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Abstract

Objective: Fetal membranes, a vital component that helps maintain pregnancy and contribute to parturition signaling, are often
studied in segments due to its structural complexity. Transwells are traditionally used to study cell interactions; however, their
usefulness is limited. To overcome these difficulties, a fetal membrane-organ-on-chip (FM-OO-C) was created to study interactive
properties of amnion epithelial cells (AECs) and decidual cells compared to transwell systems. Methods: Primary AECs and
decidual cells from term, nonlaboring fetal membranes were cultured in a 2-chamber (AEC/decidual cell) FM-OO-C device
and sandwiched between a semipermeable membrane. Cells were treated with cigarette smoke extract (CSE) or dioxin, and
membrane permeability and cellular senescence were measured after 48 hours. The same experiments were conducted in
transwells for comparisons. Results: Compared to transwell cultures, FM-OO-C model produced better membrane perme-
ability readings regardless of the side of treatment or time point. Membrane permeabilization was higher in AECs directly treated
with CSE (1.6 fold) compared to similar treatment on the decidual side (1.2 fold). In FM-OO-C, treatments forced changes
between cellular layers. This was evident when CSE and dioxin-induced senescence on one side of the chamber produced similar
changes on the opposite side. This effect was minimal in the transwell system. Conclusion: The controlled environment of an
FM-OO-C allows for improved signal propagation between cells by minimizing noise and highlighting the small changes between
treatments that cannot be seen in conventional transwell devices. Fetal membrane-organ-on-chip provides a better interaction
between cell types that can be used to study fetal-maternal signaling during pregnancy in future studies.
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cutting-edge 3-D culture (spheroids, organoids) systems to
replicate cell—cell and cell-matrix interactions and paracrine
communications.® Transwell systems are traditionally used to
study cell—cell interactions; however, the usefulness of these
static systems is limited, cell migrations are limited and often
do not provide reproducible results.” Next generation cell
coculture models, termed organ-on-chip (OOC) systems, have
revolutionized research and medical fields with the develop-
ment of the brain,lo bloodfbrain—barrier,11 lungs,lz’13 heart,14
and liver'>—on-chip devices that are currently used to test drug
pharmacokinetics and pharmacodynamics, biological pro-
cesses, and disease phenotypes. Additionally, compared to
transwell cultures, the 2-chamber OOC model uses fewer cells
and allows for better interaction between cellular layers while
providing a sensitive measurement of membrane permeability,
cytokine propagation, and signaling pathways.

Recent development of endometrium-on-chip and placenta-
on-chip has provided insights into dynamic obstetrics compli-
cations.'®!” These advanced 3-D cell culture systems allow
cells to interact with other cells, matrix (eg, collagen), and
blood interfaces while maintaining their viability and function.
The microfluidic configuration is ideal for testing the effects of
drugs, infectious reagents, and endocrine signals on individual
cell compartments and their ability to interact and or affect
neighboring cells.” Though these models have been developed,
additional in utero components such as the umbilical cord, fetal
membranes, cervix, and vagina are still lacking complete OOC
models.

Fetal membranes, in particular, present an attractive tissue for
OOC modeling, since there is a fairly well-defined cellular struc-
ture and paracrine signaling appears to be central to its dynamic
function throughout normal and diseased gestation.'®'®2° It is
also a fascinating part of the fetal-maternal interface, containing
cells of both fetal and maternal origin cellular layers. A simple
single-chamber model of the decidua, the outermost, maternally
derived cell layer of the fetal membranes, was recently devel-
oped by our group to study paracrine signaling between macro-
phages and decidual cells in the setting of an inflammatory insult
(eg, infection).”’ However, that model did not incorporate fetally
derived cells. Thus, in the present study, we sought, for the first
time, to bring together fetal amnion epithelial cells (AECs) and
maternal decidual stromal cells to assess paracrine signaling in a
microscaled environment. Specifically, we investigated the pro-
pagation of fetal signals and their ability to induce changes in
maternal cells by creating a 2-chamber fetal membrane organ-
on-chip (FM-O0-C).

The primary objective of this descriptive study was to develop
FM-0O-C device and document its potential usefulness by com-
paring the interactive properties between primary AEC (fetal) and
decidual stromal cells (maternal) cocultured in 2-chamber FM-
0O0-C device versus traditional transwell plates. Given their
relevance to membrane biology,>**'** we employed models of
oxidative stress (OS) and cellular senescence to assess cell—cell
interactions in this environment. Using this model system, we
determined the effect of 2 environmental toxicants (cigarette
smoke and dioxin®®) on AEC and decidual cells separately and

tested the impact of exposure effect of one cell type over the other.
Cigarette smoke extract (CSE) was chosen as we have shown its
ability to induce OS, senescence, and sterile inflammation in
AECs and decidual cells.?* In addition, OS and associated
changes induced by CSE mimic such changes observed in
fetal-maternal interface cells from term parturition. The present
studies illustrate that the FM-OO-C potentially provides a better
window through which interactions between cell types that can be
observed in fetal-maternal signaling compared to currently
employed transwell systems. The FM-OO-C device controls fluid
flow rate and cell viability while allowing real-time observation
of the cultured cells and the capacity to analyze complex bio-
chemical and physiological responses.

Methods

Institutional Review Board Approval

This study protocol was approved by the institutional review
board at The University of Texas Medical Branch (UTMB) at
Galveston, Texas, as an exempt protocol for using discarded
placenta after standard term cesarean deliveries (UTMB Proj-
ect 69693). At Vanderbilt University, human gestational mem-
branes were excised from placental tissues from women who
delivered healthy, full-term infants by cesarean delivery with-
out labor. Deidentified tissue samples were provided by the
Cooperative Human Tissue Network, which is funded by the
National Cancer Institute. All tissues were collected in accor-
dance with Vanderbilt University Institutional Review Board
(exempt protocol approval #131607) and Declaration of Hel-
sinki. No subject recruitment or consent was required for this
study.

Microfluidic FM-OO-C Design

Polydimethylsiloxane layer design and fabrication. The device was
assembled using two 4.75 mm by 6.2 mm microfluidic cham-
bers separated by a semipermeable polycarbonate membrane
filters (3.0 uM, 13 mm; SterliteCH, M-170098, Kent, Washing-
ton, USA). The complete device was fabricated by soft litho-
graphy in polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning, Midland, Michigan, USA) as previously described
in Gnecco et al.”'®!”

Assembly of the 2-chambers platform. The top PDMS layer and
the membrane were oxygen-plasma treated (600 mTorr, 100
W, 45 s) and bonded together. The membrane was then placed
over the PDMS with forceps. The second layer was then
bonded with the same method on the membrane orthogonally
to the top PDMS layer. Oxygen-plasma treatment renders the
exposed surfaces hydrophilic. Hence, the assembled devices
were immediately filled with sterile DI H,O and stored at
4°C until used. For static experiments, 500 pL cloning cylin-
ders (Fisher Scientific, Pittsburgh, Pennsylvania) were bonded
with liquid PDMS to the inlet/outlet regions of each channel to
form small reservoirs for the cell media (Figure 1). Our primary
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Figure |. Fetal membrane organ-on-chip schematic. Schematic of the
2-chambered fetal membrane organ-on-chip coated in matrigel.
Amnion epithelial cells (AEC) are placed on top of a polycarbonate
semipermeable membrane, while decidual cells are placed in a lower
chamber.

objective of this descriptive study is to show the usefulness of
FM-OO-C model compared to the transwell system and to
project its future advantages.

Clinical Samples and Cell Culture

Amnion epithelial cell culture. Human primary AECs were isolated
from amnion membrane obtained from fetal membranes from
term, not in labor, cesareans. Approximately 10 g of amnion
membrane peeled from the chorion layer were dispersed by
successive treatments with 0.125% collagenase and 1.2% tryp-
sin. All cell culture reagents were purchased from Sigma-
Aldrich (St Louis, Missouri). Details of AEC isolation protocols
can be found in our previous reports.>* Briefly, the dispersed
cells were plated in a 1:1 mixture of Ham’s F12/Dulbecco Mod-
ified Eagle Medium (DMEM), supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 10 ng/mL epidermal
growth factor (EGF), 2 mM L-glutamine, 100 U/mL penicillin
G and 100 mg/mL streptomycin at a density of 3 to 5 million
cells per T75 and incubated at 37°C with 5% CO, until 80% to
90% confluence was achieved. The metastate (coexpression of
epithelial and mesenchymal markers)®® nature of the primary
AECs in cultures was verified by immunocytochemistry as
reported in our prior reports, and all cultures contained coexpres-
sion of cytokeratin-18 and vimentin positive cells.

Decidual cell culture. Primary decidual cells were isolated and
scraped off the chorion from term not in labor fetal membranes,

that is, decidualized endometrial cells of feto—maternal inter-
face. Separation of the decidua involved blunt dissection with
forceps and a scalpel. The decidual and chorion layers were
minced by cross-cutting with scalpel blades. Tissues were pro-
cessed in a digestion buffer containing 0.125% trypsin (Cat#
85450¢, Sigma-Aldrich), 0.2% collagenase (Cat# C0130,
Sigma-Aldrich), and 0.02% DNase I (Cat# DN25, Sigma-
Aldrich) and incubated at 37°C for 60 to 90 minutes. Samples
were subsequently neutralized with complete media (1:1 mix-
ture of Ham’s F12/DMEM, supplemented with 5% heat-
inactivated FBS, 10 ng/mL EGF, 100 U/mL penicillin G, and
100 mg/mL streptomycin; Cat# 30-001-CI, Corning, New
York, USA). After filtration, the cell solution was centrifuged
at 3000 rpm for 10 minutes. A cell separation gradient was
prepared using an Optiprep column (Axis-Shield, Dundee,
United Kingdom), with steps ranging from 4% to 40% of 4
mL each (4%, 6%, 8%, 9%, 10%, 20%, 30%, and 40%).
Digested decidual cells were added to the top of the gradient
and centrifuged (3000 x g) at room temperature for 35 minutes.
Cell densities of 1.027 to 1.038 g/mL represented cell found
within the decidual layer. Harvested cells were washed with
DMEM, centrifuged, and resuspended in DMEM, and cell via-
bility was tested using the trypan blue exclusion method. The
resuspended cells were subsequently seeded at a density of 3 to
5 million cells per T75 and incubated at 37°C with 5% CO,
until 80% to 90% confluence was achieved.

Cell Culture Seeding

Before using the FM-OO-C or transwells (3.0 um pore size),
devices were washed 3 times with 1x phosphate-buffered sal-
ine (PBS), coated with Matrigel (Corning Matrigel Basement
Membrane Matrix, *LDEV-free; 1:50 in PBS), and incubated
at 37°C with 5% CO, for 30 minutes. Next, devices were
washed 3 times with complete DMEM/F12 media before cell
seeding. Primary cells were then trypsinized and 25 000 AECs
in the top chamber and 15 000 Decidua in the bottom chamber
of the FM-OO-C; while 50 000 AEC (passage 1) and 30 000
Decidua (passage 6 and 8) were plated into the transwell (Fig-
ures 1, 2A-C, and 3A-C). Devices were incubated at 37°C with
5% CO, for 24 hours before treatment.

Cell Culture Treatments

To test the effect of OS and environmental toxins on signal
propagation and senescence at the fetal-maternal interface, we
treated each OOC with one of the following: (1) DMEM/F12
media (control), (2) OS inducer CSE 1:50,> or (3) environmen-
tal toxin 2,3,7,8-tetrachlorodibeno-p-dioxin (10 nM). Once
cells reached 70% to 80% confluence, each OOC was rinsed
with sterile 1x PBS, treated, and incubated at 37°C, 5% CO,,
and 95% air humidity for 48 hours. After 48 hours, bright field
microscopy (Nikon Eclipse TS100 microscope (10x; Nikon,
Melville, New York) was performed to determine cell mor-
phology and staining for each treatment.
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Fetal Membrane Organ-On-Chip

Figure 2. Fetal membrane organ-on-chip experimental layout and outcomes. A, Images of the FM-OO-C layout and experimental design. Fetal
membrane-organ-on-chip is a 2-chamber device divided by a polycarbonate semipermeable membrane. B, Bright field microscopy image of
primary human AECs in the top chamber and (C) primary decidual cells (DC) in the bottom chamber. Yellow outline documents morphology.
Images were captured at 10x and contain 20-um scale bars. D, FITC stain (yellow) is seen in the 2 horizontal columns feeding into the top
chamber AECs. Media were collected from the bottom vertical columns to measure membrane permeability. E, Bottom chamber showing
representative SA-B-Gal stained decidual cells and (F) top chamber of the FM-OO-C along with the (G) the semipermeable membrane
containing blue staining representing SA-B-Gal + AECs. H, Image of FM-OO-C containing media from both amnion and decidual cells which
can be used to measure cytokine kinetics. AEC indicates amnion epithelial cells; FITC, fluorescein isothiocyanate; FM-OO-C, fetal membrane-
organ-on-chip; SA-B-Gal, senescence-associated [3-galactosidase.

Fluorescein Isothiocyanate Membrane Perfusion Assay ~ distinguishes senescent cells from normal cells.*** Senescent
cells were identified using a histochemical staining kit
(ab65351), with blue cells visualized by light microscopy at
48 hours after treatment (Figures 2E and 3E). An average of 4
regions were collected per condition using bright-field micro-
scopy (Nikon Eclipse TS100 (10x; Melville, New York) and
the number of cells with positive staining (blue colored cells)
were analyzed. Image modifications (brightness, contrast, and
smoothing) were applied to all image sets using Lightroom and
Image J (National Institutes of Health, rsbweb.nih.gov/ij) and a
grading scale was used to measure the staining intensity of 5
image fields per experiment (Figure 4B).

To determine membrane permeability and media propagation
between both chambers of the FM-OO-C and transwell
devices, we designed a set of perfusion assay experiments
(Figures 2D and 3D). Fluorescein isothiocyanate (FITC) was
added to the top insert and chamber of the devices while PBS
was added to the bottom. Collected effluent from the bottom
compartment was collected for up to 2 hours to determine
membrane integrity. A fluorescence microplate reader
(GloMax Multimode Readers, Promega, Madison, Wisconsin,
USA) at 470 nm excitation and 520 to 550 nm emission range
was used to measure the intensity of FITC dye that perfused
through the membrane layer and into the bottom chamber.
Statistics

For this descriptive manuscript, a total of 4 cell preparations (2
AECs and 2 decidual cell preparations) were used to validate
Expression of the senescence-associated B-galactosidase (SA-  this method. Thus, fold change and trends were reported
B-Gal) biomarker is independent of DNA synthesis and instead of statistical significance.

Senescence-Associated [-Galactosidase Assay
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Figure 3. Transwell experimental layout and outcomes. A, Images of the transwell layout and experimental design. Transwell is a 2-chamber
device divided by a polycarbonate semipermeable membrane. B, Bright field microscopy image of primary human AECs in the top chamber and
(C) primary decidual cells (DC) in the bottom chamber of the transwell devices. Yellow outline documents morphology. Images were captured
at 10x and contain 20-um scale bars. D, FITC stain is seen in the 2 columns (top chamber) feeding into the top chamber AECs. Media were
collected from the bottom columns (bottom chamber) to measure membrane permeability. E, The lower chamber of the transwell showing
representative SA-B-Gal stained decidua (blue). F, The semipermeable membrane containing blue staining representing SA-B-Gal + AECs are
circled in black. G, Image of transwell devices containing media from both amnion and decidual cells which can be used to measure cytokine

kinetics. AEC indicates amnion epithelial cells; FITC, fluorescein isothiocyanate; SA-B-Gal, senescence-associated -galactosidase.

Results
Development of FM-O0-C

The FM-OO-C microfluidic coculture platform was composed
of 2 orthogonal stacked chambers, containing equal surface
area (29.45 mm?) that contained primary AECs (fetal) on top
and decidual cells (maternal) on the bottom (Figures 1 and 2A-
C). The 2 chambers are divided by a semipermeable membrane
similar to extracellular matrix component of fetal membranes
(Figure 2E, yellow circle). Additionally, this membrane
allowed effluent signal propagation and cell migration between
compartments permitting for in vitro analysis of complex bio-
logical processes (Figure 2D-H). The same cell preparations in
traditional transwell cultures were used for comparison pur-
poses (Figure 3).

Cellular Interactions Are Better Determined Using
FM-OO-C Than Transwell Cultures

To compare the FM-OO-C to a more conventional transwell,
we treated AEC and decidual cells separately with 2 environ-
mental toxicants (cigarette smoke and dioxin) and examined

the changes on AECs and its impact on decidual cells and vice
versa. As shown in Figure 4, dioxin exposure differentially
induced membrane permeability at the fetal-maternal inter-
face, compared to the OS-inducer CSE in the FM-OO-C. Com-
pared to transwell cultures, the 2-chamber FM-OO-C model
promoted better cellular interactions and allowed sensitive
measurement of membrane permeability irrespective of treat-
ment side (AEC vs decidual cells; Figure 4A). Cigarette smoke
extract treatment of AEC produced higher membrane permea-
bilization (1.6-fold) than treatment on the decidual side
(1.2-fold); whereas dioxin treatment on the decidual cell side
produced higher permeabilization (1.1-fold) than treatment of
the same on AEC side (0.7-fold; Figure 4A). In contrast, this
effect was minimal in corresponding transwell treatments.

Fetal Membrane-Organ-On-Chip Promotes Biochemical
Exchange Between Fetal and Maternal Chambers
Leading to Senescence

To identify the ability of OS (CSE treatment) and environmen-

tal toxins (dioxin treatment) to induce and propagate signals of
cellular senescence between the 2 chambers of the FM-OO-C,
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Figure 4. Cigarette smoke extract (CSE) and dioxin differentially induce membrane permeability and senescence in fetal and maternal cells.
A, Fetal membrane-organ-on-chip (FM-OO-C) and transwell devices were seeded with AEC and decidual cells (AEC/decidual cells), treated with
either CSE or dioxin media for 48 hours. Cells were also maintained in cell culture media as controls. Fluorescein isothiocyanate measured
membrane permeability for up to 2 hours. Compared to transwell cultures, the 2-chamber FM-OO-C allowed for more sensitive measurement
of membrane permeability regardless of treatment side. Membrane permeabilization was higher with AECs treated with CSE compared to
similar treatment on the decidual side. Decidual cells treated with dioxin-induced higher membrane permeabilization compared to dioxin
treatment on AEC side in OOC and transwell systems (2 fold). B, Scoring system to determine the amount of SA-B-Gal (blue; arrows) in AECs
and decidual cell cultures. All images were taken at 20X and scale bar is set to 20 microns. C, Relative quantitation of SA-B-Gal stain from the
FM-OO-C and transwell devices. Treatments are documented as (AEC/DC). AEC indicates amnion epithelial cells; FM-OO-C, fetal membrane-
organ-on-chip; OOC, organ-on-chip; SA-B-Gal, senescence-associated [-galactosidase.
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we designed a scoring system for SA-B-Gal staining (blue) in
AECs and decidual cells (Figure 4B). Compared to control
cultures, CSE and dioxin treatments induced cellular senes-
cence in AECs and decidual cells after 48 hours. Additionally,
both CSE- and dioxin-treated sides in the FM-OO-C induced
senescence and forced similar changes on the opposite chamber
(ie, decidua treatment of CSE-induced AEC senescence 1.4-
fold higher than controls, while AEC treatment with dioxin-
induced decidual senescence 1.4-fold higher than controls),
suggesting transfer of biochemical signals between layers that
are capable of producing labor-associated changes (Figure 4C).
Transwell cultures compared to the corresponding FM-OO-C
treatments did not allow propagation of such signals as indi-
cated by minimal effect on SA-B-Gal levels (Figure 4C).

Discussion

Here, we further developed an organ-on-chip (OOC) model of
the human fetal membrane with a device containing human
AECs and decidual cells, a model for the fetal-maternal inter-
face component of the fetal membranes that can be used to test
cell migrations and transitions, intercellular interactions, and
signaling. Amnion epithelial cells and decidual cells were
cocultured in a 2-chamber OOC separated by a semipermeable
membrane representing the fetal membrane extracellular
matrix. This device allowed us to test fetally derived signals’
ability to induce extracellular matrix permeability and cellular
changes like senescence. Here, we document that the FM-OO-
C model (1) maintains physical and fluidic isolation between
fetal and maternal compartments (cells), (2) stimulates primary
cells to cause biochemical changes, (3) provides better inter-
actions between cell types, and (4) allows for better transfer of
biochemicals between compartments compared to transwell
cultures to impact changes by the recipient cells. Though more
rigorous testing should be conducted before making a defini-
tive statement that the FM-OO-C model is better than trans-
wells, these results suggest OOC devices are ideal for
addressing specific questions related to feto-maternal signaling
during pregnancy.

The controlled environment of the FM-OO-C allows
improved signal propagation between cells/chambers by mini-
mizing variability while highlighting subtle changes like cell’s
ability to induce membrane permeability and transfer biochem-
icals between treatments compared to transwell systems.”'®!”
On the contrary, transwell systems by nature enhance their
nascent signal/noise ratio with different surface areas, cell
quantities, and media volumes between the 2 chambers. Spe-
cifically, negative results in transwell experiments, in part,
could be due to the large difference in effluent volume between
the top and bottom chambers of the transwell (Top: 600 pL;
Bottom: 1500 pL) which is addressed in most organ-on-chip
models (FM-OO-C; top: 800 puL; bottom: 800 puL). This differ-
ence could be one of the reasons fetal and maternal biochem-
ical signals failed to propagate and induce senescence in the
transwell system compared to the FM-OO-C. Additionally,
stimulant-dependent changes were not detected in transwell

membrane perfusion studies. Dilution of the transwell FITC
signal (10-fold lower), which crossed to the lower chamber
during the membrane perfusion assay, could address these find-
ings. Due to FM-OO-C’s ability to amplify small changes in
effluent signals, future experiments will be conducted to utilize
dynamic flow of media in this system to replicate shear stress at
the cellular level and to detect the kinetics of various signal
generation.

Although FM-OO-C has many advantages to single cell
cultures, the model presented here has limitations. Besides the
dynamic flow system mentioned above, some other areas to be
addressed in future designs include (1) composition of the
semipermeable membrane to better mimic extracellular matrix
in utero, (2) organization of the device to allow for better
imaging of chambers and migratory cells, (3) the addition of
other collagen types and cell layers to complete the fetal—
maternal interface. This model did not include amnion
mesenchymal cells, chorionic trophoblasts, or immune cells
that also play a major role in signaling between AEC and
decidual cells,'®'® and (4) adaptations in cell loading to pro-
duce an even and consistent cell confluence.

In summary, we utilized an OOC model to recreate the
fetal-maternal compartment of the fetal membranes (FM-
00-C), which can be used to better understand cellular inter-
actions and paracrine cross-talk between maternal and fetal
cells during pregnancy and parturition. Organ-on-chips repre-
senting a variety of physiological states and organ systems have
become a critical step in the drug discovery pipeline and are the
future of bench to bedside research. Continual progress to the
FM-0O0-C model is expected to recreate the entire fetal
membrane-on-chip, thus allowing for a full model of
pregnancy-on-chip for studying cellular interactions during
pregnancy and parturition, screening of drugs, and to advance
research activities to reduce the risk of pregnancy-associated
complications.
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