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‡INRS-Centre Armand Frappier Sante ́ Biotehnologie and Reśeau Intersectoriel de Recherche en Sante ́ de l’Universite ́ du Queb́ec,
Laval, QC H7V 1B7, Canada
§Center for Interdisciplinary Research on Well-Being, Health, Society and Environment, Universite ́ du Queb́ec a ̀ Montreál,
Montreál, QC H3C 3P8, Canada
∥Department of Biological and Biomedical Engineering, McGill University, Montreál, QC H3A 2B4, Canada
⊥Rosalind and Morris Goodman Cancer Research Centre, McGill University, Montreál, QC H3A 1A3, Canada

*S Supporting Information

ABSTRACT: The placental syncytiotrophoblast is a giant multinucleated
cell that forms a tree-like structure and regulates transport between mother
and baby during development. It is maintained throughout pregnancy by
continuous fusion of trophoblast cells, and disruptions in fusion are
associated with considerable adverse health effects including diseases such
as preeclampsia. Developing predictive control over cell fusion in culture
models is hence of critical importance in placental drug discovery and
transport studies, but this can currently be only partially achieved with
biochemical factors. Here, we investigate whether biophysical signals
associated with budding morphogenesis during development of the
placental villous tree can synergistically direct and enhance trophoblast
fusion. We use micropatterning techniques to manipulate physical stresses
in engineered microtissues and demonstrate that biomimetic geometries
simulating budding robustly enhance fusion and alter spatial patterns of
synthesis of pregnancy-related hormones. These findings indicate that biophysical signals play a previously unrecognized and
significant role in regulating placental fusion and function, in synergy with established soluble signals. More broadly, our studies
demonstrate that biomimetic strategies focusing on tissue mechanics can be important approaches to design, build, and test
placental tissue cultures for future studies of pregnancy-related drug safety, efficacy, and discovery.
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■ INTRODUCTION
In vitro culture models are of critical importance in addressing
pregnancy-related diseases as the study of pregnant human
females is fraught with ethical, technical, and safety challenges;
also, animal models do not adequately capture human
reproductive physiology.1 Given the wide-range and long-
term impact of placental dysfunction on our healthcare
economy and on patient’s quality of life,2,3 developing practical
and realistic strategies for in vitro culture of placental tissue is
required to better understand this vital organ.
Fusion of cells into a single multinuclear structure is an

important characteristic of several biological processes,
including differentiation of bone, muscle, and placental
tissues.4−6 In the placenta, the syncytiotrophoblast (STB) is
a giant, fused, polarized, multinucleated cell that covers the
villous placental tree on the maternal side (Figure 1A). This
complex three-dimensional structure is highly branched7 and
provides sufficient surface area to regulate essential transport of

metabolites and waste across the fetal−maternal interface
throughout pregnancy.8 In addition, the STB produces and
secretes hormones necessary for maternal physiological
adaptation and fetal development9 and provides resistance to
maternal immunological challenges.10 The formation of a well-
defined syncytial sheath over the villous trees is not well
conserved across species and accessible animal models,11 and it
is hence challenging to study the factors that drive the initial
formation of this critically important syncytial layer during
villous tree development.
Although in vivo trophoblast fusion is extremely efficient and

produces a complete syncytial sheath over the villous tree,
fusion induced through established biochemical factors can at
best produce partial syncytial patches in cultured trophoblasts
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with low efficiency.4,12,13 Our present inability to consistently
control fusion in in vitro models of the STB hampers efforts to
engineer placental model culture systems as defects in fusion
will dominate in studies of transport between maternal and
fetal body compartments.14 The mixture of fused and unfused
cells may also play a role in dictating active and passive
transport profiles across the STB layer.15 Hence, alternative
approaches to predictively and robustly drive fusion in
trophoblast cells would have a considerable and fundamental
impact on our ability to develop culture models and ultimately
therapies for pregnancy-related diseases.
To investigate alternative and potentially synergistic

strategies for syncytial formation, we considered whether the
biomechanical stress profiles that arise during development of
the villous tree structure might themselves play a role in
trophoblast fusion. The villous tree grows from a placental bud
in a process of repeated budding morphogenesis to produce
the final villous architecture (Figure 1A). Three-dimensional
tissue structures can generate complex mechanical stress
profiles that arise from endogenous cell-generated tension16−18

and these patterns are known to affect differentiation,19

embryogenesis,20 tissue homeostasis,21 and disease progres-
sion.16 However, whether mechanical forces play a role in
driving trophoblast fusion remains unknown. If true, establish-
ing a technique to recreate the mechanical features present
during developmental formation of the STB during villous tree
growth would be of considerable value in engineering
advanced placental tissue discovery models for drug screening
and therapeutic development.
Since tissue stresses can be modulated by manipulating the

shape of microscale cultures, we leverage 2D micropatterning
techniques to recreate the biomechanical stress patterns
present during the budding morphogenesis process of placental
villous tree development and investigate whether these stress
patterns could enhance fusion efficiency in vitro. We test this
idea in both standard cell lines used for studies of trophoblast
fusion (BeWo choriocarcinoma cells) and in primary villous

cytotrophoblasts (vCTB) cells isolated from human placentas
at delivery. Our findings demonstrate that fusion can be
synergistically enhanced and spatially directed using the
biomimetic culture geometries. Furthermore, we demonstrate
that these patterns direct spatial production of pregnancy
hormones. These studies demonstrate that villous trophoblast
fusion is mechanically sensitive and can be directly regulated
by endogenous stress, indicating that manipulating biophysical
cues is a viable and novel strategy to improve fusion in in vitro
culture models. More importantly, these studies demonstrate
that recreating mechanical cues present during morphogenesis
could lead to improved placental tissue engineering ap-
proaches. Such strategies could ultimately lead to improved
benchtop discovery and drug screening assays and, more
broadly, contribute toward our understanding of mechanor-
egulatory processes in pregnancy disorders.

■ MATERIALS AND METHODS
Unless otherwise stated, all cell culture materials and supplies were
purchased from Thermo Fisher Scientific (Ottawa, ON), and
chemicals were purchased from Sigma-Aldrich (Oakville, ON).

Finite Element Models of Micropatterned Contractile Cell
Monolayer. Finite element analysis was conducted to estimate the
approximate stress patterns present in the buds of placental trees and
in the confined culture models developed here to simulate those
culture conditions. Simulations were conducted using COMSOL
Multiphysics 5.3a (COMSOL, Inc., Burlington, MA) to capture the
contractile effect of a cluster of cells anchored to a fixed underlying
geometry. The simulation method was adapted from previous
reports17 and made use of a temperature-based contractile element
to simulate contractile behavior. Briefly, the desired circular geometry
was modeled as a 2D axisymmetric system with two layers: a 20 μm-
thick active top layer representing the cells (isotropic elastic modulus:
500 Pa; Poisson’s ratio: 0.499; thermal conductivity: 10 W × M−1 ×
K−1; coefficient of expansion: 0.05 K−1) and a 4 μm-thick passive layer
representing the underlying substrate (isotropic elastic modulus: 100
Pa; Poisson’s ratio: 0.499), with a fixed displacement boundary
condition applied to the bottom surface. A 3D, bud-like geometry was
created by adapting our 2D model to create a hemispherical, dome-

Figure 1. Endogenous tissue stress patterns arise during villous tree developmental morphogenesis. (A) Schematic of the budding morphogenesis
process by which the placental villous tree arises during tissue development. The villous tree is coated with a fully fused syncytiotrophoblast (STB)
layer that is challenging to perfectly recreate in vitro through either chemical or genetic means. Inset shows the top view of the multinucleated STB
at the villous tree tips. (B−D) Finite element models to estimate the endogenous stress patterns that arise due to cell-generated tension in the cell
sheet at bud sites during villous tree development. (B, C) von Mises stress profiles in idealized buds of 100, 200, and supraphysiologically large 500
μm diameters demonstrate increased endogenous stress at the bud edges, which reduces toward the bud apex (color scale bar normalized across the
stress range observed). (D) Elevated stress gradients are expected across the surface of the bud, only in sufficiently small buds that match expected
physiological dimensions.
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like structure with a zero-displacement condition on the bottom of the
passive surface. A 5 K temperature drop was applied to create an
isotropic monolayer contraction in the active layer. The von Mises
stress and von Mises spatial stress gradients at the bottom of the
passive surface were recorded and reported for circular patterns with
diameters of 100, 200, and 500 μm. A large simulated circular sheet of
5000 μm diameter was used to approximate the equivalent stress
patterns in the 2D unconfined condition. The magnitudes of
monolayer contraction were varied by adjusting the temperature
drop applied to the material.
Microfabrication of Confined Culture Substrates. Agarose

microwells with adhesive substrates were fabricated as previously
described.22 SU-8 molds with desired microfeatures (circular
micropattern with various diameters) were first fabricated by
photolithography using standard techniques.23 Briefly, a 15 μm-
thick SU-8 photoresist (MicroChem, MA) layer was spin-coated onto
a clean 50 mm × 75 mm glass slide, subsequently soft-baked at 70 °C
for 2 min and then hard-baked at 100 °C for 5 min. The SU-8 coated
glass slide was then covered with a mask (CAD/ART Services)
containing designed circular patterns and exposed to UV light for 30 s
to polymerize the resist. The slide was then immersed in SU-8
developer with gentle agitation, where an unpolymerized SU-8
monomer is washed away. The resultant mold with microfeatures was
then postbaked at 100 °C for 5 min. The mold was treated with the
silanization agent (tridecafluoro-1,1,2,2-tetra-hydrooctyl)-1-trichloro-
silane (United Chemical Technologies, Bristol, PA) under vacuum
conditions overnight to facilitate the mold release of the patterned
PDMS layers. PDMS (Sylgard 184, Dow Corning) stamps with pillars
structures were then fabricated using soft lithography by casting
mixtures of 1:10 (w/w, curing agent to base) PDMS prepolymer on
top of the SU-8 mold and curing in an oven at 70 °C for 1 h. The
PDMS stamps were placed feature-side down on a 12 mm glass
coverslip and plasma-oxidized to increase hydrophilicity of the PDMS
surface to allow better wicking of the cell-repellent aqueous molten
agarose solution. A 10 μL droplet containing a mixture of 1% agarose
solution and ethanol (v/v, 3:2) was melted on a hot plate, pipetted
onto the sides of the stamps, and then perfused through the pillars.
The coverslips were placed under vacuum in a desiccator overnight to
allow gelation and dehydration. The PDMS stamps were peeled off
vertically using tweezers. Prior to cell seeding, the microwells were
sterilized under UV light for 45 min and incubated with 25 mg/mL
fibronectin solution for 1 h at room temperature.
Cell Culture and Isolation. BeWo cells (CCL-98 clone), from

American Type Culture Collection (ATCC; Rockville, MD), were
cultured in Dulbecco’s modified eagle medium (DMEM)/F-12 with
phenol red and supplemented with 10% fetal bovine serum (FBS;
Hyclone, Tempe, AZ) and 1% penicillin−streptomycin (Hyclone).
BeWo cells with passage number lower than 20 were used at a density
of 2 × 105 cells/mL. Twenty-four hours after seeding cells on agarose
gels with the described microwells, cells were treated with 20 μM
forskolin (Sigma-Aldrich, F6886) for 48 h. The forskolin-containing
medium was changed daily during the experiments. Human primary
vCTBs, were obtained from term placentas arising from the vaginal
delivery of uncomplicated pregnancies after the ethical approval from
the CHUM St-Luc Hospital (Montreal, QC, Canada) and informed
patient consent. vCTB cells were isolated based on the trypsin-
DNase/Percoll method.24 Briefly, placental tissue was exposed to
consecutive digestions with trypsin and DNAse. The supernatant of
each bath was collected, pooled, and then separated within a Percoll
gradient. Mononuclear villous trophoblasts were immunopurified
using an autoMACS (Miltenyi Biotec, Santa Barbara, CA). All vCTB
preparations used in this study were at least of 95% purity after cell
sorting.25,26 Under sterile conditions, purified vCTB was mixed in a
1:10 solution of FBS and sterile dimethyl sulfoxide (DMSO) and
mixed gently by flipping. Cells were frozen overnight at −80 °C and
transferred to a liquid nitrogen tank until usage. Primary vCTBs were
seeded at a density of 1.6 × 106 cells/mL. These cells do not replicate
in vitro and spontaneously differentiate into multinucleated STB over
72 h of culture.9,25 vCTBs were cultured in high-glucose DMEM,
supplemented with 10% FBS and 1% penicillin−streptomycin.

Traction Force Microscopy Substrate Preparation. To
conduct traction force microscopy (TFM) experiments, polyacryla-
mide hydrogels with known mechanical properties containing fiducial
markers were patterned with fibronectin circular patterns, using a
modified microcontact printing protocol adapted from Rape et al.27

Briefly, PDMS molds were prepared as previously described, with
stamps cut to 10 mm × 10 mm squares, soaked in 70% ethanol for 10
min, and thoroughly dried under a dry nitrogen stream. Activated
fibronectin was prepared by adding 3.6 mg/mL sodium metaperiodate
to a 0.1 mg/mL fibronectin mixture and incubated at room
temperature for 30 min. PDMS stamps were inked with 20 μL of
activated fibronectin and incubated at room temperature for 45−60
min after which the stamps were washed with water and dried. To
provide a release surface for the polyacrylamide gels, 18 mm
coverslips were buffed with RainX (commercially available) and
then subjected to a short 30 s of plasma treatment (PlasmaEtch; 200
mTorr pressure, 20 ccm flow rate, and 60 W RF power) to facilitate
release. Inked PDMS stamps were gently placed face down on the
release coverslips for 10 min to transfer the circular fibronectin
patterns to the release surface. A solution of 100 μL 40% acrylamide,
150 μL 2% bis-acrylamide, 645 μL PBS, 1.5 μL tetramethylethylenedi-
amine, and 100 μL of 1% ammonium persulfate (Bio-Rad) was
prepared with 0.5% volume of 0.5 μm diameter carboxylate-modified
fluorescent beads (FluoSpheres, Invitrogen). Immediately after
mixing, 50 μL of this solution was pipetted onto a coverslip that
had previously been silanized by immersion in 0.4% 3-
(trimethoxysilyl)propyl methacrylate in acetone. The patterned
coverslip was then placed face down on the droplet, which was
allowed to polymerize. After 15 minutes, the top coverslip was
removed, and the patterned gels were washed three times in PBS,
sterilized under a UV germicidal lamp for 45 min, and stored at 4 °C
until use. These gel formulations have previously been characterized
by shear rheometry (G = 1.3 kPa).28

Traction Force Microscopy. TFM substrates were incubated in
complete DMEM for 2 h at 37 °C and seeded with BeWo cells, which
were allowed to attach and spread overnight. Individual coverslip-
mounted TFM gels were gently rinsed with PBS and transferred to a
magnetic 18 mm coverslip chamber (Chamlide CMB, Quorum
Technologies; Puslinch, ON, CA). Supplemented DMEM (1 mL)
was added to the chamber for the duration of the experiment. The
chamber was then placed into a circular 35 mm microscope stage top
insert (ibidi GmbH; Graf̈elfing, Germany). To capture both the
stressed and relaxed gel conditions required for the traction force
analysis, red fluorescent images of the uppermost layer of embedded
beads were first captured along with phase-contrast images of the
selected colonies using a spinning disc confocal microscope (20×
objective, IX-73, Olympus). Cells were then killed with 1% (w/v)
sodium dodecyl sulfate (SDS) and the beads were imaged to obtain
the zero-stress state at each TFM position.

To analyze the TFM image sets, template alignment, particle image
velocimetry (PIV), and Fourier transform traction cytometry (FTTC)
ImageJ plugins were used for the TFM analysis, following previous
protocols.29 Briefly, both stress and relaxed fluorescent bead images
were combined into a stack and aligned to account for experimental
drift. The bead displacements were estimated by PIV following an
iterative procedure. With each iteration, the interrogation window was
made smaller to produce an ultimate displacement field grid with
dimensions of 6.75 μm by 6.75 μm with an average of five beads per
interrogation window. A dynamic mean test for low correlation values
was performed on the resulting displacement field images to remove
erroneous vectors and replace them with an average displacement
value obtained from the neighboring final interrogation windows.
Traction force fields could then be reconstructed with the FTTC
plugin. Displacement and the corresponding stress values were
extracted from the vector field images along various lines passing
through the center of the colony and plotted as line graphs.

Human Chorionic Gonadotropin Secretion Analysis. Con-
ditioned cell culture media samples were collected after 48 h of
forskolin induction from single wells in a 12-well plate in which arrays
of micropatterned islands were cultured. Supernatants were
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centrifuged and stored at −20 °C prior to the assay. Secretion of beta
human chorionic gonadotropin (β-hCG) in the collected media was
evaluated by enzyme-linked immunosorbent assay (ELISA;EIA-1911;
IBL International, Toronto, ON, Canada), following the manufac-
turer’s recommended protocols. Aliquots of the collected media were
incubated in enzyme conjugate-coated microtiter wells for 15 min at
room temperature. The absorbance of each well at 450 nm was
determined with a microtiter plate reader. β-hCG secretion levels
were normalized against the total number of cells in each sample, as
assessed via fluorescent imaging and semiautomated counting
(ImageJ; NIH).
Immunostaining. Cells were fixed in 4% (w/v) paraformaldehyde

(Sigma-Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS)
solution for 15 min at room temperature. We found that syncytial
patches (fused trophoblasts) were very weakly adhered to the
underlying substrates, and to prevent cell detachment during the

extensive washing steps, a thin layer of porous polyacrylamide
hydrogel was polymerized over the tissues after fixation. The
prepolymer (containing 7.5% (v/v) acrylamide (40% w/v, Bio-Rad
Laboratories, Hercules, CA), 2.45% (v/v) cross-linker N,N-methyl-
ene-bis-acrylamide (BIS, 2% w/v, Bio-Rad Laboratories, Hercules,
CA), 0.1% (w/v) ammonium persulfate (Bio-Rad Laboratories,
Hercules, CA), and 0.15% (v/v) catalyst N-N-N-N-tetramethylethy-
lenediamine (Sigma-Aldrich)) was cast over the fixed cells and
allowed to polymerize under a glass coverslip. This process was
confirmed to have no effect on the immunostaining results (data not
shown). Samples were washed twice with PBS and permeabilized in
0.1% (v/v) Triton X-100 (Sigma-Aldrich) in PBS solution for 15 min
and washed twice with PBS again. Samples were incubated in 2.5%
(v/v) goat serum (Sigma) in PBS for 2 h at room temperature to
prevent nonspecific binding. For indirect staining, cells were first
incubated overnight with anti-E-cadherin antibody (1:200, Abcam,

Figure 2. Micropatterned two-dimensional cell culture substrates recreate endogenous stress gradient patterns expected from three-dimensional
budding structures. (A) Fabrication process for micropatterned cultures. (B) Representative bright field image of BeWo cells in confined
micropatterned islands. (Scale bar = 100 μm). (C−E) Finite element models demonstrating expected endogenous stress patterns arising from cell
contractility in micropatterned culture. (C) Heat map of predicted relative von Mises stress in 500, 200, and 100 μm diameter patterns (color scale
bar normalized to the highest stress value). (D) Calculated stress magnitude and (E) radial stress gradient for the micropatterned culture diameters
used in this work. (F, G) Traction force microscopy experiments demonstrate that (F) displacement fields follow expected radial inward orientation
and (G) average radial displacement (solid line; left axis) and traction stresses (dashed line; right axis) for forces generated across a representative
100 μm colony of cells match the expected stress patterns arising from endogenous contractility, with peak stresses observed at the colony edge.
Spatial data normalized to colony size (red dashed line indicating colony edge; experiment repeated three times with similar results).
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ab1416) or anti-hCG antibody (1:500, Thermo Fisher, #14-6508-82)
in goat serum solution. For secondary staining, cells were washed
twice with PBS and then incubated with goat anti-mouse IgG H&L
(Alexa Fluor 488) antibody (1:1000, Abcam, ab150113) in blocking
agents for 3 h. For direct staining, cells were incubated with 1:200
DAPI (Invitrogen) and FITC-phalloidin (Invitrogen) in goat serum
solution for 2 h at room temperature. Samples were then washed
thoroughly with PBS before imaging.
Image Collection and Processing. Fusion ratios of BeWo cells

after 48 hour forskolin treatment and vCTBs after 72 hour primary
culture were determined by image analysis based on immunofluor-
escent localization of E-cadherin and DAPI-labeled nuclei. Imaging
was performed on an inverted fluorescent Olympus microscope
(Olympus, IX73) outfitted with a CMOS Flash 4.0 camera and
MetaMorph software (version 7.8.13.0). Subsequently, the E-
cadherin, β-hCG, and DAPI images were recolored, merged, and
analyzed using ImageJ (NIH).
Analysis of Cell Fusion. For BeWo cells, any cluster of three or

more nuclei enclosed within an E-cadherin boundary was considered
a syncytium, as per established characterization guidelines.30 The total
number of nuclei (T), syncytium number (S), and total nuclei
number in fused syncytium (F) were counted. The ratio of cell fusion
was calculated using the following standard equation: (F − S + 1)/T
× 100. Characterization of fusion in vCTBs is typically more
challenging than in BeWo cells as cells do not spread well to show
well-defined E-cadherin-labeled membranes. Hence, fusion ratios
were calculated by dividing the number of E-cad expressing cells over
the total number of cells cultured on micropatterned adhesive islands,
consistent with standard protocols.31

Statistical Analysis. Comparative data analysis of fusion ratio of
BeWo cells and vCTBs was based on results obtained from three
independent experiments conducted on different days. The fusion
ratios of all filled wells were averaged, and standard deviations were
calculated based on three repeated independent experiments.
Statistical significance of fusion ratios among different micropattern
culture dimensions was analyzed using a two-tailed, one-way ANOVA
with a Holm−Sidak posthoc pairwise comparison test. All statistical
analyses were conducted in SigmaStat 3.5 (Systat Software Inc., San
Jose, CA).

■ RESULTS
Estimates of Stress Patterns during Villous Tree

Budding Morphogenesis. To evaluate the endogenous
stress patterns that arise during villous tree growth, three-
dimensional (3D) finite element simulations were conducted.
3D biological structures have been shown to balance tensile
forces on the surface and compressive stresses within the
tissue,18 and hence, a characteristic endogenous stress profile
would be expected across a budding structure. To approximate
stresses in both the villous tree tips and in micropatterned
adhesive islands, we simulated a uniform volumetric con-
traction of the cells against a rigid underlying hemispherical
substrate. The geometry of the bud diameters was estimated to
vary between 50 and 200 μm, based on reported characteristics
of the villous tree developmental stages.32 We hence developed
models of physiological (<200 μm diameter) and supra-
physiological (500 μm diameter). Although the absolute values
for stresses reported are dependent on multiple assumptions
that are specific to certain cell type and culture conditions, the
characteristic stress profiles observed should be reasonably
accurate.
The reported von Mises stress values express the distortion

energy density at a particular point in the contractile
hemispherical cell monolayers (Figure 1B−D). In all geo-
metries, areas of high stress are predicted at the peripheries,
while lower stresses were reported in the center (Figure 1C).
In physiologically-realistic structures smaller than 200 μm in

diameter, appreciable stress levels were noted across the cell
surface, while supraphysiologically large structures exhibited
large central areas with negligible stress levels. To better
capture this difference, we present the data as stress gradients
normalized to position across the arc surface (Figure 1D),
which demonstrates that elevated stress gradients exist
throughout the central region of the buds only for smaller
physiological bud sizes. Hence, patterns of endogenous cellular
stress can arise during the dynamic process of villous tree
morphogenesis.

Micropatterned 2D Cultures Are Expected To
Generate Similar Endogenous Stress Profiles. Micro-
patterned adhesive islands were fabricated successfully on glass
substrates using the described agarose perfusion procedure
(Figure 2A), with diameters ranging from 50 to 500 μm. Bright
field microscopy demonstrates high uniformity and success
rates in pattern fabrication (data not shown). To confirm that
cells can be cultured in the micropatterned wells, BeWo
choriocarcinoma cells were seeded on the surfaces. Cells
adhered only to the adhesive surfaces where they formed well-
defined circular micropatterned islands (Figure 2B).
To predict stresses in the micropatterned adhesive islands,

we simulated tension-generating cells on circular resistive
substrates of various diameters to determine the endogenous
stress profiles arising from culture in these geometries (Figure
2C−E). In unconfined cultures, stresses remained uniformly
low. Similar to the 3D simulations, for cells cultured in circular
micropatterns, stress varied from zero at the center to a
maximal stress at the edge (Figure 2C,D). Although the
maximum and minimum von Mises stresses were roughly
similar across all micropatterned culture diameters, the
distribution of stress within the pattern varied considerably.
Stresses in the 100 and 200 μm diameter patterns increased
rapidly from the center to the edge of the culture. Stresses in
the 500 μm diameter patterns were relatively low and uniform
in the central area of the culture but increased sharply toward
the culture edges (Figure 1C). This suggests that for this
specific application, the large central areas of the 500 μm
diameter culture experience mechanical culture conditions
closer to that of the unconfined culture condition, and that
“edge” effects play a significant role in the pattern only when
the pattern is sufficiently small.
To better describe the variations in stress across the

micropatterned surfaces, we calculated the stress gradients
and normalized them to the pattern diameters (Figure 2E). No
stress gradients were observed in the unconfined culture, and
as is the case with the 3D bud simulations, increased stress
gradients are observed across the culture surface with
decreasing micropattern size. Stress gradients were generally
appreciable and more for micropatterned culture islands that
were 200 μm in diameter or smaller (Figure 1D).
These simulations present very similar profiles to the stress

patterns expected during 3D budding morphogenesis and
demonstrate that micropatterned 2D surfaces may adequately
recreate the endogenous stress profiles expected within cells
during the budding morphogenesis process. It is hence
reasonable to recreate the endogenous tension biomechanics
of the 3D placental tree budding structures in 2D micro-
patterned cultures, similar to other studies that leverage
micropatterning to understand developmental mechanobiol-
ogy.17,19

Experimental Verification of Trophoblast Stress
Patterns in Micropatterned Cultures. To verify that
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trophoblast cells generate similar patterns of traction forces in
micropatterned cultures as other adherent cells,33 we
conducted traction force microscopy experiments on micro-
patterned cultures of BeWo cells. As expected, cells in small
circular colonies generated patterns of bead displacements
toward the colony center, indicating contractile force
generation (Figure 2F). Bead displacements were radially
averaged and used to calculate traction stresses across the
sample (Figure 2G). These stresses match the stress gradient
patterns expected within the micropatterned colony, based on
finite element simulations (Figure 2C,D).
Although the models do predict sharp stress peaks at the

micropattern edge, the traction force microscopy measure-
ments demonstrate significant stresses that extend beyond the
micropattern and into the surrounding hydrogel. This is an
expected artifact as deformable substrates surrounding the
contractile pocket of cells distribute stresses beyond the colony
itself. The micropatterned adhesive surfaces do not deform,
and hence, stress is concentrated at the colony boundaries and
redirected within the culture. Furthermore, the need for soft
and deformable substrates to conduct such experiments may
significantly alter the contractile stresses generated by cells
themselves,27 compared to the culture on micropatterned glass.
Hence, the absolute stress magnitudes determined through any
traction-based technique cannot be directly compared to
endogenous stresses generated on rigid glass substrates. The
stress patterns, however, should remain generally consistent.
To confirm this, we conducted finite element simulations
(Figure S1) to verify that stress patterns across a micro-
patterned island remain similar, even for differences in cell-
generated contractile strain.
Taken together, these results confirm that stress patterns

expected through finite element modeling are recreated by
trophoblasts cultured in micropatterned islands.
Micropatterned Cultures Support Trophoblast Fu-

sion. To confirm that cultured cells can be induced to fuse in
the micropatterns, seeded BeWo cells were maintained in basal
media (Figure 3A) or induced with 20 μM forskolin (Figure
3B) for 48 h, which is well established to induce fusion in this
cell type in standard culture.
Fusion is commonly assessed by evaluating the patterns of E-

cadherin expression, where disruption of the E-cadherin
boundary around individual cells is regarded as the hallmark
of trophoblast fusion.34 When cultured on the micropatterned
surfaces in basal media, cells adhered only to the adhesive
surfaces, where they formed well-defined micropatterned
islands. Strong E-cadherin expression was observed around
all individual cells, and no spontaneous fusion events were
observed in any of the control experiments (Figure 3A).
Filamentous actin (f-actin) structures formed readily through-
out the cultures, as expected for cells in mechanically stressed
conditions. Hence, endogenous mechanical tension induced by
circular micropatterns alone is not sufficient to induce fusion in
this cell line.
After induction with forskolin for 48 h, E-cadherin could not

be detected between cytotrophoblasts in the center of the
micropatterns, indicating successful fusion and syncytium
formation. This is supported by the extensive rearrangement
of f-actin cytoskeleton accompanying cell fusion, where the
once prominent stress fibers were disrupted into small circular
foci. These results are consistent with previous reports that
have established these biomarkers as signature characteristics
of cell fusion34,35 and confirm that BeWo cells retain their

capacity for fusion and expression of standard characteristic
markers of fusion in the present micropatterned culture
system.

BeWo Cell Fusion Is Enhanced on Micropatterned
Adhesive Substrates. To investigate the effects of tissue
dimensions and geometric confinement on BeWo cell fusion,
micropatterned circular adhesive islands with diameters of 100,
200, and 500 μm (Figure 3C−E) and unconfined controls

Figure 3. Fusion efficiency is synergistically enhanced and spatially
directed in sufficiently small micropatterned colonies after 48 h
forskolin induction. (A, B) BeWo cells are successfully cultured on
200 μm diameter patterns in (A) basal media and (B) fusion
induction media (forskolin, 20 μM). Fusion is accompanied by
distinct morphological changes in f-actin (green) and disappearance
of E-cadherin (red) from around cell nuclei (blue) within the
micropatterned well (scale bars = 50 μm). (C−F) Representative
images of fusion-induced BeWo cells in micropatterned islands with
diameters of (C) 100 μm, (D) 200 μm, (E) 500 μm, and (F) on
nonpatterned substrates (scale bars = 50 μm). Arrows indicate
observed syncytial patches with characteristic disappearance of E-
cadherin (red) around the nuclei (blue). (G) Fusion ratio was greatly
enhanced under micropatterned culture compared to nonpatterned
conditions (data reported as mean ± standard deviation, n = 3; *p <
0.05, **p < 0.01 by two-tailed, one-way ANOVA with Holm−Sidak
posthoc comparisons). For clarity, not all significant differences are
shown, but every experimental condition was significantly different
compared to every other experimental conditions. (H) Inhibition of
mechanosensing myosin II with 50 μM Blebbistatin and ROCK with
10 μM Y-27632 reduced fusion ratios to <10% in both 100 μm
culture patterns and in nonpatterned culture conditions (n = 3−9;
data reported as mean ± standard deviation; *p < 0.05, **p < 0.01, or
***p < 0.001 by two-tailed, one-way ANOVA with Holm−Sidak
posthoc comparisons).
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(Figure 3F) were prepared and used as culture substrates
during forskolin-induced fusion. In unconfined cultures, BeWo
cells spontaneously formed uncontrolled patches of varying
sizes. The fusion ratio across these standard unconfined
cultures, at this level of forskolin concentration and induction
time, was ∼15%. In contrast, fusion efficiency on the
micropatterned surfaces was significantly higher and ranged
from 40 to over 60%, with the smallest micropattern surfaces
producing the highest fusion ratios (Figure 3G). Fused
syncytial patches formed in the central regions of the 100
and 200 μm diameter microwells and formed sporadically in
the larger microwells (white arrow heads in Figure 3A−C).
Interestingly, the size of these syncytial patches was roughly
similar across all the islands. These results demonstrate that
biochemically induced fusion can be both synergistically
enhanced and spatially directed via culture in micropatterned
adhesive islands. To confirm that these findings are mediated
by mechanical tension, we conducted mechanosensing
inhibition experiments to target myosin II activity in the
cytoskeleton (via treatment with 50 μM Blebbistatin) and the
ROCK signaling pathway (via treatment with 10 μM Y-27632
inhibitor). In both cases, fusion ratios were significantly

reduced to less than 10% in both 100 μm diameter culture
patterns and in unconfined control experiments (Figure 3H,
Figure S2). These results confirm that the observed increases
in fusion are driven by mechanobiological activity arising from
culture in the micropatterned islands.

Secreted and Intracellular β-hCG Expression Patterns
in Circular BeWo Microtissues. β-human chorionic
gonadotropin (β-hCG) is essential for fetal growth and
development, and synthesis and secretion of β-hCG are
considered a classical biochemical marker of trophoblast
fusion,36,37 but excessive production of β-hCG is also
associated with placental dysfunction.38−40 The factors that
distinguish regular versus excessive production of β-hCG in
fused BeWo cells remain unknown.
We first conducted standard assays for β-hCG expression by

analyzing the levels of secreted β-hCG in the culture medium
via ELISA for forskolin-induced fusion in unconfined culture
and for culture in micropatterns. As expected, on a per cell
basis, secreted β-hCG levels significantly increased with
decreasing micropattern size, with over a 4-fold increases in
secretion in 100 μm diameter cultures compared to non-
patterned conditions (Figure 4A). These results are consistent

Figure 4. Characterization of secreted and intracellular β-hCG expression from BeWo cells in nonpatterned and micropatterned cultures. (A)
Secreted β-HCG in the culture media normalized to the number of cells is significantly enhanced in smaller micropatterned culture conditions
(data reported as mean +/− standard deviation, n = 3−7; *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed one-way ANOVA with Holm−Sidak
posthoc comparisons). (B, C) β-hCG expression is induced in nonpatterned culture within 48 h of (B) forskolin treatment compared to (C)
control culture conditions. (D−F) Representative images showing spatial distribution of intracellular β-HCG within micropatterns of diameters
(D) 100 μm, (E) 200 μm, and (F) 500 μm after forskolin induction. (G−I) Normalized β-HCG fluorescent intensity along the indicated white
dashed lines. Similar trends were observed on microtissues analyzed across three independent experiments. (red = intracellular β-hCG; blue =
nuclei; scale bars = 50 μm).
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with our observations of increased levels of fusion in
micropatterned cultures and validate functional production of
pregnancy-related hormones through fusion in micropatterned
cultures.
However, measurements of secreted protein do not provide

any insight into spatial production of the protein, and the
predictable fusion patterns afforded by this micropatterned
culture system provide an excellent model system with which
to analyze spatial production of these factors. We hence
examined intracellular patterns of β-hCG via immunofluor-
escence after forskolin-induced fusion. We first verified that in
our hands, forskolin is required for intracellular β-hCG
production (Figure 4B,C) and observed brightly stained
heterogeneous patches in the unconfined culture, consistent
with previous literature reports.41 Untreated cells showed
minimal signs of intracellular β-hCG expression. In contrast,
intracellular β-hCG on the micropatterned substrates was
strongly expressed at the microtissue edges for small (<200 μm
diameter) patterns (Figure 4D,E) but was randomly
distributed in larger cultures (Figure 4F). Line intensity plots
across representative microtissue colonies demonstrate clean
patterns of β-hCG localized to the syncytia edges and relatively
low expression of β-hCG within the fused syncytial patch
(Figure 4G,H). In contrast, β-hCG expression was generally
greater on larger diameter patterns (500 μm; Figure 4F,I), with
sporadic high expression throughout the culture and generally
higher levels observed in the background (Figure 4I).
We verified via costaining that fusion and intracellular β-

hCG expression occur simultaneously in small patterns (Figure
S3). The observed expression levels and hCG production
patterns correspond to the expected E-cadherin boundaries
that surround small patterned cultures and are within both
large patterns and unconfined cultures. Although the
mechanism by which intracellular β-hCG is secreted into the

media is not clear, it is reasonable to conclude that intracellular
proteins are being secreted where they are being produced, at
the boundaries between fused syncytial patches. This prompts
us to speculate that a perfectly fused syncytium with no
boundaries would ultimately secrete lower hCG levels than
imperfectly fused syncytia, which would be consistent with
known upregulation of hCG in conditions of placental
dysfunction. However, in standard cultures, these observations
are confounded by an inability to independently specify the
fused area from the defect edge, suggesting further applications
for micropatterned surfaces as a platform technology with
which to study functional results of improperly fused tissues.

Human Primary vCTB Fusion Is Increased on Micro-
patterned Adhesive Substrates. The BeWo cell type used
in these experiments is broadly accepted as a model for fusion
of human placental trophoblasts due to a well-established
capacity to fuse into an STB with expected changes in other
biomolecular parameters. To further confirm that the high-
efficiency fusion levels observed in micropatterned substrates
are not an artifact of using the choriocarcinoma-derived BeWo
cell line, we conducted additional experiments with primary
human vCTBs. Culture of these primary cells is significantly
more challenging than that of BeWo cells as they are from a
limited supply of cells, do not proliferate in vitro, and have
variable adhesion characteristics. Additionally, they are
considerably smaller than BeWo cells as vCTBs typically
spread on culture surfaces to areas of ∼1−2 × 10−3 mm2/cell,
compared to BeWo cells, which spread to areas of ∼3−4 ×
10−3 mm2/cell. Hence, smaller micropattern dimensions (50
μm diameter) were included to accommodate the smaller cell
size and their inability to proliferate and fill the well.
Primary isolates from term placenta were seeded on circular

adhesive islands with diameters of 50, 100, 200, and 500 μm
(Figure 5A−D), along with unconfined conditions as control

Figure 5. Increased spontaneous fusion of primary vCTBs under micropatterned culture. (A−E) Representative figures of spontaneous fusion of
micropatterned vCTBs cultured on adhesive islands with diameters of (A) 50 μm, (B) 100 μm, (C) 200 μm, and (D) 500 μm and (E) on
nonpatterned substrates. Cultures labeled with E-cadherin (red) and DAPI (blue) to evaluate fusion efficiency. (Scale bars = 50 μm). (F) Fusion
ratios were greatly enhanced in the micropatterned culture with the smallest dimensions comparing to nonpatterned culture conditions. (data
reported as mean ± standard deviation for n = 3 independent experiments; *p < 0.05 or ***p < 0.001 by two-tailed, one-way ANOVA with Holm−
Sidak posthoc comparisons).
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(Figure 5E). Significantly increased fusion ratios were achieved
in microtissues with diameters of 100 μm and smaller
compared to unconfined controls. For microtissues of 50 μm
diameter, an average of 70% fusion ratio was achieved,
compared to less than 40% in unconfined culture (Figure 5F).
No significant differences were found in fusion ratios for
patterns of 200 μm diameter or greater, although this might be
due to the reduced size of primary vCTB cells and their
inability to proliferate in vitro, compared to BeWo cells, which
makes it experimentally challenging to uniformly fill larger
microwells with well-packed cell clusters. The improved fusion
of vCTBs in small micropatterned islands strongly suggests
that the micropatterned culture platform may be fundamen-
tally applicable to studies of fusion regardless of cell type and
source.

■ DISCUSSION
Biochemical and pharmacological factors are well-established
triggers and inhibitors of STB formation. However, it remains
challenging to completely fuse villous cytotrophoblasts into a
large STB using current in vitro techniques. By culturing
villous trophoblasts on micropatterned adhesive islands that
mimic the stresses present during budding morphogenesis of
the villous tree structures observed in vivo, we (1) demonstrate
that mechanically directed culture techniques can play a
significant role in enhancing fusion processes; (2) reveal that
control of the mechanical culture environment may be a viable
strategy to manipulate fusion in vitro to study external
regulators and effectors of functional phenotypes in pregnancy
disorders; and (3) suggest that mechanical forces present
during dynamic tissue morphogenesis play a critical role in
placental cell and tissue function (Figure 6). Hence, the

formation of the villous syncytial sheath occurs robustly and
reliably in vivo because they form because of transient
endogenous mechanical stresses present during the dynamic
process of developmental placental tissue morphogenesis. This
understanding simultaneously explains why developing well-
fused culture models in static in vitro settings is so challenging
while providing a potential path toward next-generation
placental models for fundamental and applied placental studies.
Our findings strongly suggest that endogenous mechanical

signals play a previously unrecognized role in placental
villous trophoblast fusion. Some evidence in the literature
supports this idea as generic membrane fusion has been shown
to be regulated by the mechanosensor myosin II, which
modulates local membrane tension to drive pore formation
prior to fusion.42 More specifically for placental trophoblasts,
vCTB fusion does involve drastic perturbations of intercellular
junctions and rearrangement of the internal cytoskeleton,
leading to disruption and remodeling of E-cadherin and f-
actin.34 Both markers are intimately linked to mechanical
forces within and around the cells43 and are well-established

players in mechanobiological processes in which cells sense
and respond to mechanical stimuli.44−46 Furthermore, these
structures have a substantial impact on controlling a wide
range of downstream cell configurations, phenotypes, and
functions,47−49 most notably in stem cell differentiation.50 The
drastic change in the signature of these two biomarkers
strongly suggests that fusion could be regulated by mechanical
or biophysical stimuli, as demonstrated in our work.
Fusion in other biological systems has recently been studied

using micropatterned substrates, but with distinctly different
results. Zhu et al.33 demonstrate that breast cancer cells fuse
into giant multinucleated cells in micropatterned substrates,
and that biomechanical factors including reducing intracellular
forces via ROCK inhibition promote and stabilize cancer cell
fusion. In contrast, we show that fusion of placental villous
trophoblasts is significantly inhibited by reducing intracellular
tension. This indicates that the underlying fusion mechanisms
between the two cell types might be fundamentally distinct,
suggesting that even for superficially similar processes, the role
of the tissue microenvironment is not necessarily conserved
between systems.
Now that mechanical stresses induced in micropatterned

cultures have been established to spatially direct and
synergistically enhance villous trophoblast fusion efficiency,
the underlying details of this mechanism remain to be
explored. Despite careful control over micropattern size,
many mechanical parameters change simultaneously in these
cultures, and there likely exists a complex relationship between
stress gradients, cell shape, cellular compaction, and the levels
of fusion attainable in culture. Our findings are consistent with
previous studies showing that cells allowed to spread freely on
an unconfined substrate develop large focal adhesions and
highly organized stress fibers, which decreases actin dynamics
and membrane flexibility, both of which do not favor
trophoblast fusion.51 The geometrically confined culture
regions used here limit cell spreading, maintaining cells in
the center of the colony with sufficient mechanical tension52 to
allow fusion competency but not excessive tension that would
reduce fusion efficiency. Micropatterned colonies are also
expected to compact during culture due to the stress gradient
generated by endogenous tension.53 This stress gradient in
circular micropatterned colonies could enhance cellular
compression at the colony center, which could accelerate the
fusion process. Finally, the stress gradients themselves may
play a distinct role from stress magnitudes in fusion. Teasing
apart these factors would be an interesting next step in better
understanding fusion mechanics and dynamics.
Interestingly, the size of the syncytial patches formed in the

center of smaller micropatterned islands is roughly similar to
the size of the multiple separate syncytial patches found in
larger micropatterns (500 μm diameter) and in unconfined
conditions. Here, both BeWo cell lines and primary
vCTBs demonstrate a heterogeneous and spatially unpredict-
able fusion pattern in unconfined culture and in large
micropatterns, where syncytia are formed randomly through-
out the pattern. This suggests that stochastic mechanical
heterogeneity, known to arise in epithelial cell cultures,54 may
be responsible for the random formation of syncytial patches
and that these patches create a fusion-suppressive field in the
surrounding cells that prevents a large-scale syncytium from
forming. Speculatively, this fusion-suppressive field could be
driven by the observed loss of f-actin (Figure 3B) or other
mechanostructural proteins that alter mechanical tension in the

Figure 6. Proposed mechanism for in vivo formation of a completely
fused syncytiotrophoblast layer around the villous tree structure in
which dynamic forces generated during the budding morphogenesis
process sequentially prompt fusion during morphogenesis.
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cytoskeleton, preventing the formation of pro-fusion stress
gradients in the surroundings. In contrast, micropatterned
cultures direct stochastically generated mechanical stress
patterns to be more spatially reproducible, and sufficiently
small patterns hence result in robust and reproducible fusion
events.
Taken together, our results strongly suggest that appropriate

design of adhesive culture patterns and the mechanical
microenvironment surrounding microtissues can serve as
critically important design parameters to enhance fusion in
vitro. Exploring this design space will be of critical importance
when developing next-generation drug screening technologies
such as “organ-on-a-chip” platforms,55 including recently
developed placenta-on-a-chip model systems,56,57 which will
ultimately enhance our understanding of these complex
biological systems and provide a versatile set of tools to
improve disease modeling and therapeutic development
strategies.

■ CONCLUSIONS
Despite the established role of exogenous signals in regulating
fusion of villous trophoblasts into the STB layer, little is known
of the role played by endogenous biophysical stresses during
villous tree developmental morphogenesis in driving syncytial
cell fusion. In this work, we used biomimetic micropatterning
techniques to clearly demonstrate that trophoblast fusion is
sensitive to mechanical conditions present during morphoge-
netic budding that gives rise to the placental villous tree. In the
simple circular patterns tested here, fusion efficiency was
enhanced by up to 3-fold, and production of the functional
secreted factor β-hCG appears to be differentially regulated
from the fusion process, being produced in larger quantities
toward the edges of fused patches. These results suggest new
avenues of research in manipulating both trophoblast fusion
and syncytial patch function, a critically important next step in
developing physiologically realistic in vitro drug screening and
discovery platforms.
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