophoblasts in our model is 

haracteristics of gestational placenta with auto-regenerative syn- 

ytium layer properties [10] . Up-regulation of hCG subunits was 
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onfirmed at the mRNA level and hCG-ß production was signif- 

cantly increased and secreted into the maternal compartment. 

hese data are in agreement with previous studies in BeWo cell 

ines reporting elevated hormone release upon chemical stimula- 

ion with Forskolin [ 77 , 78 ]. In vivo , hCG-ß is regarded as one of

he main markers of differentiation and its increased production in 

he first months of gestation is critical for the maintenance of early 

regnancy [42] . Finally, syncytium formation was associated with 

n elevation of placental growth factor (PlGF) mRNA, a proangio- 

enic factor known to mainly be produced by syncytiotrophoblasts 

ith the role to promote placental angiogenesis during pregnancy 

79] . Taken together, these data confirmed a successful syncytium 

evelopment in the placental barrier co-culture. 

On their basal sides, the syncytium and endothelium success- 

ully secreted their own basal lamina as observed by the pro- 

uction of laminin, heparan sulfate (perlecan), collagen-IV and 

idogen-2 ( Fig. 4 ). The trophoblasts also expressed tenascin-C, a 

atrix protein involved in syncytial fusion and playing a crit- 

cal role in placental homeostasis development [80] . Syncytium 

id not secrete fibronectin, which may contribute to their ma- 

ignant origin [81] . Those secreted proteins are well known to 

ct both as functional support and as a filtration barrier between 

he maternal-fetal interface [82] . Assessment of the paracellular 

ux of two different molecular-weight solutes across the maternal 

arrier demonstrated the formation of a leaktight syncytium for 

.4 kDa molecules ( Fig. 4 C), with a higher permeability to fluores- 

ein (0.376 kDa) ( Fig. 4 D) increasing upon differentiation (Figure 

4). Those results corroborate those previously reported, demon- 

trating a size-dependent passive diffusion of molecules across 

eWo cells and primary trophoblasts in vitro [83] and a passive 

iffusion of drugs < 500 Da across the syncytium in vivo [59] . 

imilarly, the absolute TEER ( Ω ) values, calculated to discriminate 

he impact of epithelium changing surface upon differentiation, 

howed a decrease upon syncytium formation ( Fig. 4 E). Stimula- 

ion of BeWo cells with cAMP activator in 2D has been shown to 

ead to the formation of large openings, as a result of trophoblast 

usion, making them unusable for transport studies [83] . The use 

f undifferentiated trophoblasts in current placental barrier on-a- 

hip models [ 27 , 29–34 ] is likely linked to this particularity. How-

ver, our setup allowed direct culture of cells against ECM and thus 

emodeling of the matrix, which enabled the formation of a leak- 

ight differentiated syncytium. 

Additionally, the placental barrier on-a-chip presents active 

RP and BCRP drug transporters. The combination of CMFDA sub- 

trate with MK175 or quercetin suggested that MRP1/2, transporter 

ubtypes present in cytotrophoblasts and syncytiotrophoblasts of 

rst trimester placenta [84] , were active [ 59 , 85 ]. We thus effec-

ively developed in vivo -like features making our placental barrier 

n-a-chip a relevant tool for transplacental transport studies. 

Insufficient uteroplacental oxygenation together with ischemia 

s considered to be among the leading causes of uteroplacen- 

al pathologies [86] . We mimicked different development environ- 

ents by exposing the placental barrier-on-a-chip to 1% O 2 level, 

ither under perfusion (“Hypoxic”) or static (“Ischemic”) condi- 

ions, for 24 h ( Fig. 5 ). While hypoxia itself did not cause syn-

ytium barrier disruption, removal of perfusion flow resulted in 

 significant increase of permeability which was associated with 

 loss of syncytial microvilli. Those results are in line with stud- 

es showing that induced-hypoxia in static BeWo b30 cultures was 

ccompanied by defective paracellular transport through alteration 

f tight-junctions [87] . While there is limited in vivo data avail- 

ble regarding syncytium permeability during PE, the pathology is 

nown to be associated with syncytial degeneration, damaged syn- 

ytium integrity and loss of microvilli [ 36 , 88 ], strongly suggesting 

lteration in syncytium permeability [89] . Syncytium damage ob- 

erved under ischemia was likely triggered by a loss of flow, re- 
373 
ucing diffusion of nutrients and removal of waste in the placen- 

al barrier on-a-chip. Interestingly, the in vitro “Ischemic” model 

howed an increase in the trophoblast cell population as well as 

n increase in cell death. This is in line with in vivo studies in pla-

enta issued from normal and preeclamptic pregnancies revealing 

 higher proliferation rate of villous trophoblast in the diseased 

lacenta [ 90 , 91 ] as well as excessive trophoblast cell death [92] .

hile some designated these excessive proliferative cells as imma- 

ure and intermediate trophoblasts [91] , others stipulated that this 

igher proliferation rate is a mechanism to counteract syncytium 

amage [36] . In order to get more insights into the state of the 

rophoblasts in our diseased models, mechanisms involved in cell 

roliferation and cell death, such as apoptosis and necrosis, will 

e further investigated. A down-regulation of markers involved in 

yncytium differentiation, such as Syncytin-2, hCG- α, hCG-ß, was 

bserved at the gene expression level in both preeclamptic mod- 

ls. The loss of syncytin-2 is in line with earlier studies showing 

hat PE-mimicking hypoxia in BeWo b30 and primary trophoblast 

ells [ 93 , 94 ] or cells isolated from PE placentas [95] presented re-

uced cell fusion. Moreover, another study stipulated that syncytin 

ownregulation correlates with the severity of PE, and can serve 

s a marker to evaluate women at risk of developing PE during 

regnancy [96] . Regarding hCG-ß, the downregulation at the gene 

xpression level was translated at the molecular level by a reduced 

ormone production and secretion into the maternal compart- 

ent, with a more pronounced effect when low oxygen tension 

as combined with the static condition ( Fig. 5 K). This correlates 

ith the evidence that low hCG-ß concentrations late in the first 

rimester may be associated with a subsequent risk of preeclamp- 

ia [97] . Also, low PlGF expression and concentration observed in 

reeclampsia, a biomarker of PE pathology [66] , was replicated at 

he mRNA level in our “Hypoxic” and “Ischemic” models. While we 

ocused here on the alterations of the syncytium, this model would 

rovide a good tool to study the effect of change in oxygen tension 

nd perfusion on the expression of basement membrane proteins, 

uch as laminin, which are known to be altered during PE [98] . 

The trophoblast cell line used in our model has been widely 

sed in placental research. It has been reported to display sev- 

ral morphological properties and functions common to primary 

rophoblasts, such as differentiation into syncytiotrophoblasts, hor- 

ones production and polarized transcellular transports [99] . 

owever, due to their choriocarcinoma origin, they do not differ- 

ntiate spontaneously in vitro [100] and show different methyla- 

ion patterns compared to primary trophoblasts, contributing to 

ariation in the expression of numerous genes, implying that care 

ust be taken when extrapolating results [101] . While differences 

re observed in placental drug transporter expression [102] , fur- 

her studies assessing transplacental transfer of drugs by mass 

pectrometry would increase insight in transport capabilities of 

ur model. The feasibility of conducting LC-MS studies in the 

rganoPlate have already been proven successful [103] , guaran- 

eeing its applicability to the placental barrier on-a-chip. In the 

ast year, tremendous effort s have been conducted in the devel- 

pment of more physiologically relevant alternatives with the gen- 

ration of cytotrophoblast stem-like cells from hPSCs [ 104 , 105 ] or 

ong-term trophoblast organoids [106] . Their integration into our 

latform would move the placental barrier on-a-chip a step fur- 

her in the modeling and study of normal and diseased placenta 

n early pregnancy [104] . Regarding the oxygen tension used in the 

o-culture set-up, the 20% O 2 level differs from the hypoxic placen- 

al environment which reaches up to 6–8% at the end of the first 

rimester [9] . However, we choose to adhere to common practice to 

ulture in a 20% O 2 environment, as this is more practical for long- 

erm culture, avoids oxygen adjustments and allows us to compare 

ur results with data from the literature. For disease modeling, we 

xposed both the maternal and fetal compartments to hypoxic (1% 
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 2 ) and ischemic (1% O 2 , static) environments to mimic placental 

nd fetal hypoxia. Applying an oxygen gradient to the culture set- 

p to initiate hypoxia in the maternal compartment only would be 

nteresting to study the progression of the disease. 

Lastly, uteroplacental pathologies associated with impaired re- 

odeling of spiral arteries are characterized by an intermittent 

aternal blood flow within the intervillous space associated with 

schemia/hypoxia – reperfusion type of injury. While we only fo- 

used on the hypoxic and ischemic/hypoxic aspects, reperfusion 

odeling would be of a great interest, especially for the study of 

xidative stress and release of anti-angiogenic factors, which are 

ther hallmarks of PE [107] . 

. Conclusion 

We described here the first placental barrier on-a-chip system 

odeling pathological characteristics linked to uteroplacental hy- 

oxia. The model recapitulates key features of the placental barrier 

n early pregnancy such as syncytium differentiation, barrier func- 

ion, polarization, hormone secretion and transporter abilities. In 

ddition, by recreating a hypoxic/ischemic environment, we could 

ffectively recapitulate some phenotypical characteristics observed 

n preeclampsia, such as reduced barrier function, hormonal se- 

retion, brush border formation and increased nuclei count. The 

ealthy model represents a powerful tool for modeling drug pla- 

ental transfer assessment during pregnancy. Exposure to hypoxic 

nd ischemic conditions will prove beneficial to improve our un- 

erstanding of uteroplacental pathologies. Its potential for high- 

hroughput screening approaches will open tremendous opportu- 

ities in the identification of new targets and the development of 

herapies for the prevention or treatment of those diseases. 
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