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Abstract

The placenta plays a vital role in pregnancy by regulating selective exchange
between the maternal and fetal circulations and producing essential hormonal
signals. In this study, we present an in vitro placenta-on-a-chip platform that leverages
3D bioprinting to replicate the structural and functional features of the human
placental barrier. This microengineered system utilizes digital light processing-based
3D bioprinting to fabricate the microfluidic mold and construct 3D encapsulated
cell cultures within a biomimetic hydrogel scaffold, enabling co-culture of three
human cell types, including two derived from primary placental tissue. The system
demonstrated excellent cell viability, high metabolic activity, placental hormone
secretion, and native-like selective barrier transport properties. This system offers a
versatile platform for experimental perturbations to explore mechanisms of normal
placental function and identify contributors to placental dysfunction.

Keywords: Bioprinting; Microfluidics; Microphysiological system; Organ-on-a-chip;
Placenta; Trophoblast stem cells

1. Introduction

The human placenta acts as a vital interface mediating the exchange of nutrients, gases,
and waste products between the maternal and fetal compartments, while also producing
key hormones essential for maintaining pregnancy. It plays a crucial role in fetal health,
not only in supporting fetal growth and development but also serving as a barrier to
exogenous factors, such as environmental pollutants, pharmaceutical compounds, and
pathogens. Notably, about 90% of women take at least one medication during their
pregnancy,* underscoring the urgent need for placental models that can be used to
evaluate whether and how these new medications can cross over into the fetal circulation.
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The functional units of the human placenta are the
chorionic villi—finger-like structures that extend from
the fetal tissue into the maternal blood space, allowing
close contact between fetal capillaries and maternal blood
(Figure 1A). Chorionic villi serve as the primary interface
for gas and nutrient exchange between the maternal and
fetal circulations. Each villus consists of an outer layer
of syncytiotrophoblast (STB) and an interior filled with
stromal connective tissue, resident stromal cells, and a
variably distributed network of fetal capillaries. The villi
are bathed in maternal blood within the intervillous space,
allowing direct contact between maternal blood and the
STB surface. This close proximity to the fetal capillaries
facilitates efficient exchange of gases, nutrients, and waste
products between the maternal and fetal circulations.

Several existing strategies have been developed to study
placental function, but each has important limitations. For
example, 2D cell culture models fail to replicate the complex
interactions between different cell types and the influence of
blood flow present in the placenta. Ex vivo perfusion of the
human placenta preserves the complex tissue architecture,
but often lacks accurate representation of the in vivo flow
environment, and is hampered by low throughput, donor
variability, and scarcity.’” Animal models, while useful
for in vivo studies, have limited relevance to human
physiology due to cross-species differences in placental
morphology and cellular composition.%” Studies involving
pregnant women are constrained by ethical, safety, and
logistical concerns. In contrast, in vitro microfluidic and
microphysiological systems offer key advantages, including
standardized fabrication, the ability to mimic tissue
architecture and support long-term culture, physiological
relevance, and precise experimental control.®

Recent in vitro microfluidic models have sought to
recapitulate the physiological and functional aspects of
these structures. To simulate the fetal-maternal interface,
many studies employ synthetic porous membranes,”'’ such
as commercial Transwell inserts (Corning), or natural
materials like vitrified collagen and Matrigel,'>'* which
serve to separate the two compartments, with cells seeded
accordingly. While these studies demonstrated some
placental functions, such as drug transport, the placental
cells used were often immortalized lines derived from
cancerous placental cells (“choriocarcinomas”), resulting
in behavior and expression profiles markedly different
from healthy placental cells.” Advanced microfluidics-
based platforms have also been used as a more intricate
and dynamic approach to model the multi-cellular
interactions in the placental villus. Some of these systems
incorporated primary or induced pluripotent stem cell-
derived placental cells; however, they generally relied
on monolayer cell seeding, rather than mimicking the

3D in vivo architecture."'* One recent study utilized
trophoblast organoids to establish a 3D culture, but the
spherical organoids did not fully cover the interface
and lacked the inclusion of other relevant cell types and
intercellular interactions.”” Moreover, a major challenge
in recapitulating human placental physiology with
microfluidics is the enclosed chamber design, which
complicates patterning multiple cell types into organized
structures that mimic native placental architecture.
Although sequential perfusion of different cell types into
chambers is possible, the resulting 2D cultures fail to
reproduce the 3D in vivo environment. Thus, an in vitro
system that mimics the 3D structure and functionality of
the human chorionic villus remains to be developed with
primary cells for investigation of drug transport across this
barrier in the setting of normal pregnancy and disease.

Currently, most placenta-on-a-chip platforms require
photolithography for microfluidic device fabrication,
which is time-consuming, labor-intensive, and dependent
on expensive cleanroom infrastructure.'®* In contrast,
digital light processing (DLP)-based 3D printing offers
a rapid, cost-effective, and mask-free alternative for
fabricating microfluidic molds with high spatial resolution.
By projecting patterned light onto photopolymerizable
materials, DLP 3D printing enables the precise creation of
high-resolution geometries directly from digital designs,
thereby streamlining the microfabrication process for the
master molds. In addition, it has also been widely adopted
in 3D cell culture and tissue engineering, where it supports
the fabrication of cell-laden hydrogels and organ-on-a-
chip platforms with tunable architecture and mechanical
properties.’* Its versatility makes DLP 3D printing
an ideal tool for developing physiologically relevant in
vitro models.

In this study, we present a novel human placenta-on-
a-chip (hPOC) microfluidic system featuring primary
placental cell tri-coculture within a “hybrid” open/closed
microfluidic design (Figure 1B-D). The device contains
dual compartments separated by a porous membrane
that provides structural support for both the maternal
compartment and fetal capillaries. This configuration
recapitulates the spatial organization of the chorionic
villus. On the maternal side, primary human trophoblast
stem cells (hTSCs) are cultured on the membrane-
facing surface, with placenta-derived stromal fibroblasts
(PDSFs) embedded in a methacrylated gelatin (GelMA)
layer beneath them by DLP bioprinting. On the fetal
side, primary human umbilical vein endothelial cells
(HUVECsS) are seeded on the underside of the membrane
and maintained under continuous perfusion to simulate
dynamic fetal circulation.
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Figure 1. Schematic of the human placenta and the hPOC design. (A) Illustration of the human placenta, featuring the chorionic villi, which mediate
nutrient and gas exchange at the maternal-fetal interface. (B) Exploded view of the hPOC device components, highlighting the porous membrane that
separates the maternal and fetal compartments. (C) Side view (C, left) and top view (C, right) of the assembled hPOC device. Scale bar: 5 mm. (D)
Cross-sectional schematic of the assembled hPOC device, displaying the multi-layered cellular architecture that recapitulates key features of the placental
barrier. (E) Schematic of DLP bioprinting. Digital masks are projected via a DMD onto the sample stage, selectively solidifying the polymer precursor to
create patterned structures. Abbreviations: DLP, digital light processing; DMD, digital mirror device; hPOC, human placenta-on-a-chip; hTSCs, human
trophoblast stem cells; HUVECs, human umbilical vein endothelial cells; PDMS, polydimethylsiloxane; PDSFs, placenta-derived stromal fibroblasts.

Maternal compartment

We employed DLP 3D printing (Figure 1E) to Our results demonstrated that the hPOC device produces

fabricate the master molds of the microfluidic chambers placental hormones and mimics key placental barrier and
for polydimethylsiloxane (PDMS) casting. This enabled transport functions, suggesting utility in applications such
assembly of the hPOC device with an open media- as drug/nutrient transport. To the best of our knowledge,
retaining cup and enclosed microfluidic channels. After this open/closed microfluidic design is the first system
extensive optimization of cell attachment and viability of incorporating primary placenta-derived cells alongside
the primary placental cell types on 3D-printed hydrogel primary endothelial cells in a tri-coculture configuration.
scaffolds with varying stiffness, we identified optimal This setup offers the capability to support both genetic
stiffness, culture, and flow conditions for device assembly. and environmental manipulations, providing a versatile
The three cell types were systematically seeded into the 3D platform for future studies of human placental transport
tri-coculture model to test functional transport properties. and function.
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2. Materials and methods

2.1. hPOC device fabrication

The microfluidic architecture was designed using
computer-aided design software (AutoCAD, Autodesk,
USA). The photocrosslinkable hydrogel, poly(ethylene
glycol) diacrylate (PEGDA; molecular weight [MW]:
250 Da) and the photoinitiator phenyl bis(2,4,6-
trimethylbenzoyl) ~phosphine oxide (trade name:
Irgacure-819, BASF) were obtained from Sigma Aldrich
(USA). The polymer precursor consisted of PEGDA 250
and 1% (w/v) Irgacure-819.

An in-house DLP 3D printer was utilized to fabricate
positive master molds for both the microfluidic fetal
capillary compartment and fluid reservoirs. After printing,
the molds were rinsed with isopropanol to remove any
uncrosslinked PEGDA, which would otherwise inhibit the
crosslinking of PDMS.

PDMS was prepared by mixing the curing agent and
base monomer at a 1:10 mass ratio, poured over the master
molds, degassed, and cured overnight at 80°C. Once cured,
the PDMS chips containing the fetal capillary and fluidic
reservoir features were demolded, cut, and ported. The
fluidic reservoir component was bonded to a glass slide
using oxygen plasma treatment, and the fetal capillary
component was aligned and affixed atop the reservoir
using a thin layer of PDMS glue.

To form the membrane separating the fetal and maternal
compartments, a commercially available cell culture insert
membrane (polyethylene terephthalate with 3 pm pores,
cellQART, Germany) was used. A 1:1 mixture of toluene
and standard-mix PDMS was spin-coated onto a glass
slide (60 s, 1500 rpm) to serve as an adhesive, after which
the fetal side of the partially assembled device was gently
stamped onto the spin-coated slide, ensuring coating of the
negative spaces without obstructing channel patency.

The membrane was aligned and placed atop the fetal
capillary compartment and cured for 10 min at 80°C.
Finally, the retaining cup from the cell culture insert was
bonded atop the membrane using additional PDMS,
completing the maternal compartment of the hPOC device.

2.2. Cell culture

2.2.1. Primary placenta-derived stromal fibroblasts

The current study involving human-sourced tissues used
in biomedical research was approved by the Institutional
Review Board at the University of California San Diego
(IRB #181917). Following written informed consent from
donors, third-trimester placentas (gestational age: 36-38
weeks) from uncomplicated pregnancies were collected and
transported to the laboratory on ice within 1 h of delivery.

Primary PDSFs were isolated from placental chorionic
villi using the explant culture method, as previously
described by Igura et al.* Briefly, the basal and chorionic
plates were excised using sterile surgical scissors and
discarded to eliminate maternal cell contamination. Lobes
of placental villi were then dissected, carefully avoidinglarge
blood vessels, and rinsed thoroughly in sterile phosphate-
buffered saline (PBS) to remove maternal blood. Villus
chunks were placed in a petri dish containing pre-warmed
Dulbecco’s Modified Eagle Medium (DMEM)-high glucose
medium and dissected into 7-10 mm explants.

A total of 10 explants were transferred to a 10 cm tissue
culture-treated dish and allowed to adhere by drying at
room temperature for 1 h. Once firmly attached, 15 mL
of pre-warmed growth medium (DMEM-high glucose
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin) was gently added to the side
of each dish to avoid dislodging the explants. Cultures
were maintained in a humidified incubator at 37°C and
5% CO, under normoxic conditions for up to 4 weeks.
During this time, PDSFs migrated out of the cut surfaces
of the explants. Growth medium was replenished every
3-4 days (Figure S1). Migrated cells were harvested using
0.05% trypsin-EDTA solution (3 min at 37°C), expanded
in culture, and cryopreserved in liquid nitrogen for future
use. All encapsulated cells used in this study were within 12
population doublings (approximately four to six passages).

2.2.2, Human trophoblast stem cells

We used a hTSC line (1049) that was established from
early gestation (gestational age: 6-8 weeks) placentas,
as previously described by Okae et al.** The use of early
gestation placental tissues in this study was approved by the
Institutional Review Board of the University of California,
San Diego (IRB #172111). Written informed consent was
obtained from all donors. Cells were routinely maintained
on tissue culture plates coated with 5 pg/mL collagen-IV
(C0543-1VL, Sigma-Aldrich, USA) in iCTB medium,”
modified from the medium used by Okae et al.** hTSC
media, consisting of Advanced DMEM/F12 supplemented
with 1x N2 and 1x B27 supplements, 2 mM glutamine,
150 uM 1-thioglycerol, 0.05% of 30% BSA solution, and
I1x Knockout Serum Replacement (KSR). The medium
was further supplemented with 2 uM CHIR99021, 500 nM
A83-01, 1 uM SB431542, 5 uM Y-27632, 0.8 mM valproic
acid sodium salt, 100 ng/mL FGF2, 50 ng/mL EGE, 20 ng/
mL Noggin, and 50 ng/mL HGE

To induce differentiation into multinucleated STB,
hTSCs were switched to STB differentiation medium, as
per the protocol by Okae et al.,** composed of DMEM/F12
(without HEPES), supplemented with 1x ITS-X, 3.2% KSR,
1% of 30% BSA solution, 0.1 mM beta-mercaptoethanol,
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2.5 UM Y27632, and 2 uM forskolin. For the tri-coculture
experiments, primary hTSCs between passages 35 and 40
were used for syncytialization.

2.2.3. Human umbilical vein endothelial cells

HUVECs were obtained from the American Type
Culture Collection (USA) and expanded in standard 2D
culture using EGM-2 endothelial cell growth medium
supplemented with 2% FBS and vascular endothelial
growth factor (Lonza, USA). Prior to seeding into the
microfluidic device, HUVECs were cultured under these
conditions to ensure optimal cell health and expansion.
HUVECs used for the tri-coculture experiments were
between passages 3 and 5.

During static culture within the device, media were
manually replenished daily. Once perfusion was initiated,
continuous media flow was maintained to support
endothelial maturation and viability.

2.3. Tri-coculture assembly and
functional characterization

2.3.1. Sequential cell seeding and culture timeline

Prior to cell culture, both the fetal and maternal
compartments of the device were incubated at 37°C
overnight with a solution containing 5 pg/mL rat tail
collagen type I (354236, Corning, USA) and a 1:25 dilution
of bovine plasma-derived fibronectin (F1141, Sigma-
Aldrich, USA) in 1x DPBS to promote cellular attachment.

On day 0, a PDSF layer was established in the maternal
compartment using a GelMA-based bioink. GelMA was
synthesized as previously described”® and used at 7.5%
(v/v) in 1x DPBS. The photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, Tokyo Chemistry
Industry, Japan) was added at 0.6% (v/v). DiD (Vybrant™,
Thermo Fisher, USA)-stained PDSFs were encapsulated
within the GelMA bioink at a density of 75,000 cells/mL
and carefully layered onto the membrane “floor” of the
maternal compartment using PDMS spacers (125 um
thick) to constrain hydrogel thickness. The construct was
crosslinked using UV light from the DLP 3D printer. After
polymerization, the PDMS spacers were carefully removed,
leaving the GelMA-encapsulated PDSF layer intact and
adhered to the membrane.

On day 1, green fluorescent protein (GFP)-expressing
HUVECs were seeded into the fetal compartment at a
density of approximately 8 x 10° cells/mL and statically
cultured for 3 days. Media in the fetal compartment were
replenished daily through the reservoir.

On day 4, approximately 500,000 red fluorescent protein
(REP)-expressing hTSCs were suspension-seeded into

the maternal compartment atop the PDSF-encapsulated
GelMA layer. Gravity-assisted sedimentation facilitated
their attachment. hT'SCs were cultured in iCTB media for
24 h.

On day 5, the media in the maternal compartment were
switched to STB differentiation media. On the same day,
perfusion of the fetal compartment was initiated using a
peristaltic pump (PeriWave Micro, CorSolutions, USA)
at a volumetric flow rate of 3.5 puL/min. This perfusion
continued for 3 days, and the media outflow was collected
every 24 h. Maternal supernatant was also collected daily,
and media in the maternal compartment were replaced
with fresh STB differentiation media.

On day 8, after 3 days of syncytialization and perfusion,
assays to assess placental barrier formation and function—
including cell viability, fluorescent molecule transport, and
imaging—were performed.

2.3.2. Mechanical measurement of GelMA constructs
Cylindrical GeIMA hydrogel samples (1 mm diameter x
1 mm height) were bioprinted using the designated light
exposure parameters. The Young’s modulus was measured
using a Microtester system (CellScale, USA). Samples were
compressed to 20% strain using a cantilever with a platen
tip at a rate of 8 um/s, held for 2 s, then allowed to recover.
Strain and force were recorded, and the Young’s modulus
was calculated using a custom MATLAB script.

2.3.3. LIVE/DEAD™ staining

Cell viability was assessed using the LIVE/DEAD®
Viability/Cytotoxicity Kit (Invitrogen, USA), which
employs calcein AM (2 uM, 1:2000 dilution) to label live
cells green and propidium iodide (4 uM, 1:500 dilution)
to stain dead cells red. Cells were incubated with the dye
mixture in serum-free media for 30 min at 37°C and
5% CO,. Following incubation, cultures were washed
with fresh media to eliminate excess dye and imaged
using a Leica DMI6000B fluorescence microscope (Leica
Microsystems, Germany).

2.3.4. XTT viability assay

Cell metabolic activity was quantified using the
CyQUANT XTT Cell Viability Assay Kit (Invitrogen,
USA). A working solution was prepared by mixing 5
mL of XTT labeling reagent with 0.1 mL of the electron-
coupling reagent. The solution was added to both maternal
and fetal compartments to a final XTT concentration of
0.3 mg/mL. Supernatant samples were collected every
15 min for 3 h, and absorbance was measured using a
microplate reader (Tecan Infinite 200 Pro, Tecan Trading
AG, Switzerland) at 450 nm with a reference wavelength
of 650 nm.
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2.3.5. Quantification of placenta-specific hormones
via ELISA

Supernatant samples collected daily from the maternal and
fetal compartments following hTSC seeding were analyzed
for placenta-specific hormone secretion using enzyme-
linked immunosorbent assays (ELISAs), following the
manufacturer’s protocols for each kit. Estradiol levels were
measured using the Estradiol Human ELISA Kit (KAQO0621,
Thermo Scientific, USA). Human placental lactogen
(hPL) was quantified using the Human CSH1 Placental
Lactogen Sandwich ELISA Kit (LS-F16356, LSBio, USA).
Beta subunit human chorionic gonadotropin (hCGp)
was assessed using the Human Chorionic Gonadotropin
ELISA Kit (HC251F, Calbiotech, USA). Progesterone was
measured using the Progesterone Competitive ELISA Kit
(EIAP4C21, Invitrogen, USA).

2.3.6. Imaging and morphological characterization
An upright fluorescence microscope with a motorized
stage (Leica DMI6000B, Leica Microsystems, Germany)
and stage-top cell culture incubator (Tokai Hit INU, Tokai
Hit, USA) was used for live imaging of the tri-coculture
system during the first 24 h of perfusion. Fluorescent
tile scans (5x) were acquired at defined time points
across multiple channels and stitched into mosaic images
using the onboard LAS-X software (Leica, Germany).
For 3D imaging, a ZEISS LSM 880 Confocal with FAST
Airyscan (ZEISS, Germany) was used to capture Z-stacks
of the PDSF-encapsulated GelMA hydrogels and the
materno-fetal barrier in the tri-coculture model, which
were processed into maximum projections using ZEISS
Airyscan Software or 3D reconstructions using Imaris
(Oxford Instruments, UK).

2.4. Assessment of barrier integrity and
molecular permeability

2.4.1. Sodium fluorescein permeability

Sodium fluorescein salt (Na-F; Sigma-Aldrich, USA) was
used as a tracer molecule to assess passive permeability
across the placental barrier. A working solution of Na-F
(40 ng/mL; 100 nM) was introduced to the maternal
compartment. After 24 h, samples were collected from the
fetal compartment and analyzed using a microplate reader
(Tecan Infinite 200 Pro, Tecan Trading AG, Switzerland)
with excitation at 485 nm and emission at 528 nm. The
assay was performed on four types of devices: Type 1 was
an acellular device; Type 2 included an acellular Ge]MA
layer; Type 3 incorporated HUVECs on the fetal side;
and Type 4 represented the full tri-coculture system.
The concentration of 40 ng/mL was selected based on
preliminary experiments, which demonstrated that higher
concentrations, such as 2 pg/mL, resulted in excessive

nonspecific staining of the polyethylene terephthalate
(PET) membrane.

2.4.2. FITC-conjugated dextran permeability
FITC-conjugated dextran (FITC-dextran) was introduced
into the maternal compartment at a concentration of
1 mg/mL in STB media. After 24 h, samples from the
fetal compartment were collected and analyzed using a
microplate reader (Tecan Infinite 200 Pro, Tecan Trading
AG, Switzerland) with excitation at 490 nm and emission at
520 nm. The assay was performed on four types of devices:
Type 1 was an acellular device; Type 2 included an acellular
GelMA layer; Type 3 incorporated HUVECs on the fetal
side; and Type 4 represented the full tri-coculture system.

2.4.3. Glucose transport

To assess glucose transfer across the tri-coculture model,
media containing glucose (STB media in the maternal
compartment and EGM-2 media in the fetal compartment)
were used. The maternal and fetal compartments initially
contained approximately 300 mg/dL and 100 mg/dL
glucose, respectively. Samples were collected from both
compartments at defined time points and analyzed using
a commercial glucose monitoring system (GlucCELL,
Chemglass Life Sciences, USA). These measurements
were conducted in both tri-coculture devices and
control devices containing acellular membranes to assess
baseline permeability.

2.5. Statistical analysis

All data are presented as mean + standard deviation,
unless otherwise noted. Statistical analyses and graphical
representations were performed using GraphPad Prism
software (GraphPad Software, USA). Paired t-tests were
used to assess differences between the fetal and maternal
sides in Figure 4. One-way analysis of variance (ANOVA)
was used to assess differences among multiple groups
for other figures. Statistical significance was defined as
*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

3. Results

3.1. Fabrication of the hPOC device

Figure 1B displays the schematic of the hPOC device
design, and Figure S2 features the cross-sectional view.
The hPOC device was constructed through a multi-step
process: to model the fetal capillary compartment, a
serpentine microchannel (500 pm diameter) was fabricated
using DLP 3D printing. Two digital masks were projected
onto a PEGDA resin to create a mold directly on glass
coverslips. PDMS was then cast onto this mold to form the
fetal capillary chip, which was adhered to the underside
of a porous membrane with the serpentine pattern facing
upward. Four access ports were punched in the PDMS to
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allow for media inflow, outflow, and connection to the
fetal media reservoir. A separate reservoir chip was then
aligned and bonded to the fetal capillary chip, and tubing
was inserted into two diagonal ports to enable perfusion.
On the maternal side, a plastic reservoir cup was affixed
atop the porous membrane using a thin layer of PDMS
glue to complete the assembly. This configuration supports
static culture, with culture media retained within the
cup. In contrast, the fetal side supports dynamic culture
through continuous media perfusion: media is introduced
via the inlet tubing, flows through the reservoir layer, and
is directed into the fetal capillary compartment.

The hPOC device incorporates two primary
placenta-derived cell lines—hTSCs and PDSFs—along
with HUVECs derived from the human umbilical vein
endothelium, to represent key structural components
of the human placental villus (Figure 1A and D). In the
maternal compartment, PDSFs are first encapsulated in
a 125 pm GelMA layer on top of the porous membrane,
followed by seeding of hTSCs, which are induced to
differentiate to STB (hTSC-STB), mimicking the native
arrangement of trophoblasts overlaying the stromal core.
On the fetal side, HUVECs are seeded onto the inner
surface of the serpentine microchannel beneath the
membrane, representing the fetal capillary endothelium.
While the perfusable fetal compartment enables dynamic
culture with continuous media flow, an initial period of
static culture is necessary to promote HUVEC adhesion.
During this period of static culture, the reservoir permits
sufficient passive diffusion to support cell viability. Our
novel multi-layer design enables interaction between the
maternal and fetal compartments through an engineered
placental barrier comprised of hTSC-STB, PDSFs, a
porous membrane, and HUVECs, with transport driven by
gravity and diffusion. Additionally, the design recapitulates
the physiological relationship between maternal and fetal
blood spaces: a larger maternal surface area and fine fetal
capillary channels mimic the natural arrangement in
which maternal blood in the intervillous space surrounds
the chorionic villi, offering greater exchange surface area
and blood volume relative to the fetal capillary network
within each villus.

3.2. Optimization of cell culture in the

maternal compartment

To optimize the maternal compartment, we first
established culture conditions for PDSFs encapsulated in
a 125 um-thick GelMA slab. This thickness approximates
the physiological thickness of the stromal layer in the
human placenta and enables adequate nutrient diffusion
to support the 3D culture of PDSFs. The growth and
morphology of PDSFs are influenced by the stiffness of

the surrounding matrix. Utilizing DLP bioprinting, we
are able to tune the bulk stiffness of the hydrogel network
by adjusting the light exposure,” achieving stiffnesses
ranging from ~1.5 to ~30 kPa (Figure S3). We assessed
the viability of PDSFs encapsulated in GelMA at stiffness
levels of ~1.5, ~7, and ~18 kPa (Figure 2A). PDSFs
maintained high viability across this range of stiffness;
however, we selected the GelMA stiffness of ~18 kPa for
subsequent experiments based on cellular morphology,
as cells exhibited more pronounced elongated processes
characteristic of fibroblasts at this higher stiffness level.

We then assessed the viability, morphology, and
growth of hTSCs as a function of GelMA stiffness.
Figure 2B presents hTSCs cultured on printed GelMA
scaffolds spanning the same stiffness range used for PDSF
encapsulation. Live/dead viability staining and fluorescence
imaging demonstrated excellent viability and typical hTSC
morphology across the range of stiffness, including the
previously identified optimal stiffness of ~18 kPa.

During gestation, the placenta undergoes significant
structural remodeling, including the syncytialization of
cytotrophoblasts (CTB), forming large, multinucleated
STB on the maternal side of the chorionic villi.”” This
transformation is a defining feature of the placental
barrier and is widely regarded as essential to replicate
in any in vitro chorionic villus model.”* In many such
models, syncytialization of mononuclear CTB-like cells
(such as those from the BeWo choriocarcinoma cell line)
is induced by treatment with forskolin, which elevates
intracellular cyclic adenosine monophosphate (cAMP)
levels. The rise in cAMP activates protein kinase A and
other downstream signaling molecules that regulate the
expression of proteins and enzymes involved in cell-cell
adhesion and membrane fusion, driving the formation
of STBs.” To induce syncytialization, hTSCs seeded on
~18 kPa GelMA scaffolds were cultured in forskolin-
containing media. After 72 h, the cells were stained
with wheat germ agglutinin to evaluate cell borders and
DAPI to mark nuclei, revealing complete coverage of
the culture surface and a high degree of syncytialization
(Figure 2C). The ability of the GeIMA scaffold to support
a high density of hTSC growth and syncytialization is
critically important, as these are essential to mimicking the
integrity of the placental barrier.

3.3. Optimization of HUVEC culture in the

fetal compartment

We optimized the culture conditions for HUVECs in
the microchannels of the fetal compartment. While
hTSCs could adhere readily to the GelMA surface on
the maternal side due to intrinsic cell-binding motifs
in GelMA,” seeding HUVECs on the fetal side was
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Figure 2. Optimization of cell culture conditions in the maternal compartment. (A) Live/dead staining of placental-derived stromal fibroblasts (PDSFs)
encapsulated in methacrylated gelatin (GelMA) hydrogels and cultured over 7 days. (B) Live/dead staining of human trophoblast stem cells (WTSCs) cultured
atop 3D-printed GelMA scaffolds for 7 days. (C) Confocal microscopy images of hTSCs stained with wheat germ agglutinin (WGA, cell membrane) and
DAPI (nuclei): cells cultured in standard media (C, top) and cells treated with forskolin-containing media for 3 days to induce syncytialization (C, bottom).
Scale bars: 1.5 mm (B, left); 1.0 mm (A, far-left, left-middle, right-middle); 50 um (A, far-right; B, right; C).
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more challenging. The synthetic cell culture insert lacks
natural extracellular matrix (ECM) ligands and does not
inherently support effective cell adhesion. To enhance
attachment, both maternal and fetal compartments were
pre-treated with bovine plasma-derived fibronectin and
collagen-I for overnight incubation prior to HUVEC
seeding, consequently promoting cell adhesion within the
microchannels and on the fetal-side membrane surface.
We then inverted the hPOC device, seeded HUVECs at
a density of 1 x 10° cells/mL on the fetal side membrane
through the channel, and incubated the device for 1 h to
allow for cell adhesion. The devices were then returned
to an upright position and connected to the media-filled
reservoir. In an initial experiment, we examined HUVEC
viability inside the 500 um-wide microchannels in static
culture over the course of 72 h using live/dead staining
(Figure 3A), with daily imaging. While a slight increase in
dead cells was observed over the 3 days of static culture
(Figure 3A, inset), the vast majority of HUVECs remained
viable at the end of the experiment.

In the second experiment, we used GFP-labeled
HUVECs for the main co-culture experiments to facilitate
monitoring of HUVEC morphology under perfusion and
quantified cell circularity and area over time. As displayed
in Figure 3B, GFP-HUVECs exhibited a rounded,
highly circular morphology immediately post-seeding,
indicative of seeding stress. A day after static culture in the
microchannels, the cells spread out and exhibited increased
area as they flattened, while maintaining the characteristic
“cobblestone” morphology typically observed in static
culture. After 1 day of perfusion culture, GFP-HUVECs
began to adopt a more elongated, striated morphology,
reflecting their response to shear forces within the
microchannel. Quantitative image analysis confirmed
these observations: by day 2, HUVEC circularity markedly
decreased while cell area increased (Figure 3C and D),
consistent with the morphological transition induced
by perfusion.

3.4.Tri-coculture assembly of maternal and

fetal compartments

The assembly of the complete tri-coculture device was
carefully designed to allow sufficient time for cell adhesion,
proliferation, and functionality of the placental barrier
(Figure 4A). The three cell types (PDSFs, GFP-HUVECs,
and RFP-labeled hTSCs) were seeded according to a
staggered timeline (Figure 4A) to ensure that optimal cell
viability, cell density, and functionality were achieved.

Following the previously optimized conditions for each
cell type, we began the tri-coculture assembly with DLP
3D bioprinting of the GelMA-encapsulated PDSFs on day
0. On the following day, GFP-HUVECs were seeded into

the fetal compartment with care to avoid drying the PDSF-
containing GelMA layer in the maternal compartment.
After incubation, the device was returned to its upright
orientation; fresh PDSF growth media was introduced into
the maternal compartment, and the reservoir with HUVEC
growth media was connected to the fetal compartment.
The system was maintained under static culture for 3 days
to allow for initial cell proliferation and stabilization. On
day 3, the PDSF-encapsulated GelMA layer in the maternal
chamber was coated with collagen and fibronectin to
prepare the surface for hTSC seeding the following
day. On day 4, RFP-hTSCs were seeded in the maternal
compartment and maintained in iCTB media for 24 h. On
day 5, perfusion was initiated for the GFP-HUVECs in
the fetal compartment, using a peristaltic pump to deliver
media at a flow rate of 3.5 uL/min. At this point (day 5), the
media in the maternal compartment were replaced with
forskolin-containing STB differentiation medium to induce
the differentiation of hT'SCs into STB, which continued for
3 days. Figure 4B features a fluorescence image of the tri-
coculture system on day 6, i.e., 24 h after syncytialization
was initiated on the maternal side and overnight media
perfusion began in the fetal microchannels. On day 8, the
tri-coculture system was considered mature and ready
for downstream viability and barrier function assays. 3D
confocal microscopy reconstruction (Figure 4C) confirmed
the layered architecture of our placental barrier model,
revealing a dense, differentiated RFP-expressing STB layer
overlaying the GelMA-encapsulated DiD-labeled PDSFs,
while GFP-expressing HUVECs were clearly visible on
the fetal side. Confocal images indicate good morphology
across all cell types, with the STBs forming a compact layer
on the GelMA surface (Figure $4).

3.5. Functional characterization of the

tri-coculture model

Given the presence of three distinct cell types co-cultured
within the same system, we were not able to measure the
metabolic activity of each cell type individually. However,
we assessed metabolic activity at the compartment level
by comparing the maternal and fetal sides of the hPOC
device. We used a commercially available colorimetric
cell metabolic activity assay, CyQUANT Cell Proliferation
Kit XTT Assay (Invitrogen, USA), which relies on
the mitochondrial enzymes of live cells to convert the
yellow XTT dye to an orange-colored compound called
formazan. The absorbance of XTT increased over time
in both compartments, albeit at a lower rate in the fetal
compartment, potentially reflecting a lower overall cell
number compared to the maternal compartment and the
lower metabolic activity of endothelial cells compared to
the highly metabolically active trophoblasts in the maternal
compartment (Figure S5).
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Figure 3. Optimization of HUVEC culture in the fetal compartment. (A) Live/dead staining of HUVECs seeded into microchannels (width: 500 um) over
3 days of static culture, displaying high cell viability. (B) Morphological progression of GFP-HUVECs within the microchannels: cells exhibited a rounded
morphology upon seeding, transitioned to a characteristic “cobblestone” appearance after 1 day of static culture, and adopted an elongated, striated
morphology after 1 day of perfusion culture. (C) Quantification of GFP-HUVEC circularity reveals a significant decrease over the 2-day culture period (n
= 3). Error bars indicate the SEM. (D) Cell area significantly increased following transition from static to dynamic (perfused) culture conditions (n = 3).
Error bars indicate SEM. **p < 0.01; ****p < 0.0001. Scale bars: 500 um (A); 250 um (B). Abbreviations: GFP, green fluorescent protein; HUVEC, human
umbilical vein endothelial cells; SEM, standard error of the mean.
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In the placenta, STB secretes several key hormones,
including hCGp, progesterone, estradiol, and hPL. To
evaluate the functionality of the STB layer in our tri-
coculture hPOC model, we collected media from both
the maternal and fetal compartments every 24 h, starting
on day 4 immediately after hTSC seeding, and assessed
hormone levels using ELISA (Figure 4D-G).

Estradiol, a key steroid hormone involved in promoting
trophoblast proliferation and differentiation into STBs,
was detected at high concentrations in the maternal
compartment of the hPOC model as early as 1 day after the
addition of forskolin, with levels remaining stable at ~20
ng/mL over the subsequent 3 days (Figure 4D). Similar to
in vivo findings, where estradiol is also detected in the fetal
circulation,” the spent media in the fetal compartment
contained nearly 12 ng/mL estradiol 1 day after induction
of syncytialization, with concentrations progressively
increasing over the consecutive days.

hPL is a protein hormone secreted by the STB that
plays key roles in regulating maternal metabolism and
supporting fetal growth and development.*® In our 3D
hPOC model, hPL levels rose sharply in the maternal
compartment 48 h after forskolin addition (i.e., 3 days after
hTSC seeding), but remained ~10-fold lower in the fetal
compartment (Figure 4E).

hCGp is a peptide hormone produced by the STB
that reaches the fetal circulation primarily through
passive diffusion.’ In our tri-coculture model, the hCGf]
concentration in the maternal compartment increased
progressively each day following hTSC seeding, ranging
from 6 to 15 pug/mL (Figure 4F). In contrast, hCGp levels
in the fetal compartment remained >100-fold lower,
remaining below 200 ng/mL, consistent with limited
diffusion across the placental barrier (Figure 4F).

Finally, progesterone is a steroid hormone with
multiple roles in the maintenance of pregnancy, and it is
typically found at markedly higher concentrations in the
maternal circulation compared to the fetal circulation.”
In our hPOC model, progesterone was detectable in the
maternal compartment starting 1 day after hTSC seeding
(Figure 4G), whereas levels in the fetal compartment
remained below the assay’s detection limit.

3.6. Evaluation of placental barrier integrity

To assess barrier integrity, we designed four configurations
of the hPOC device for diffusion assays (Figure 5A). Type
1 was an acellular device; Type 2 included an acellular
GelMA layer; Type 3 incorporated HUVECs on the fetal
side; and Type 4 represented the full tri-coculture system
on day 8, featuring the complete placental barrier.

To evaluate placental barrier function against passive
diffusion, we used Na-F salt, a small-molecule fluorescent
tracer (MW 376.3 g/mol) that is commonly employed to
assess membrane permeability, including in blood-brain
barrier models.*® Due to its low MW and comparable size
to sucrose (342.3 g/mol), Na-F serves as a representative
probe for passive diffusion.””** Na-F was introduced into
the maternal compartment on day 8 of tri-coculture, and
media samples from the fetal compartment were collected
after 24 h (Figure 5B). A progressive decrease in fetal
Na-F concentration was observed from Type 1 through
Type 4 devices, with the full tri-coculture model (Type 4)
exhibiting the lowest levels. These findings highlight the
cumulative contribution of each component of the hPOC
to the system’s resistance to passive transfer of small,
charged molecules.

To assess the barrier’s ability to restrict the diffusion
of large molecules, we used FITC-dextran, a high-MW,
neutral fluorescent tracer. FITC-dextran-containing
culture media were added to the maternal compartment
on day 8 of the tri-coculture, and media from the fetal
compartment were collected after 24 h. Among the four
device configurations, the Type 4 tri-coculture model
exhibited the lowest FITC-dextran level in the fetal
compartment (Figure 5C), indicating superior resistance
to large molecule penetration. We note that the difference
between the Type 1 and Type 4 devices was approximately
threefold for Na-F and 1.5-fold for FITC-dextran,
demonstrating that the hPOC model is more effective at
limiting diffusion of small, charged molecules than large,
neutral molecules.

We also investigated the contributions of the acellular
and cellular components of the hPOC device to active
transport. In the placenta, glucose transport is primarily
mediated by the GLUT1 transporter, a member of the
glucose transporter (GLUT) family. To assess glucose
dynamics in our model, we used physiologic glucose
concentrations in both maternal and fetal compartments
and monitored glucose levels in both compartments over
time in the Type 1 and Type 4 devices. In the acellular
device, the glucose concentration gradually decreased on
the maternal side and correspondingly increased in the
fetal side (Figure 5D), consistent with passive diffusion
from a compartment with a higher concentration to one
with a lower concentration. In contrast, in the tri-coculture
system, maternal glucose concentration decreased
dramatically within 1 h after the media was refreshed on
both sides, while fetal glucose concentration increased
gradually (Figure 5E). We postulate that the rapid decline
in glucose concentration in the maternal compartment was
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Figure 4. Assembly and functional characterization of the hPOC device. (A) Schematic timeline of assembling the tri-coculture placental model. (B)
Composite fluorescence image of the tri-coculture model on day 6 (after 1 day of perfusion culture), featuring GFP-expressing HUVECs (green), DiD-
labeled PDSFs (yellow), and RFP-expressing hTSCs (red). (C) 3D confocal reconstruction of the placental barrier on day 8 of tri-coculture, displaying the
layered organization of STB, PDSFs, and HUVECs. (D-G) Hormone secretion assays measuring estradiol (D), hPL (E), hCGp (F), and progesterone (G)
levels over 4 days of forskolin treatment to induce syncytialization. Error bars indicate standard deviation of the mean (n = 3). Scale bars: 2.5 mm (B); 50
pm (C). *p < 0.05; ****p < 0.0001. Abbreviations: GelMA, methacrylated gelatin; GFP, green fluorescent protein; hPOC, human placenta-on-a-chip; hTSCs,
human trophoblast stem cells; HUVECs, human umbilical vein endothelial cells; PDSFs, placenta-derived stromal fibroblasts; RFP, red fluorescent protein;
STB, syncytiotrophoblast; hPL, human placental lactogen; hCGf, beta subunit human chorionic gonadotropin.
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Figure 5. Assessment of placental barrier integrity in the hPOC model. (A) Schematic representation of the four hPOC devices used for barrier assays: Type
1 (fully acellular), Type 2 (acellular with GelMA layer), Type 3 (acellular GelMA layer on the maternal side; HUVECs on the fetal side), and Type 4 (full
tri-coculture with GelMA-encapsulated PDSFs, STB, and HUVEC:s). (B) Sodium fluorescein (Na-F) penetration across the barrier displayed progressively
lower fetal concentrations from Type 1 to Type 4, with the lowest leakage observed in the full tri-coculture system. Error bars indicate SD of the mean (n
= 3). (C) FITC-dextran penetration was similarly reduced in the Type 4 device, indicating the model’s ability to restrict the transport of large molecules.
Error bars indicate SD of the mean (n = 3). (D) In the acellular device type, maternal glucose levels decreased gradually while fetal glucose increased over
time, consistent with passive diffusion. (E) In the tri-coculture system, maternal glucose concentration dropped sharply within the first hour, suggesting
high metabolic consumption by the STB layer; a corresponding but modest increase was observed on the fetal side. Error bars indicate SD of the mean (n
=3).*p < 0.05 **p < 0.01; ***p < 0.0001. Abbreviations: GelMA, methacrylated gelatin; hPOC, human placenta-on-a-chip; HUVECs, human umbilical
vein endothelial cells; PDSFs, placenta-derived stromal fibroblasts; SD, standard deviation; STB, syncytiotrophoblast.
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likely due to high metabolic consumption by STB, which is
present at high cell density in the maternal compartment.

4, Discussion

In this study, we developed a hybrid open/closed
microfluidic platform that enables both 3D cell
encapsulation and 2D surface seeding. On the maternal
side, we achieved 3D encapsulation of PDSFs and 2D
seeding of hTSCs, while the fetal side mimics perfusable
capillaries, where HUVEC:s are cultured to model the fetal
endothelium. Compared to previous placenta-on-a-chip
models that rely primarily on 2D cell seeding,'>'®*** our
design offers enhanced flexibility for recapitulating the
complex 3D architecture of chorionic villi in the human
placenta. To achieve precise structural control, we utilized
DLP 3D printing to fabricate a multi-layered microfluidic
device with customizable geometries and integrated
features. Notably, the fetal-side channel was engineered
with tunable dimensions to accommodate varying
experimental requirements, highlighting the system’s
versatility. Beyond placental modeling, the modular and
customizable nature of our platform renders it broadly
applicable to other in vitro barrier models, including gut,
lung, and blood-brain barrier systems, where spatial
organization and compartment-specific cell interactions
are critical.

The results from our tri-coculture hPOC device
offer important insights into cellular interactions and
barrier function that closely mimic the in vivo placental
environment. All three cell types in the model exhibited
excellent viability throughout the experimental timeline.
All three primary cell types in the model maintained
excellent viability throughout the 8-day culture period.
Achieving this level of cellular performance required
systematic optimization of multiple parameters to
support the distinct requirements of each cell type.
Specifically, we finetuned the substrate stiffness, coatings,
and embedding methods to establish a stable and
functional tri-culture system. Among these, the Ge]MA
layer—which encapsulates PDSFs and supports hTSC
seeding—was a key focus. We tested multiple stiffness
levels and selected 18 kPa as the optimal stiffness based
on cell viability, morphology, and structural integrity
during culture. Although the reported stiffness of native
placental tissue varies widely depending on anatomical
region and measurement method, with values ranging
from sub-kPa to as high as 30 kPa, we selected a range of
GelMA stiffnesses spanning this spectrum to identify the
optimal condition for cell performance.'”** Based on
assessments of cell viability, morphology, and structural
integrity, we chose 18 kPa as the final stiffness. This value

not only falls within the broader physiological range
but also supports robust growth and function of both
PDSFs and hTSCs in our in vitro microfluidic setting.
During the optimization of hTSC and HUVEC seeding,
we found that surface coating with fibronectin and
collagen was essential for promoting robust cell adhesion.
In future iterations of the model, additional ECM
components, such as fibronectin and laminin, could also
be incorporated into the GelMA layer to further enhance
cell viability, morphology, and function. On the fetal
side, the flow rate of 3.5 pL/min was selected based on
the channel size and the need for cell proliferation. While
this rate generates wall shear stress lower than the 10 dyn/
cm” observed in fetal capillaries in vivo," it is closer to
other placenta-on-a-chip models, which typically apply
0.5-2.5 pL/min to maintain cell viability, preserve barrier
function, and prevent flow-induced damage.”****** This
flow rate supports endothelial cell alignment and nutrient
exchange while preserving the structural and functional
integrity of the tri-culture model over extended culture
periods. The metabolic activity assay demonstrated
higher activity in the maternal compartment, likely due
to the higher cell density and metabolic activity of hTSCs/
STB relative to HUVECs on the fetal side.

In regard to placental hormone secretion, all four
tested hormones were readily detected in the hPOC model.
The observation that estradiol concentration was only
slightly lower in the fetal compartment compared to the
maternal compartment suggests that it is either secreted
by both the apical and basal sides of the STB or secreted
apically and readily transferred from the maternal to the
fetal compartment. In contrast, the markedly lower levels
of hPL, hCGp, and progesterone in the fetal compartment
suggest selective secretion of these hormones by the apical
side of the STB, with limited transport across the placental
barrier. Notably, we observed a plateau in maternal hCG
levels over time, which aligns with the well-documented
decline in hCGp production as pregnancy advances.” The
transient decrease in fetal hCGP concentration on day 4
may reflect the progressive maturation of the fetomaternal
barrier, potentially making it less permissive to hormone
diffusion as syncytialization stabilizes. Although this
interpretation remains speculative, it is consistent with the
overall trend of functional barrier maturation observed
throughout the 8-day culture period. These findings
highlight the potential of the hPOC system to serve as
a platform for future studies aimed at elucidating the
mechanisms of placental hormone secretion and transport.

The diffusion assays using Na-F and FITC-dextran
highlight the effectiveness of the tri-coculture model in
recapitulating the selective permeability of the human

Volume 11 Issue 5 (2025)

191

doi: 10.36922/1JB025270262


https://doi.org/10.36922/IJB025270262

International Journal of Bioprinting

Bioprinted placenta-on-a-chip platform

placental barrier. The progressive decrease in Na-F
penetration across device types—from fully acellular to
the tri-coculture system—demonstrates the critical role of
cellular components in reinforcing barrier integrity against
passive diffusion of small, charged molecules. Similarly,
the marked reduction in FITC-dextran permeability in the
tri-coculture device confirms the model’s resistance to the
passage of large, neutral molecules. Taken together, these
findings validate the physiological relevance of the hPOC
modeland supportits future application in pharmacological
and toxicological studies of placental transport.

Physiological rates of glucose transfer across the
human placenta over a 2 h period, as measured in ex
vivo perfusion studies, range from 26.5 to 38.3%.*>* This
transport is primarily mediated by the GLUT1 receptor
on the STB and involves active, facilitated diffusion
mechanisms.” In our hPOC model, glucose concentration
in the fetal compartment increased similarly over time in
both the acellular and tri-coculture systems. However, in
the maternal compartment, the glucose concentration fell
more rapidly and to a greater extent in the tri-coculture
model, which we attribute to glucose consumption by the
STB. The similarity in fetal glucose concentrations between
the two systems (acellular and tri-coculture) limits our
ability to distinguish whether the maternal-to-fetal
compartment glucose transfer in the tri-coculture system is
mediated by passive, facilitated, or active transport. Future
studies are warranted to address this issue, potentially
through the use of real-time glucose monitoring or by
introducing a non-metabolizable glucose analog—such
as  3-O-methyl-D-glucose—which is transported via
GLUT1 but not metabolized, thereby enabling direct
assessment of transcellular transport independent of
cellular consumption.

Our hPOC model is designed to recapitulate key
placental functions within a tractable experimental
window. Therefore, we intentionally accelerated hTSC
differentiation into STBs to enable functional assessment
of hormone secretion and barrier function within an 8-day
timeframe. In contrast to traditional placental explant
cultures, which are often difficult to maintain beyond a few
days due to declining viability and function,** our platform
remained structurally intact and functionally active for at
least 8 days, which is comparable to the culture durations
reported for other placenta-on-a-chip systems.*»*>>

Overall, our study advances the understanding of
placental barrier function and establishes a robust and
modular platform for testing and developing therapeutic
strategies relevant to pregnancy. While the hPOC device
successfully recapitulates key structural and functional
features of the human placenta, in vitro models inevitably

face challenges in fully mimicking the complexity of the
in vivo environment. Continued refinements in cell culture
conditions, barrier composition, and transport dynamics
will be critical to further improving the physiological
relevance of the system.

Future studies should expand barrier integrity
assessments by incorporating Dbiologically relevant
molecules or drugs beyond glucose. For example,
insulin—an essential hormone for fetal growth—
represents a particularly relevant candidate to test in
conjunction with glucose to evaluate hormone-specific
transport behavior. Likewise, evaluating the selective
translocation of immunoglobulins could further validate
the model’s fidelity. Immunoglobulin G (IgG) is known
to cross the placenta via FcRn-mediated transport in
STB cells, whereas immunoglobulin M (IgM) does not.”!
Demonstrating the differential transport of IgG and IgM
within the hPOC system would be a strong indicator of its
physiological accuracy. In addition, future improvements
to the model could include incorporating fetal Hofbauer
cells into the stromal compartment and adjusting the
distance between the maternal and fetal compartments—
as well as modifying the trophoblast compartment—to
better mimic the structure and transport characteristics
of chorionic villi at distinct stages of gestation. In addition
to assessing molecular transport across the platform,
molecular profiling techniques, such as transcriptomic
and metabolomic analyses, could be employed to
comprehensively evaluate the physiological relevance of
the model. It is worth noting that in our hPOC system,
hTSCs are derived from early gestation, whereas PDSFs are
isolated from the third-trimester placentas, resulting in a
gestational age mismatch between the two cell types. While
this approach is common due to the accessibility and
stability of these cell sources, it may not fully capture the
stage-specific cellular interactions of the native placenta.
Protocols for deriving hTSCs from mid- to late-gestation
placental tissues®*>** could enable the development of
gestational age-matched models that more accurately
reflect the physiological state of the placenta at specific
stages. Incorporating such advances into future versions of
our model may enhance its relevance for studying stage-
specific placental functions.

Further testing and optimization of this model will
have important implications for the development of
physiologically relevant in vitro models for understanding
placental function. These advances will support deeper
mechanistic studies of placental function, facilitate
the assessment of environmental and pharmaceutical
exposures during pregnancy, and enable safer therapeutic
development for maternal-fetal health.
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5. Conclusion

In this study, we have developed a biomimetic, microfluidic,
tri-coculture 3D transport model that recapitulates key
features of the human placenta. This model incorporates
two primary placental tissue-derived cell types—hTSCs
differentiated to STB facing the maternal compartment
and PDSFs within a 3D stromal matrix—alongside
HUVECs, a well-established endothelial model used to
represent the fetal-facing vasculature. The microfluidic
device’s open-top design enables modular assembly
of the maternal compartment—featuring a 2D layer
of differentiated hTSCs layered atop a stiffness-tuned,
GelMA-encapsulated 3D PDSF scaffold—while the closed
fetal microchannel compartment supports perfusion flow
and HUVEC seeding.

Our results demonstrate that the device sustains a
viable tri-coculture system over multiple days, supports
perfusion, and satisfies a critical requirement for in
vitro placenta models: the formation of a functional,
syncytialized layer of trophoblast that creates the tight
barrier essential for proper placental function. Barrier
formation was confirmed via microscopy, and functional
validation was achieved through a variety of hormone
secretion profiling and molecular transport assays.

This platform offers a robust and physiologically
relevant system for studying placental transport in both
normal and diseased conditions. Its modularity and cell-
type specificity also provide opportunities to investigate
genetic and environmental perturbations to better
understand placental physiology and pathophysiology.
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