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Human pregnancy and parturition-associated studies 
are fascinating for reproductive biologists. Pregnancy 
involves two independent fetomaternal units that co-
exist for ten months (about 40 weeks) and synchronously 
coordinate events leading to parturition.[1] During pregnancy, 
the harmonious state established by various factors 
(e.g., endocrine, immune, mechanical, and paracrine) is 
compromised as term approaches. Compromise to different 
homeostatic systems leads to the transition of  quiescent 
fetomaternal uterine tissues that maintain a pregnancy to 
an active state of  labor. Disruption to these processes is 
associated with adverse pregnancy events. Preterm labor 
and delivery (preterm birth [PTB], < 37 weeks) contributing 
to 1 million neonatal deaths around the world/year is one 
of  the major complications impacting about 12% of  all 
pregnancies.[2-5] PTB is not just an early initiation of  labor 
resulting in delivery, but a syndrome initiated by failures 
in any of  the fetomaternal uterine systems that maintain 
pregnancy.[6,7] Currently, it is thought that the mechanisms of  
delivery in normal parturition and PTB are different, but the 

actual answer remains unclear. Reducing PTB risk remains 
a challenge as this condition may arise with a fetomaternal 
medical indication for early delivery or could be spontaneous 
with no known etiology.[7,8] Advances in reproductive biology 
research have improved our knowledge of  the fetomaternal 
uterine organ system and their contribution to pregnancy 
and parturition at term and preterm.[9-12] However, several 
challenges persist, which prevent us from making major 
impacts in reducing PTB.

The communication between the fetus and the mother 
throughout gestation that maintains the pregnancy clock 
and determines labor timing is difficult to study. Many 
theories and models exist; however, a systematic approach 
to understanding disease development across various 
uterine tissues and signaling between different systems 
is needed. Modeling interindividual and intercellular 
interactions using current methods is difficult. To 
overcome these limitations of  current in vitro cell culture 
techniques (both 2D as well as 3D organoid models) or in 
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vivo animal models that do not mimic human pregnancy 
and complex human organ systems, scientists in the 
area of  reproductive biology and medicine are adopting 
innovative approaches like organ-on-a-chip (OOCs) for 
intercellular interaction studies. A biomimetic “organ-on-
a-chip” is to recapitulate the multi-cellular organ system as 
seen in vivo as much as possible using in vitro cell culture 
systems., These models can better mimic the structure, 
functions, and responses of  organ systems, though do 
not mean maintaining or growing actual organs on a chip. 
As stated by Bhatia and Ingber in their review, the goal 
of  OOC is not to build a whole living organ but rather 
to synthesize minimal functional units that recapitulate 
tissue- and organ-level functions. The combination of  
microfabrication, microfluidics, and induced pluripotent 
stem cell (iPSC) technologies has provided many 
physiological models that better mimic human anatomy, 
functions, and responses more accurately, as seen in 
vivo. These microphysiological systems (MPS) platforms 
can provide compartmentalized chambers that enable 
culturing and organizing cellular, extracellular matrices 
(ECMs), and other microenvironmental layers within these 
compartments while still providing avenues for cellular 
signals, and sometimes even cells themselves, to propagate 
between the compartments through interconnected fluid 
paths.[13,14] These systems allow live imaging of  cell and 
extracellular vesicle trafficking, high-resolution imaging, 
and analysis of  elutes and cells using high throughput 
technologies14. Recreating the dynamic flow of  materials 
through various cell layers allows recapitulation of  blood 
flow and other fluid flows.

Several of  the existing OOC models developed for the 
placenta, amnion membrane, and fetal membrane-maternal 
interface[15-23] are basic two-cell-type co-culture models. 
However, a few that incorporate more than two from fetal 
and maternal cells are emergining.[21,23] Studies using these 
systems range from very simple drug perfusion studies 
to more complex ascending infection (from mother to 
fetus) studies.[21,24,25] There is one very simplistic model 
of  cervix,[26] while none exists for myometrium. A major 
shortcoming of  most of  these models is that they are 
missing essential cell types seen in utero (e.g., extravillous 
trophoblast, transformation zone, and cervical stroma; 
immune cells in decidua). Importantly, in utero, these 

different fetomaternal tissues work cohesively to maintain 
homeostasis, and interconnected OOC models are required 
to study intercellular interactions.

Nevertheless, there have been no such efforts thus far. This 
contrasts with other areas of  OOC model development, 
where interconnected multi-organ OOC models are now 
emerging (e.g., liver/bone marrow, neurovascular unit, gut/
brain/liver, liver/heart/lung).[27-32] Such interconnected 
models have the potential to decipher mechanisms where 
multiple organ systems play vital roles together, which is 
the case for uterine tissues and pregnancy.

Currently, in collaboration with Dr. Arum Han (Texas 
A&M University, College Station, TX, USA), my laboratory 
has developed variations of  OOCs to study human fetal 
membranes. We have also developed a cervix and a placenta 
on a chip. The rest of  the review will discuss the application 
of  fetal membranes on a chip and various studies we have 
conducted to understand different biological mechanisms 
of  fetal membrane functions. A summary of  the utility of  
these devices is provided below. Please refer to specific 
references under each subheading for experimental details 
and other outcomes.

The human amnion membrane on a chip (AM-OOC) is a 
planar two-chamber device connected through an array of  
24 microchannels (Figure 1). Microchannels were coated 
with type IV collagen to mimic the amnion basement 
membrane. Amnion epithelial cells and mesenchymal 
cells were used in this device. This device was developed 
to study the trafficking of  cells, their transitions, and cell 
fate in response to oxidative stress.[33] Recently, we used 
the same model to test immune cell migration between 
the choriodecidual interface. We used chorion trophoblast 
cells from the fetal membranes in the outer chamber and 
decidua parietalis cells along with CD45+ immune cells 
(resident isolated from the decidua). In this pilot project, 
we determined immune cell migration (with live imaging 
capabilities), their status (active vs. inactive), and their 
impact on cells that lack them.

The human fetal membrane on a chip (FMi-OOC) is a four-
chamber device designed to mimic the human fetal membrane 
(amniochorion) and decidua interface (Figure 2). This chip 

Figure 1. Amnion membrane on a chip (AM-OOC). In this two-chamber device connected through 24 microchannels coated with Type IV collagen to mimic 
basement membrane region, properties of the cells in the amnion layer (epithelial and mesenchymal cells) were tested. PDMS: polydimethylsiloxane.
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contained four interconnected chambers with amnion 
epithelial cells, amnion mesenchymal cells in the extracellular 
matrix, chorion trophoblast cells, and decidual parietalis cells. 
Microchannels were coated with type IV collagen to model 
the amniochorion basement membranes. This is one of  the 
first devices to mimic the human fetomaternal interface at 
the membrane/decidual region.[21] FMi-OOC was used for 
various applications as listed below:

1. Modeling ascending infection: In this study, ascending 
infection was modeled by treating decidual cells with 
lipopolysaccharide (LPS). The kinetics of  LPS propagation 
and LPS induced inflammation in maternal and fetal 
cell layers in a time and dose-dependent manner was 
reported.[21] This study concluded that ascending infection 
could cause a fetal inflammatory response to increase an 
inflammatory load associated with PTB. Validation of  
this study was performed in animal models using LPS 
(intraperitoneal injection)[34] and an ascending model of  
E. coli infection that resulted in PTB.

2. Testing toxicologic effects of  Cadmium on fetomaternal 
interface cells: Maternal exposure to Cadmium was tested in 
this study.[35] Cadmium was unable to propagate across the 
chorion layer of  the fetomaternal interface cells resulting 
in maternal, but not fetal, cell death and inflammation. 
These results are similar to clinical reports noting Cadmium 
restricted to the placenta trophoblast layers resulting in 
minimal cytotoxicity on the fetal side but inducing maternal 
tissue cytotoxicity. This model suggested that Cadmium-
induced PTB is likely mediated by maternal inflammatory 
response than fetal.[35] 

3. Propagation of  senescent fetal exosomes carrying 
damaged associated molecular pattern marker high 

mobility group box 1 (HMGB1) across the fetomaternal 
interface: Our earlier works have shown that human fetal 
membranes undergo senescence and produce HMGB1 
enclosed extracellular vesicles (exosomes 30-160 nm).[36-39] 
These exosomes can propagate as communication channels 
between the fetus and the mother to cause uterine activation 
and labor-associated changes. Using the FMi-OOC, we 
were able to recapitulate these events.[23] In this study, we 
were able to show that engineered exosomes containing 
HMGB1 can propagate from the fetal side to the maternal 
side and cause inflammatory changes often associated 
with labor and delivery. Further, we demonstrated the 
physiologic relevance of  this model using mouse model 
experiments where HMGB1 containing exosomes caused 
PTB, which was associated with fetomaternal inflammatory 
changes as observed in our OOC system.[23]

4. FMi-OOC for studies on drug kinetics: Recently, we have 
used FMi-OOC to test the kinetics of  drugs across the 
fetomaternal interface at the membrane/decidual parietalis 
region. We tested the transport of  statins (Pravastatin and 
Rosuvastatin) using the FMi-OOC and determined that 
drugs can be transported across the fetal membranes. This is 
novel, as conventionally it was thought that only the placenta 
transports drugs during pregnancy. In addition, using the 
FMi-OOC model, we have shown cell and time specific 
drug metabolites and the differential expressions of  the 
metabolizing enzymes across the fetomaternal interface.

In summary, OOC provides a great tool to study 
intercellular interactions while maintaining the architecture 
of  the tissues. In the perinatal biology field, OOC can 
be used to determine the mechanisms and pathways of  
various physiologic and pathologic processes, healthy and 
disease state modeling, the impact of  immune cells, kinetics 

Figure 2. Amniochorion/decidual interface on a chip (FMi-OOC). This chip contains four concentric circles to hold 4 distinct cell types, all interconnected 
through microchannels. Reservoirs on the top will function as inlets for media/cells and outlets for elutes. An example of different dye loaded FMi-OOC is 
shown at bottom right. 
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of  materials flow between cells, and preclinical drug and 
biomarker trials.
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