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LAY ABSTRACT 
 
The placenta is an essential organ in pregnancy and is responsible for a variety of phenomena 

that assure the survival of the fetus. However, many women suffer from negative pregnancy 
outcomes due to placental disorders, such as preeclampsia, or due to the crossing of unsafe 
compounds through the placenta to the fetus. Trophoblasts are the most notable placental cell type 
originating from the fetus and they have the capacity to mature into more specialized subtypes that 
are responsible for placental barrier function and placental development via invasion into the 
maternal tissue. In this work, we have designed three systems that either model placental barrier 
function or trophoblast invasion by culturing primary endothelial cells with differentiated 
trophoblast cells on a gel-based device. Using the barrier models, it is possible to assess the rate of 
ƣƖċŰƚƓŸƖƣШŸŉШĬŔŉŉĲƖĲŰƣШĦŸůƓŸƨŰĬƚШƣőċƣШůċǃШĤĲШƓƖĲƚĲŰƣШŔŰШƣőĲШůŸƣőĲƖќƚШĤũŸŸĬШƣŸШƣőĲШŉĲƣƨƚЯШƣŸШċƚƚĲƚƚШ
their safety. Whereas the invasion model has the capacity to model the genesis of the placenta and 
therefore may be used to shed light on the causes for placental dysfunctions at the early stage of 
pregnancy.  
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ABSTRACT 
 
The placenta is a highly vascularized, temporary organ developed in pregnancy that is 

composed of both maternal and fetal cells. It plays a pivotal role in gestational health by facilitating 
embryo implantation and fostering nutrient exchange between mother and fetus. Placental 
malformation and the diffusion of harmful exogenous substances through the placental barrier can 
cause pregnancy complications and, in more severe cases, death of the mother or the fetus. Further, 
the placenta undergoes profound morphological and functional changes throughout pregnancy. 
Establishing models to mimic these phenomena at different stages of pregnancy informs 
prescription drug safety and expedites the development of placental disease treatments. Mouse 
models are often used to simulate human fetal development despite major interspecies differences. 
These limitations drive researchers to developing in vitro models consisting of human-derived cells. 
This thesis presents three 3D vascularized placental models utilizing human placental stem cells 
(PSCs) and human umbilical vein endothelial cells (HUVECs) which can model multiple placental 
phenomena across early- and late-stage pregnancy.  

 
The first model features a 3D fibrin hydrogel network with self-assembled vasculature and a 

monolayer of syncytialized human trophoblastic stem cells (STs) serving as a platform for barrier 
studies at the maternal-fetal interface. By tuning trophoblast differentiation and vascularization of 
this model to mimic the early- and late-stage placenta, it was revealed that placental barrier 
permeability was dependent on placental maturity and that the vascular barrier is also a critical 
determinant of what molecules can be passed from the mother to the fetus. The design and 
manufacturing of this model were then streamlined to meet the demands of large-scale drug studies 
in the second placental barrier model.  

 
Placental invasion into the maternal decidua is carefully orchestrated by multiple cell types to 

prevent over- and under-invasion, both of which can be dangerous to the mother and fetus. 
Understanding the biochemical and environmental cues that permit this healthy invasion can allow 
for improved diagnostics and treatments of placental diseases, such as preeclampsia and placenta 
accreta. Thus, the third model presented herein is a placental invasion model with chorionic villus-
like structures seeded with invasive extravillous cytotrophoblasts (EVTs) and a perfusable vascular 
channel.  

 
Collectively, these models facilitate the exploration of placental morphogenesis and function 

throughout various stages of pregnancy. They offer a valuable tool for probing placental dysfunctions 
and assessing drug safety, ultimately contributing to advancements in fetal-maternal health. 
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1. INTRODUCTION 

1.1. EARLY PLACENTAL DEVELOPMENT 

 
The placenta is a temporary organ that starts developing within the first two months of pregnancy 

and continues to grow until the 34th week to meet the increasing nutrient and oxygen demands of the 
ŦŜǘǳǎΦ 5ǳǊƛƴƎ ǘƘŜ ŦŜǊǘƛƭƛȊŀǘƛƻƴ ǎǘŀƎŜ ƻŦ ƘǳƳŀƴ ǊŜǇǊƻŘǳŎǘƛƻƴΣ ǘƘŜ ŦŜƳŀƭŜΩǎ ƻǾǳƳ ŀƴŘ ƳŀƭŜΩǎ ǎǇŜǊƳ ŎƻƳōƛƴŜ 
to create a unicellular organism called a zygote. This cell reproduces mitotically until it forms a hollow cell 
mass known as the blastocyst which will then travel into the maternal uterus and embed itself into the 
endometrial wall. Cytotrophoblasts form the outer layer of the blastocyst, which develops in the first week 
post-fertilization. In the first trimester of pregnancy, these cells are responsible for a diverse list of key 
functions, ultimately allowing the establishment and maintenance of the pregnancy. Cytotrophoblasts will 
differentiate into specialized subpopulations of either syncytiotrophoblasts (STs) or extravillous 
cytotrophoblasts (EVTs). STs acquire the capacity to fuse into a multinucleated cell layer which acts as the 
main site of transplacental transport, whereas EVTs invade the maternal decidua and remodel maternal 
spiral arteries to achieve increased maternal blood perfusion through the placenta1.  

 
 

1.2. TRANSPLACENTAL TRANSPORT 

1.2.1. Formation of transplacental barrier in humans 

 
After blastocyst implantation, cytotrophoblasts begin to fuse to form a multinucleated tissue called 

the syncytiotrophoblast layer (or syncytium). This differentiation mechanism is paralleled by the secretion 
ƻŦ ʲ-human chorionic gonadotropin ό-̡hCG)1. The resulting syncytiotrophoblast layer contains two 
polarized plasma membranes: an exterior microvillous plasma membrane and interior basal plasma 
membrane oriented towards the fetal vasculature2. The characteristics of these membranes will influence 
nutrient and gas transport efficiencies across the placenta. Once the syncytium is formed, 
cytotrophoblasts that line its interior will rapidly proliferate and penetrate through the syncytium and 
eventually surround the blastocyst to form the intervillous space. These cells will form branched 
structures, called chorionic villi, which contain the fetal vasculature and are enveloped in both 
cytotrophoblast and syncytiotrophoblast layers (Figure 1.1). The syncytiotrophoblast is the only fetal 
tissue that is in direct contact with maternal blood and represents the main site of nutrient and gas 
uptake3 (Figure 1.1C). Glucose, the main source of energy for the fetus and the placenta, is transported 
across the placenta by facilitated diffusion through glucose transporter proteins (GLUTs) and is therefore 
highly dependent on glucose gradients across the syncytium2. Moreover, the placental syncytium forms a 
barrier against pathogen invasion in the fetus. Zeldovich et al. showed that syncytialization of trophoblasts 
increases their elastic modulus, which caused resistance to Listeria monocytogenes invasion through the 
placental barrier4. In addition to protecting the fetus against exogenous factors, the syncytium plays an 
ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ǇǊƻǘŜŎǘƛƴƎ ǘƘŜ ŘŜǾŜƭƻǇƛƴƎ ŦŜǘǳǎ ŦǊƻƳ ǘƘŜ ƳƻǘƘŜǊΩǎ ƛƳƳǳƴŜ ǎȅǎǘŜƳΣ ǿƘƛŎƘ ƛǎ ŀŎǘƛǾŀǘŜŘ 
into an inflammatory state during pregnancy by the semi-allogenic fetus5. Syncytiotrophoblasts secrete 
extracellular vesicles into the maternal blood stream which have been shown to modulate maternal 
immune response during gestation5,6. Although rodent models are often used to recapitulate the 
maternal-fetal barrier of the human placenta, important structural and functional differences exist in the 
hemochorial placentas of these two species. Therefore, there are important limitations that need to be 
considered when extrapolating data from these models to humans7. Many in vitro placental barrier 
models have recently been established to study placental transport mechanisms. 
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Figure 1.1. Structure of the human placenta. A. The placenta grows in the upper region of the uterus, opposite from the cervix and 
is connected to the fetus via the umbilical cord. B. The vein and two arteries from the umbilical cord branch out into smaller vessels 
throughout the placenta and grow towards the maternal decidua forming chorionic villi. C. These chorionic villi are lined with a 
layer of cytotrophoblasts. Some of these cytotrophoblasts will fuse together forming a multinucleated barrier, called the 
syncytium, separating the maternal blood in the intervillous space and the fetal vasculature. It is through this barrier that nutrient 
gas, waste, and drug transport occur. At later stages of pregnancy, the cytotrophoblast layer will regress to maximize transport 
between mother and fetus. 

 

1.2.2. In vivo and ex vivo placental barrier models 

 
There are three major types of placentas across the mammalian class (epitheliochorial, 

endotheliochorial and hemochorial) and they are characterized by their degree of attachment and 
invasion into the maternal decidua8.  Animals such as mice and rats are most often used to model the fetal 
placenta barrier because they develop hemochorial placentas, similar to humans9ς11. Mouse placentas 
have also been shown to have gene expression profiles that parallel those from human placenta, and 
more so in the early phase of gestation12. However, the human placental barrier is composed of two cell 
layers, the syncytiotrophoblast layer and the endothelial layer, whereas four layers separate the maternal 
and fetal blood in mice: 3 trophoblast layers and one endothelial layer13,14. In addition, human 
trophoblasts are more invasive in their penetration of the maternal decidua, and the main nutrient 
exchange area is villous rather than the labyrinthine structure of rodent placentas. The differences limit 
these modelsΩ translational potential to humans9. Rodent models are especially unsuitable to model 
materno-fetal immune transfer given that the FcRn receptors responsible for IgG transfer in mice are 
located on the yolk sac and not on the placenta15. In their review, Schmidt et al. compiled a list of 
substances with species-specific placental transport differences16. These compounds ranged from single 
elements, such as chloride and sodium17, to endogenous compounds, such as glucose18 and proteins19, 
and to pharmaceutical such as barusiban20 and salicylic acid21. Ex vivo assays have therefore become the 
standard in placental transport assays22ς24.  

 
Ex vivo perfusion of an intact human placenta is by far the most widely-used technique to model 

placental barrier function because it is believed to yield the most relevant results23,25,26. Although the 
practice had first been described in 1967 by Panigel et al.27,28, this technique has evolved and is still utilized 
in 202429,30. Single placental perfusion studies are characterized by the circulation of media or buffer 
solution in either the fetal or maternal side of a cotyledon that has been inspected for macroscopic 
defects. In contrast, dual perfusion studies include the circulation of both maternal and fetal sides. These 
systems have been used for the study of transplacental transport of drugs29,31,32, antibodies33, antibiotics34, 
nanoparticle transport35,36 and more30,37. For example, this year, Morales-Prieto et al. showed that a single 
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perfusion system could be used to study T-cell and natural killer cell microchimerism, the bidirectional cell 
transport between mother and fetus30,  whereas Eliesen et al. utilized a dual-perfusion explant model and 
showed that tofacitinib, a drug recently approved for treatment of rheumatoid arthritis, psoriatic arthritis 
and ulcerative colitis, can readily and extensively cross the placental barrier29. However, these models 
suffer from low success rates between 15% and 38%38,39, which can be attributed to the high complexity 
of the protocols designed to maintain explant integrity, perfusion and viability of the cultures39. Further, 
when collecting placental explants, the tissue must be cannulated within 15 minutes of delivery or the 
viability of the tissue drops significantly and they can only be perfused for up to 48 hours, which limits 
their applicability to long-term drug treatment trials28. Finally, placental explants from the first and third 
trimester are extremely limited and their perfusion is technically challenging, therefore these ex vivo 
models can  only offer insight into transplacental transport in the third trimester of pregnancy28. 

 

1.2.3. In vitro placental barrier models 

 
For decades, simple in vitro models utilizing trophoblast cell lines cultured on semi-permeable 

polycarbonate filters had been employed to assess placental barrier permeability to nanoparticles, drugs 
and other exogenous substances40ς42.  However, many of these models failed to include other cell types 
through which molecules need to cross to enter the fetal circulation, such as fetal endothelial cells. Nearly 
a decade ago, Blundell et al. developed the first perfusable vascularized placenta-on-chip model consisting 
of the coculture of villous endothelial and trophoblast cells on opposing sides of a semi-permeable 
membrane43. Although practical for barrier studies, this model lacks three-dimensionality and utilizes cell 
lines, which are notorious for losing the true characteristics of the cells from which they were derived40. 
To address some of these drawbacks, Nishiguchi et al. created a placental barrier model containing blood 
capillary networks embedded within a hydrogel matrix and a confluent primary human cytotrophoblast 
bilayer44.  Although many other in vitro placental barrier models have been developed44ς46, until recently, 
none had successfully coupled highly-differentiated STs with vascular perfusion and donor-derived cells. 

Since the publication of our first perfusable placental barrier model which achieved this47, Hori et al. 
utilized the same trophoblast stem cell line to produce a column-type placental barrier model which 
incorporated highly-differentiated stem cell-derived syncytiotrophoblasts and HUVECs23. They 
subsequently tested the permeabilities of three xenobiotic compounds (antipyrine, caffeine, and 
glyphosate) and showed values that trended similarly to ex vivo perfusion studies. However, large scale 
drug transport studies would not be possible using this model, driving the need for high-throughput 
placental barrier models. Recently, machine learning models have been developed which can screen the 
literature for the fetal/maternal transport ratios or clearance indexes of large drug libraries and predict 
the transfer of new drugs across the placental barrier48. However, these artificial intelligence models 
depend on the availability of large quantities of high-fidelity data, whose numbers can only be achieved 
via in vitro studies. 
 

1.3. TROPHOBLAST INVASION AND SPIRAL ARTERY REMODELING 

1.3.1. Trophoblast invasion and spiral artery remodeling in humans 

 
During early placental development, spiral artery remodeling occurs in the maternal decidua to adapt 

to the increasing nutrient and oxygen demands of the fetus. Once the chorionic villi have branched out 
towards the maternal decidualized endometrium, cytotrophoblast cells at the villous extremities will 
rapidly proliferate and further differentiate into an invasive trophoblast subtype called extravillous 
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cytotrophoblast (EVT). These cells will penetrate through the syncytiotrophoblast layer and commence 
their invasion into the maternal decidua (interstitial trophoblasts) and the maternal spiral arteries 
(endovascular trophoblasts), releasing proteolytic enzymes that degrade maternal spiral arteries49,50. EVTs 
will then partly or completely replace the maternal vasculature and remodel the arteries into 10-fold 
wider vessels51Σ ŦǊƻƳ нлл ˃Ƴ ǘƻ н ƳƳ52 (Figure 1.2), whilst anchoring the chorionic villi to the maternal 
decidua. The widened spiral arteries allow increased flow of maternal blood into the intervillous space of 
the placenta and therefore increase nutrient and oxygen availability to the developing fetus53.  

 
Biochemical as well as microenvironmental factors native to the maternal decidua and inflammatory 

system will influence the extent of EVT invasion into the maternal tissue. Decidual stromal cells are highly 
sensitive to hormone changes54 ŀƴŘ ǿƛƭƭ ǊŜƭŜŀǎŜ ƛƴŦƭŀƳƳŀǘƻǊȅ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ƛƴǘŜǊƭŜǳƪƛƴǎ L[πмʲΣ L[πрΣ L[πсΣ 
L[πтΣ L[πуΣ L[πфΣ L[πмоΣ L[πмрΣ ǿƘƛŎƘ ǎǳōǎŜǉǳŜƴǘƭȅ ǇǊƻƳƻǘŜ 9±¢ ƛƴǾŀǎƛƻƴ55,56. In addition, EVT invasion has 
been shown to be affected by placental levels of Endothelin-157, hepatocyte growth factor58, insulin-like 
growth factors59. further, pro-apoptotic factors such as transforming growth factor-ʲ ό¢DC- ̡ ύ ŀƴŘ ŎŜǊǘŀƛƴ 
TNF cytokines will leave the decidua more susceptible to EVT invasion53. Human endocrine gland derived 
vascular endothelial growth factor (EG-VEGF) has been shown to be a negative regulator of EVT invasion 
and has been found to be elevated in patients suffering from preeclampsia60, a disease caused by poor 
trophoblastic invasion of the decidua. IL-10, IL-мнΣ ƛƴǘŜǊŦŜǊƻƴπʴ   ŀƴŘ ƎǊŀƴǳƭƻŎȅǘŜ-colony stimulating factor 
(G-CSF) have also been shown to limit EVT invasion during pregnancy61ς64. These pro- and anti-invasive 
factors seem to be essential in balancing invasion rates and timing during human pregnancy. EVT invasion 
is further influenced by the microenvironmental characteristics of their environment. The decidual layer 
acts as a physical barrier against invasion, as suggested by the pathology of placenta accreta. Placenta 
accreta is a placental complication that is characterized by the placenta embedding itself too deeply into 
the maternal uterine wall. It is caused by the absence of a decidual plate between the chorionic villi and 
the maternal uterus, resulting in excessive EVT invasion65. Given the tightly regulated nature of spiral 
artery remodeling and the drastic negative consequences of improper EVT invasion, researchers have 
developed representative models to study these phenomena. 

 
 

 
Figure 1.2. Spiral artery remodeling and trophoblast invasion. A. Extravillous cytotrophoblast cells (orange) proliferate from the 
extremities of the chorionic villus and restructure the spiral arteries lining the maternal decidua. B. Immature intermediate villi 
from 9th week of pregnancy66. Brightest point projections of fetal blood vessels are in red (CD31) and villi autofluorescence in 
green. 
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1.3.2. Ex vivo models of spiral artery remodeling and trophoblast invasion 

 
A common approach to modeling spiral artery remodeling in vitro relies on villous explants from first 

trimester placentas obtained from elective pregnancy terminations. This protocol was first developed by 
Genbacev et al. in 199467,68 and consists of washing the tissue, then manually teasing apart small 
fragments of placental villi, which are eventually cultured on Matrigel-treated porous culture dish 
inserts67. These cultures are then subjected to pro-invasive or anti-invasive factors and monitored to 
determine their effects on EVT differentiation and invasion away from the chorionic villi69,70. Dunk et al. 
designed a three-dimensional coculture system to study trophoblast-endothelium interactions in vitro 
using matched placental-decidual explants from first trimester pregnancies50. They placed 2-3 mm2 cubes 
of maternal decidual parietalis onto a Matrigel-coated membrane culture insert, allowed the Matrigel to 
solidify and immobilize the decidual explant without covering its top surface. Small fragments of placental 
villi were then carefully placed onto the apical side of the decidua and maintained in hypoxic (3% O2) 
culture for up to 6 days to mimic in vivo placental oxygenation conditions. Authors found increasing 
degrees of invasion as culture time increased, with EVTs extending into the distal portions of the decidua 
by the 6th day50. In addition, they showed that trophoblasts migrated down the endothelial surfaces of the 
decidual tissue and relined the vessels with endothelial EVTs50. However, placental explants are 
heterogeneous, making it difficult to study specific cell function, and they differ from donor to donor, 
which can affect experimental reproducibility71. Moreover, these first trimester placental explant models 
rely on the accessibility of placentas from elective pregnancy terminations, further limiting the number of 
possible experimental replicates. Cell lines have historically been utilized in in vitro experiments to address 
the shortcomings of explant culture. 
 

1.3.3. Model cell types used in in vitro models 

 
Placental choriocarcinoma cell lines have been developed for use in placental modeling, however, 

due to their malignant phenotype, they are not suitable for modeling healthy trophoblast function71.  For 
this reason, human extravillous trophoblast cell lines have been developed to model human EVT invasion. 
Graham et al. established the first immortalized first trimester human trophoblast cell line, 
HTR8/SVneo71,72, in 1993 by transfecting HTTR-8 parental cells with simian virus 40 large T antigen. Hiden 
et al. established the immortal first trimester cell line ACH-3P by fusing primary first trimester trophoblast 
cells with the choriocarcinoma cell line AC1-1 to explore autocrine and paracrine loops related to 
trophoblast invasion and differentiation1. Trophoblast cell lines TEV-173, Swan-7172, TCL 174 and SGHPL-475 
have also since been established and exhibit EVT characteristics and are all widely used as models for 
trophoblast invasion. Unfortunately, since these EVT cell line are already committed to the EVT lineage, 
they cannot be used in assays evaluating this differentiation pathway.  

 
Primary human trophoblasts offer a more accurate representation of cell morphology and function 

in placental invasion and spiral artery remodeling models76. However, using terminally differentiated 
EVTs, similar to EVT cell lines, does not allow for assays evaluating differentiation pathways. It has been 
shown that treating human embryonic stem cells with BMP4- allows them to differentiate into trophoblast 
cells expressing EVT marker, HLA-G, and therefore these cells can be used to study the differentiation 
pathways towards this invasive EVT lineage77,78.  Most recently, Okae et al. derived human trophoblast 
stem cells from cytotrophoblast cells and blastocysts and developed efficient differentiation protocols to 
guide these cells into either an invasive EVT lineage, or a syncytiotrophoblast lineage which has the 
capacity to form a multinucleated syncytium79. Differentiation potential was maintained through at least 
50 passages for each of the cell types. Given that the differentiation protocols simply involve cell exposure 
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to specialized media, trophoblasts can be differentiated post-seeding in the desired culture systems, and 
therefore morphologic and functional changes can be monitored throughout the transition. 

 

1.3.4. In vitro models of spiral artery remodeling and trophoblast invasion 

 
In 1987, Albini et al. designed a tumor invasion model that would later become one of the most 

widely used trophoblast invasion techniques, even today80. This assay consists of culturing invasive cells 
onto a Matrigel-coated Transwell filter and quantifying cell migration through the gel. Although this 
system is cost effective and easy to implement, it does not incorporate the three-dimensional placental 
environment. To address this limitation, 3D cell tracking, spheroid confrontation and spheroid gel invasion 
models have been developed81ς83. Wong et al. emulated placental invasion by allowing HTR8/SVneo EVT 
cells to self-assemble into 3D spheroids and monitored their invasion into an extracellular matrix in real-
time81. Researchers have also created models to probe the effects of the maternal immune system on 
trophoblast invasion7,84ς86. Abbas et al. created a multilayered microfluidic system to study trophoblast 
invasion when exposed to a chemical gradient87. They seeded primary human EVTs into a Matrigel matrix 
and exposed them to a gradient of granulocyteςmacrophage colony-stimulating factor (GM-CSF), a 
cytokine released by natural killer cells in the maternal decidua. EVTs were shown to preferentially 
migrate towards areas of high GM-CSF87.  

 
However, most of these in vitro models do not include fully formed maternal vasculature, towards 

which the trophoblasts can migrate.  In 2020, Pu et al. used a commercially available polydimethylsiloxane 
(PDMS) microfluidic chip seeded with human umbilical vein endothelial cells (HUVECs) and invasive 
trophoblast cell line HTR8/SVneo to model trophoblast invasion88. Their two-compartment system 
allowed crosstalk between both cell types through a barrier of pillars separating the compartments. When 
stimulating invasion with folic acid, they showed that trophoblast cells would invade into the 
compartment containing the endothelial cells, simulating the placental invasion microenvironment. 
Although this more advanced invasion model couples perfusion and the presence of vascular endothelial 
cells, it is still lacking the three-dimensional blood vessel architecture that is essential to recreating in vivo 
spiral artery remodeling.  To address some of these drawbacks, Park et al. developed a human 
άƛƳǇƭŀƴǘŀǘƛƻƴ-on-a-ŎƘƛǇέ ǿƘƛŎƘ ŎƻƴǎƛǎǘŜŘ ƻŦ ǘǿƻ ǇŜǊŦǳǎŀōƭŜ ŎƘŀƳōŜǊǎΣ ƻƴŜǎ ƻŦ 9±¢ǎ ŀƴŘ ǘƘŜ ƻǘƘŜǊ ƻŦ 
endothelial cells, separated by an ECM matrix through which the primary EVTs were able to invade89. 
Utilizing this model, they were able to show EVT remodeling of the maternal vessel, as well decidual 
stromal cells influences of the invasion characteristic of fetal EVTs towards. Although this work made 
significant progress in the area of understanding spiral artery remodeling, this model does not incorporate 
chorionic villous architecture, nor is it compatible with high-throughput studies of drugs such as 
pravastatin90, which are being studies as treatment for preeclampsia.   

 
 

1.4. OBJECTIVES AND THESIS OUTLINE 

 
The placenta is a highly vascularized, temporary organ developed in pregnancy that is composed of 

both maternal and fetal cells. It allows for the implantation of the embryo and nutrient exchange between 
mother and baby. Placental malformation and diffusion of harmful exogenous substances through the 
placental barrier can cause pregnancy complications and, in more severe cases, death of the mother 
and/or fetus91ς93. Establishing models to mimic these phenomena expedites the development of potential 
treatment options. Mouse models are often used to simulate human fetal development despite major 
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interspecies differences9. These limitations drive researchers to developing in vitro models consisting of 
human-derived cells. Many simple placental trophoblast monocultures have been developed to probe the 
placental microenvironment94,95, although they lack the complexity of this heavily vascularized organ. 
Designing more physiologically realistic in vitro placental models would allow for more in-depth 
exploration of the biology of the placenta. The objective of this thesis was to design 3D vascularized 
placental models utilizing human trophoblast stem cells to study transplacental transport and spiral artery 
remodeling. We presented our findings in this thesis in the four chapters. 

 
In Chapter 2, we characterized the syncytiotrophoblast (ST) differentiation efficiency of blastocyst-

derived placenta stem cells (PSCs). Fusion and cell density were quantified by staining PSCs differentiated 
on fibrin gels for cell adhesion marker e-cadherin and nucleic acids, secretion of syncytiotrophoblast 
marker human chorionic gonadotropin (hCG) was quantified via ELISA, and monolayer thickness was 
assessed via histology cross sections. In addition, gene expression analysis was performed to assess the 
similarity of tissues to native placental STs. Results for differentiated PSCs were compared against similar 
cultures of choriocarcinoma cell line BeWo b30. 

 
In Chapter 3, once PSCs were confirmed to efficiently differentiate into STs on fibrin gels, the cells 

were used to model the early- and late-stage placental barrier in our ƭŀōΩǎ LCƭƻǿtƭŀǘŜ ŘŜǾƛŎŜΦ {¢ǎ ǿŜǊŜ 
seeded onto the vascularized fibrin gel of the device to represent the late-stage placenta, whereas an 
undifferentiated monolayer of PSCs was cultured in IFlowPlate without vasculature to represent the early-
stage placenta. These models were validated via inflammatory cytokine secretion panel, and permeability 
assays were performed for 4 kDa and 65 kDa dextran, as well as human recombinant insulin, to assess 
differences in both models. 

 
In Chapter 4, we adapted the model from Chapter 3 to drug transport studies by transitioning from 

self-assembled vasculature to the single, reproducible vascular channel of our AngioPlate device. We then 
compared two endothelial cell types cultured in this model and studied the effects of adding pericytes to 
the culture.  Once this model was established, its barrier permeabilities to three model therapeutic 
compounds (paclitaxel, vancomycin, IgG), as well as two different size dextrans (4 kDa and 65 kDa), were 
assessed and compared to in vivo and ex vivo findings. 

 
Finally, we designed a device to study trophoblast spiral artery remodeling in Chapter 5 of this thesis 

by adapting it from the straight channel AngioPlate device presented in Chapter 4. The vascular channel 
of this device represented the maternal spiral arteries, and we designed 3D-printed stamps with which 
we imprinted chorionic villous-like structures onto the fibrin matrix. We then differentiated PSCs into EVTs 
and showed that they have the capacity to invade into fibrin matrices. Although significant progress has 
been made with the design of this model system, further optimization and validation experiments are 
needed. 
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2.1. ABSTRACT 

 
The early-stage placental barrier is characterized by a lack of fetal circulation and by a thick 

trophoblastic barrier, whereas the later-stage placenta consists of vascularized chorionic villi encased in a 
thin, differentiated trophoblast layer, ideal for nutrient transport. In this work, predictive models of early- 
and late-stage placental transport are created using blastocyst-derived placental stem cells (PSCs) by 
modulating PSC differentiation and model vascularization. PSC differentiation results in a thinner, fused 
trophoblast layer, as well as an increase in human chorionic gonadotropin secretion, barrier permeability, 
and secretion of certain inflammatory cytokines, which are consistent with in vivo findings. Further, gene 
expression confirms this shift toward a differentiated trophoblast subtype. Vascularization results in a 
molecule type- and size-dependent change in dextran and insulin permeability. These results demonstrate 
that trophoblast differentiation and vascularization have critical effects on placental barrier permeability 
and that this model can be used as a predictive measure to assess fetal toxicity of xenobiotic substances 
at different stages of pregnancy. 

 

2.2. INTRODUCTION 

 
The placenta is a transient organ which develops from both maternal and fetal cells during pregnancy 

and is expelled during parturition. It is indisputably the most important organ during pregnancy because 
it is responsible for feto-maternal transport of nutrients, gases, and waste products, in addition to the 
secretion of important hormones responsible for pregnancy maintenance.1 However, its impermanence 
combined with the lack of good animal models which accurately represent human placentation is arguably 
the reason why it is so poorly understood. However, the search for better models that recapitulate the 
functions of the human placenta is driven by the observation that pregnant women have a greater 
susceptibility to infection and disease combined with the vulnerability of the developing fetus.2 This gap 
in knowledge makes it challenging to evaluate the risk and safety of drugs for use during pregnancy. 

 
The study of the placenta is mostly limited to either tissue explants, from terminated or term 

placentas, and animal models. Although placental explants have provided invaluable insights on placental 
morphogenesis and dysfunction, explants have limited viability once removed from the body and require 
constant sourcing, which is often more difficult for first and second trimester placentas. In contrast, 
rodent models allow for controlled maternal exposure to various substances and conditions. However, 
there are significant functional and morphological differences between human and rodent placentas 
which impair the translation of animal study findings to clinical research.3 Human-based in vitro placental 
models have recently been developed with the goal of modeling placental barrier function.4ς7 Placenta-
on-chip cultures have been designed with trophoblast and endothelial cells cultured on opposites sides of 
either a semipermeable membrane or hydrogel,8 whose compartmentalized culture allows for simple 
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molecular transport studies. The cultures are subjected to perfusion on each side: trophoblast channel 
perfusion to model maternal blood flow and endothelial channel perfusion to mimic fetal blood 
flow.9,10 However, these models do not incorporate the branched morphology reminiscent of fetal 
vasculature within the placenta. Further, they often utilize trophoblast cell lines which are susceptible to 
genetic drift over time, further distancing them from the primary cells they are meant to represent.11 

 
The choriocarcinoma BeWo cell line has been used in many of these barrier models,6,9,12,13 despite the 

fact that cancer cell lines generally retain most of the genetic properties of their cancer of origin.14 BeWo 
cells exhibit low fusion capacities when grown to confluence and are therefore not representative of the 
healthy third trimester syncytium. In contrast, primary placental cells will spontaneously differentiate, 
making the expansion of a homogenous cell population more challenging, in addition to being more 
difficult to source. Stem cell technology has recently emerged to provide a cell source that couples the 
proliferative capacity of cell lines and the differentiation capacity of primary cells. Okae et al. recently 
derived proliferative trophoblast stem cells from human blastocysts capable of efficiently differentiating 
into a fused syncytium on tissue culture plastic (Figure S2.1, Supporting Information).15 These types of 
stem cell-derived trophoblasts have been used to engineer organoids which recapitulate native placental 
villous polarity and architecture.16,17 Most recently, Karvas et al. used these organoids to model SARS-CoV-
2 and Zika viral infections in the placenta, and showed that cellular infection rates strongly depended on 
virus type and trophoblast subtype.16 Despite the capacity of placental organoids to model placental 
development, they are incapable of modeling barrier function. Further, these cultures usually lack 
perfusable vasculature which is necessary when modeling such a highly vascularized organ. The 
combination of stem cells and engineered vascular perfusion could unlock the exciting possibility of 
modeling different stages of pregnancy. Most existing models solely focus on simulating placental barrier 
function in the third trimester of pregnancy, at which point molecular transport is highest. However, 
modeling placental transport during early-pregnancy could aid in identifying a safety window for certain 
drugs, such as antidepressants, whose prescription is sometimes necessary during early (or all) stages of 
pregnancy. Adverse effects of antidepressants have been shown to be drug type- and exposure-
dependent18,19 and therefore may be influenced by placental permeability at the time of exposure. Often, 
doctors must weigh these risks against the mother's mental health, and would therefore benefit from 
more predictive trimester-specific placental barrier models.20 To model these different stages of growth, 
an understanding of placental morphology and function at early- and late-stage pregnancy is critical. 

 
The early-stage placental barrier is characterized by a lack of fetal circulation and by a thick 

trophoblastic barrier (Figure 2.1A-C), whereas the later-stage placenta consists of vascularized chorionic 
villi encased in a thin, fused trophoblast layer (syncytium) (Figure 2.1D-E), ideal for nutrient transport.21 

In this study, we hypothesized that trophoblast differentiation and placental tissue vascularization can be 
modulated in vitro to model the early- and late-stage placental barrier. To first model the early-stage 
placental barrier, we cultured blastocyst-derived placental stem cells (PSCs) on our previously published 
IFlowPlate384 platform, which contains 128 individual units made up of three wells interconnected by 
two microchannels (Figure 2.1B). The middle well of each unit contains a PSC-derived cytotrophoblast 
barrier seeded on a fibrin gel matrix. To develop the late-stage barrier model, perfusable vasculature was 
incorporated into the fibrin hydrogel and PSCs were differentiated into syncytiotrophoblasts on the gel 
surface (Figure 2.1E). We characterized gene expression, differentiation efficiency, and morphology of 
these cells pre- and post-differentiation and compared them to the well-established BeWo b30 
trophoblast cell line. We showed that syncytiotrophoblast cells derived from our PSCs produced a more 
highly fused syncytium which more closely resembled the native syncytiotrophoblast. Next, we assessed 
how PSC differentiation altered barrier permeability and inflammatory cytokine secretion. We then 
assessed barrier permeability to dextran and insulin and showed how vasculature increased molecular 
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clearance of small dextran molecules, which could explain efficient third-trimester nutrient transport in 
vivo. Finally, we showed that the late-stage model had reduced permeability to insulin when compared 
to its avascular equivalent, suggesting that the endothelial barrier plays an important role in selecting 
what molecules cross over to the fetus. In summary, our study demonstrated the importance of both 
differentiation efficiency and vascularization in designing physiologically representative in vivo placental 
barrier models. To our knowledge, this is the first in vitro platform that has coupled a highly differentiated 
syncytium with perfusable vasculature to model placental barrier permeability at different stages of 
pregnancy. Further, this is the first time it has been shown that the fetal endothelial barrier is the 
determining factor against insulin transport from the mother to the fetus. 

 
 

 
 
Figure 2.1. Timeline of development of placental villi and corresponding IFlowPlate models. A) During the first 2 weeks post-
implantation, primary chorionic villi consisting solely of cytotrophoblasts (CTs) lined with a layer of syncytiotrophoblasts (STs) 
sprout toward the maternal decidua. B) By the third week, the embryonic mesoderm will have grown into these branching 
structures to create what are known as secondary villi. This early placental stage of growth will be modeled using a monoculture 
IFlowPlate model consisting of a multilayered culture of cytotrophoblast-like PSCs on a porous fibrin gel. C) Fetal vasculature 
gradually forms for the next few months until fetal circulation is established at week 10 of pregnancy. D) By week 20, the 
cytotrophoblast layer begins regressing, which increases transport of gases and nutrients toward the fetus to sustain increasing 
energy demands. E) As the pregnancy progresses, the syncytiotrophoblast layer thins and the branching, as well as vascularization 
of chorionic villi increase until delivery at around week 40. The term placenta is modeled using an IFlowPlate coculture model 
consisting of a differentiated syncytiotrophoblast monolayer cultured on a fibrin gel laden with fibroblast and endothelial cells 
which self-assemble to form perfusable vasculature.  
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2.3. MATERIALS AND METHODS 

 

2.3.1.  Cell culture and media formulation 

 
Blastocyst-derived PSCs (RCB-4940, female) were purchased from Riken BRC Cell Bank (Figure S2.2, 

Supporting Information), received at passage 17 and used until passage 23 in all experiments. 
Cytotrophoblast-derived PSCs (RCB-4936, female) were also received from the Riken BRC Cell Bank, 
however, they were observed to be less robust and proliferative than the blastocyst-derived cells, and 
therefore the former were used for all experiments in this work. Cells were cultured in PSC expansion 
medium15 (PSCM) consisting of Dulbecco's modified Eagle medium (DMEM)/F12 + GlutaMAX 
supplemented with 2-mercaptoethanol (0.1 × 10ҍо m), fetal bovine serum (FBS, 0.2%), penicillinς
streptomycin (0.5%), bovine serum albumin (BSA, 0.3%), ITS (insulin, transferrin, selenium) media 
supplement (1%), L-ascorbic acid (1.5 µg mLҍм), EGF (50 ng mLҍм), CHIR99021 (2 × 10ҍс m), A83-01 (0.5 × 
10ҍс m), SB431542 (1 × 10ҍс m), VPA (0.8 × 10ҍо m), and Y27632 (5 × 10ҍс m). Flasks were coated with Col 
IV (10 µg mLҍм) in phosphate-buffered saline (PBS) and incubated for at least 1.5 h at 37 °C before cell 
plating. Cells were cultured at 37 °C with 5% CO2 and media was replaced every 2 days. When cells reached 
80% confluency, they were passaged by briefly washing with Dulbecco's phosphate-buffered saline (DPBS) 
and dissociating with TrypLE for 10 min, then split at a ratio of 1:4 onto the collagen-coated flasks. BeWo 
b30 cells were generously provided by the Raha Lab at McMaster University. They were cultured in DMEM 
supplemented with FBS (10%) and penicillinςstreptomycin (1%). When seeded in regular 384-well plates, 
BeWo b30 and PSCs were seeded at a density of 5000 cells wellҍм, whereas on fibrin gel cast in a 384-well 
ǇƭŀǘŜΣ ŎŜƭƭǎ ǿŜǊŜ ǎŜŜŘŜŘ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ нп ллл ŎŜƭƭǎ ǿŜƭƭҍм. PSCs were cultured for 8 days before analysis, 
whereas BeWo cells were cultured for 4 days before analysis. Primary HUVECs (Cedarlane Labs, CAP-
0001GFP) were cultured in endothelial cell growth medium 2 (ECGM2) and used until passage 5. Primary 
human lung fibroblasts (FBs, Cedarlane Labs, PCS-201-013) were cultured in DMEM supplemented with 
FBS (10%), penicillinςstreptomycin (1%), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (1%, 
Thermo Fisher Scientific, 15630080) and used until passage 5. BeWo cells, HUVECs, and lung fibroblasts 
were dissociated using trypsin-ethylenediaminetetraacetic acid solution (0.05%) before being seeded into 
standard 384-well plates or IFlowPlate devices. 

 

2.3.2.  PSC and BeWo b30 Syncytial Differentiation 

 
PSCs were differentiated into the syncytiotrophoblast subtype by passaging and immediately seeding 

in PSC differentiation medium15 (PSCM+D) consisting of DMEM/F12 + GlutaMAX supplemented with 2-
mercaptoethanol (0.1 × 10ҍо m), penicillinςstreptomycin (0.5%), BSA (0.3%), ITS media supplement (1%), 
Y27632 (2.5 × 10ҍс m), forskolin (2 × 10ҍс m), and KSR (4%). PSCs were differentiated for 8 days before 
analysis and media was changed daily. BeWo b30 cells were differentiated by first culturing them in 
expansion medium (DMEM supplemented with FBS (10%) and penicillinςstreptomycin (1%)) and then 
supplementing the media with forskolin (50 × 10ҍс m) and EGF (50 ng mLҍм) for 2 days, where media was 
changed daily.22 
 

2.3.3.  Immunostaining 

 
The entire immunostaining procedure of cells cultured on fibrin gels was performed on a 

programmable rocker (OrganoBiotech, Cat#B001) at 4 °C to allow stains and washes to perfuse through 
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the matrix. Cells were first washed with D-PBS to remove residual media and were then fixed with 
paraformaldehyde (4%) in D-PBS overnight. The next day, cells were washed 3x with D-PBS for 5 min each 
and left in D-PBS overnight to wash off residual paraformaldehyde. Cells were then blocked for at least 1 
h with FBS (10%) and triton-X (0.1%) in D-PBS. A primary antibody solution was prepared by diluting anti-
e-cadherin (1:200 dilution) and anti-hCG (1:50 dilution) in the blocking solution. Samples were incubated 
in primary antibody solution overnight and washed 3x the next day and washed overnight. A secondary 
antibody solution consisting of anti-rabbit (1:1000 dilution), anti-e-mouse (1:1000 dilution), DAPI (1:1000 
dilution), and FBS (10%) in PBS was applied onto the samples for 2 h at room temperature. After 
incubation, samples were washed overnight before removing the tissues from the plate and imaging with 
a confocal microscope (3i Marianas Lightsheet microscope). 

 

2.3.4.  Fusion Percent Quantification 

 
Cells were immunostained for DAPI and e-cadherin, an epithelial cell adhesion molecule, and 

fluorescently imaged using a confocal microscope (3i Marianas Lightsheet microscope) to assess cell 
fusion rates. The total cell number in each image was quantified by counting the DAPI-stained nuclei. 
When at least three nuclei were present within a single e-cadherin boundary, these cells were considered 
fused. The fusion percent was reported as the fraction of fused cells over the total cell number. 

 

2.3.5.  Histology and IHC 

 
IFlowPlate samples were fixed in 10% formalin at 4 °C for at least 48 h. Tissues were removed from 

the device and embedded into HistoGel (VWR, CA83009-992). Samples were allowed to gel at 4 °C 
overnight and were packed in histology cassettes and submerged in 70% ethanol before being sent to the 
MIRC histology Core Facility at McMaster University. Tissues were embedded in paraffin wax, sectioned, 
and stained for H&E, e-cadherin (Abcam, ab1416), and CD31 (Abcam, ab28364). Histology cross-sections 
were imaged in brightfield with a tissue culture microscope (Nikon Eclipse Ts2). 

 

2.3.6.  hCG Secretion Enzyme-Linked Immunosorbent Assay (ELISA) 

 
PSC and BeWo b30 cell supernatants were analyzed for hCG secretion using a human hCG ELISA kit 

(Abcam, ab100533) according to manufacturer's instructions. Briefly, 90 µL of media supernatant was 
collected from samples cultured in either standard 384-well plates or 384-well plates casted with fibrin 
hydrogels. Residual hCG was obtained by washing samples with fresh media (90 µL) and collecting 
remaining media. 100 µL of each supernatant sample and of antigen standard curve (positive control) 
were incubated in individual wells of the ELISA array plate overnight at 4 °C with gentle shaking. The next 
day, wells were incubated at room temperature with gentle shaking with a 1X biotinylated hCG detection 
antibody (100 µL) for 1 h, then with a 1X HRP-streptavidin solution (100 µL) for 45 min and finally with 
3,3',5,5'-tetramethylbenzidine (TMB) one-step substrate reagent (100 µL) for 30 min. Wells were washed 
four times with 1X wash solution (300 µL each) between each incubation step. Stop solution (50 µL) was 
added to each well immediately before measuring absorbance values at 450 nm using the Cytation5 
microplate reader (Biotek). 
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2.3.7.  DNA Quantification Assay 

 
PSCs and BeWo b30 cells were cultured in a 384-well plate either with or without fibrin hydrogel and 

in their corresponding media. Cells were lysed using a guanidine-isothiocyanate lysis buffer (100 µL, 
Purelink RNA Mini kit, Thermo Fisher Scientific, 12183018A) and sonicated in an ice-bath for 10 s, in pulses. 
The lysis buffer degraded the fibrin gel matrix which resulted in a homogenous cell lysate. DNA was 
quantified using the DNAQF kit (Sigma-Aldrich, DNAQF-1KT) by following the manufacturer's instructions. 
Briefly, the DNA standard supplied in the kit was serially diluted in the fluorescent assay buffer to create 
ŀ ǎǘŀƴŘŀǊŘ ŎǳǊǾŜΦ bŜȄǘΣ ŀ ōƛǎōŜƴȊƛƳƛŘŜ ǎƻƭǳǘƛƻƴ όн ҡƎ Ƴ[ҍмύ ǿŀǎ ǇǊŜǇŀǊŜŘ ŀƴŘ нлл ҡ[ ǿŀǎ ǇƛǇŜǘǘŜŘ ƛƴǘƻ 
each well of a black-bottomed 96-well plate (VWR, 76221ς764). 10 µL of each sample and each standard 
were added to separate bisbenzimide-filled wells immediately before taking fluorescent reading (360 nm 
excitation, 460 nm emission) on the Cytation5 microplate reader (Biotek). The DNA standard curve 
allowed to convert the fluorescent readings to DNA quantities. To obtain a cell number from these values, 
a calibration curve relating cell number to DNA concentration was created using subcultured PSCs. Cells 
were lysed with lysis buffer (100 µL) and DNA quantification was performed as described above. 

 

2.3.8.  SEM Imaging 

 
Samples were fixed in paraformaldehyde (PFA, 4%) overnight and removed from IFlowPlate device 

using a scalpel and tweezers. They were then placed in fresh PFA solution before being sent to the electron 
microscopy facility (EMF) in the Health Science Center (McMaster University). Once at the EMF, the 
samples were rinsed 2X in buffer solution, post-fixed in osmium tetroxide (1%) in phosphate buffer (0.1 m) 
for 1 h and then dehydrated through a graded ethanol series (50%, 70%, 70%, 95%, 95%, 100%, 
100%).  The samples were kept immersed in 100% EtOH, placed into wire baskets, and transferred to the 
chamber of a Leica EM CPD300 critical point dryer (Leica Mikrosysteme GmbH, Wien, Austria). The 
chamber was sealed and then flushed 12 times with liquid CO2. The CO2-filled chamber was heated to 
35 °C and the pressure was increased in chamber to above 1100 psi so that CO2 was changed from liquid 
phase to gaseous phase. The gas was vented slowly from the chamber until atmospheric pressure was 
reached and the samples were dehydrated without surface tension damage. The dried samples were 
mounted onto SEM stubs with double-sided carbon tape. The samples on stubs were then placed in the 
ŎƘŀƳōŜǊ ƻŦ ŀƴ 9ŘǿŀǊŘǎ {мрл. {ǇǳǘǘŜǊ /ƻŀǘŜǊ ŀƴŘ Ғмр nm of gold was deposited onto the stubs.  The 
samples were viewed in a Tescan Vega II LSU SEM (Tescan USA, PA) operating at 20 kV. 

 

2.3.9. Transcriptomic Analysis 

 
Microarray sequencing was performed on undifferentiated (PSC Undif) and differentiated PSCs (PSC 

Dif), as well as differentiated BeWo b30 cells (BeWo Dif). PSCs were seeded in collagen IV-coated 6-well 
ǇƭŀǘŜǎ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ млл ллл ŎŜƭƭǎ ǿŜƭƭҍм and cultured in 2 mL of either expansion medium or 
differentiation medium. Media was changed every 2 days and cells were lysed on day 8. Lysates from 
three wells were combined and used for each replicate to ensure adequate RNA quantities for analysis. 
BeWo b30 cells were seeded in standard 6-ǿŜƭƭ ǇƭŀǘŜǎ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ нлл ллл ŎŜƭƭǎ ǿŜƭƭҍм and cultured in 
expansion medium for the first 2 days. On day 2, the media was switched to differentiation medium, and 
cells were lysed on day 4. Only a single well's lysate was sufficient for each RNA replicate given high BeWo 
cell densities at day 4. Samples were lysed and RNA extraction was performed using the Purelink RNA Mini 
kit (Thermo Fisher Scientific, 12183018A) following the manufacturer's instructions. RNAs were eluted 
from the spin cartridge using RNase/DNase-free water (50 µL) and sample quality was assessed using a 
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NanoDrop spectrophotometer (Thermo Fisher Scientific). All samples were ensured to have a 260/280 
ǇǳǊƛǘȅ Ǌŀǘƛƻǎ ƻŦ ҒнΦл ŀƴŘ нслκнол ǇǳǊƛǘȅ Ǌŀǘƛƻǎ ōŜǘǿŜŜƴ нΦл ŀƴŘ нΦн ōŜŦƻǊŜ ōŜƛƴƎ ǎŜƴǘ ǘƻ ǘƘŜ /w[.-GMEL 
facilities for microarray sequencing. Transcriptomic analysis was performed using the Affymetrix Clariom 
{ !ǎǎŀȅ όƘǳƳŀƴΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎΣ флнфнтύ ǿƘƛŎƘ ǎŎǊŜŜƴŜŘ ǘƘŜ ǎŀƳǇƭŜǎ ŦƻǊ ƻǾŜǊ нл ллл ƪƴƻǿƴ 
human genes. Datasets were imported into the Transcriptomic Analysis Console (TAC) software for 
analysis. Differentially expressed genes (DEGs) were determined using a one-way analysis of variance 
(ANOVA) with p < 0.05 and fold-change criteria of <-2 for downregulated genes and >2 for upregulated 
genes. Volcano plots and heat maps were generated using GraphPad Prism. 

 

2.3.10. Analysis of Public scRNA-seq Data and Pearson Correlation 

 
To explore the similarity of microarray-generated transcriptomes to a public single cell RNA-seq 

dataset of syncytiotrophoblast cells,23 data (accession E-MTAB-6701) were retrieved from the EBI 
arrayexpress resource. Single cell transcript counts were imported into R v4.2.0 using the readMM() 
function from the Matrix package v1.5-1. ENSEMBL gene symbols were then mapped to gene names using 
the org.Hs.eg.db package v3.15.0, and the genes (N = 16461) detected in both the microarray and scRNA-
seq dataset were further analyzed. For each gene, an average syncytiotrophoblast expression level was 
then calculated as the mean count across all syncytiotrophoblast cells. These values were log-transformed 
with an added pseudocount of +1 to avoid division by zero errors. Using the cor() function within R, the 
Pearson correlation (r) coefficient was then computed between the log2 syncytiotrophoblast expression 
levels of all genes and the microarray signal intensities for the Bewo-Diff, PSC-Ctrl, and PSC-Diff datasets. 
 

2.3.11.  Statistical Analysis and Plotting 

 
All plots and statistics were performed using either paired t-test or two-way ANOVAs with Sidak 

multiple comparison in the GraphPad Prism software with 95% confidence ( h= 0.05, p < 0.05). Normality 
was tested using ShapiroςWilk test and equal variance was tested using F-test. Data in all graphs were 
plotted as means with standard deviation as error bars. 

 
 

 
  



Ph.D. Thesis ς S. Kouthouridis; McMaster University ς Chemical Engineering 

22 
 

2.4. RESULTS AND DISCUSSION 

2.4.1.  PSCs Exhibited Higher Rates of Fusion and Higher Secretion of hCG than BeWo b30 Model 
Cell Line 

 
Blastocyst-derived PSCs were compared against the well-established trophoblast cell line, BeWo b30, 

to determine if they produced higher fusion rates necessary for late-stage placental modeling. Both cell 
types were differentiated according to previously established protocols.15,22 Briefly, PSCs were 
immediately seeded in differentiation medium and cultured for 8 days before analysis. BeWo b30 cells 
were first expanded for 2 days and then treated with 50 × 10ҍс m forskolin and 50 ng mLҍм of epidermal 
growth factor (EGF) for 2 days of differentiation22 (Figure 2.2). Longer-term BeWo cell differentiation was 
attempted with the goal of increasing fusion rates, however monolayer integrity began to break down 
after more than 4 days of forskolin and EGF treatment, which may explain why they are normally only 
differentiated for up to 2 days. Fused cells were quantified via e-cadherin staining where fusion was 
confirmed when at least three nuclei were present within a single e-cadherin boundary. Fusion rates for 
differentiated PSCs (89.4 ± 3.4%) were over tenfold higher than the differentiated BeWo condition (7.1 ± 
1.7%) (Figure 2.2A-D). In addition, the undifferentiated PSC control exhibited spontaneous fusion (14.3 ± 
.3%), whereas almost no spontaneous fusion was observed in the BeWo undifferentiated condition (1.9 ± 
0.3%).  

 
Human chorionic gonadotropin (hCG) production correlated with fusion data, as expected, given that 

hCG is produced by fused villous syncytiotrophoblasts in vivo to maintain pregnancy (Figure 2.2E). The 
hCG concentrations measured in the PSC supernatant averaged at 125.2 ± 53.4 ng mLҍм for 
undifferentiated PSCs and 248.6 ± 112.6 ng mLҍм for differentiated PSCs. When compared to hCG level in 
the maternal serum during pregnancy, these values fall within the range of reported hCG 
concentrations24 between weeks 4 and 8 of pregnancy, as well as between weeks 18 and 40, when hCG 
levels begin to drop before parturition. However, because these concentrations are highly dependent on 
cell number and media volume, it is difficult to compare our measurement to in vivo. Further, terminal 
differentiation often results in proliferation arrest and thus, lower final cell numbers, which may skew 
results between conditions. We addressed this by normalizing hCG secretion to cell number. hCG 
secretion was highest in PSCs and increased with differentiation from 83.4 ± 59.1 to 242.7 ± 106.6 fg cellҍм, 
whereas hCG secretion increased from 1.03 ± 0.60 to 2.64 ± 1.21 fg cellҍм in BeWo b30 cells. PSCs densities 
ǿŜǊŜ мрл лфп ҕ нт фсл ŎŜƭƭǎ ǿŜƭƭҍм ŦƻǊ ǘƘŜƛǊ ǳƴŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ŎƻƴŘƛǘƛƻƴ ŀƴŘ фм срт ҕ оппт ŎŜƭƭǎ ǿŜƭƭҍм when 
ŘƛŦŦŜǊŜƴǘƛŀǘŜŘΦ .Ŝ²ƻ ŎǳƭǘǳǊŜǎ ŜȄƘƛōƛǘŜŘ ƘƛƎƘŜǊ ŎŜƭƭ ŘŜƴǎƛǘƛŜǎ όоуф оптҕ нф тсс ŎŜƭƭǎ ǿŜƭƭҍм for 
ǳƴŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ŀƴŘ олр лсс ҕ нс ому ŎŜƭƭǎ ǿŜƭƭҍм for differentiated) given their lack of contact 
inhibition25 and were able to stack into a multilayered cell barrier.  

 
Scanning electron microscope (SEM) images of differentiated PSCs and BeWo cells confirmed cell 

polarization by the presence of microvilli on the apical cell surface (Figure 2.2H). By visual inspection, PSCs 
appear to have higher microvillar densities than BeWo cells. Low microvillar densities have been observed 
in preeclamptic placental explants and it has been suggested that they may be an indicator of impaired 
trophoblast maturation.26 To further investigate the morphological transition between cytotrophoblast 
and syncytiotrophoblast cells, histology cross-sections of PSCs were obtained (Figure 2.2AB), and 
monolayer thickness was assessed (Figure 2.2F). The undifferentiated PSC control exhibited a multilayered 
structure, which is similar to what is seen in the early stages of pregnancy, whereas the differentiated 
tissue appears to be a multinucleated sheet covering the fibrin gel in a thin layer. In vivo, it has been 
shown that the trophoblast layer thins, from a 20ς30 µm barrier in the first trimester to 2ς4 µm in the 
third,27 to maximize feto-maternal nutrient exchange. Similarly, our differentiated PSCs produced 
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statistically thinner monolayers (3.95 ± 0.57 µm) when compared to their undifferentiated counterparts 
(14.33 ± 2.81 µm). 

 

 
 
Figure 2.2. Characterization of PSC and BeWo b30 cell differentiation on fibrin gels indicates higher rates of fusion in PSCs. A) 
Undifferentiated PSCs were cultured on fibrin hydrogels for 8 days and stained for nucleic acids (DAPI, blue), cell adhesion marker 
e-cadherin (green), and hCG-ʲ όǊŜŘύΦ Iƛstology cross-sections of entire gels were hematoxylin and eosin (H&E) stained and IHC 
stained, once again, for e-cadherin (brown). B) PSCs were differentiated on fibrin hydrogels for 8 days and stained for nucleic acids 
(DAPI, blue), e-cadherin (green), and hCG-ʲ όǊŜŘύΦ 5ǳǊƛƴƎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴΣ t{/ǎ ƭƻǎǘ ǘƘŜƛǊ ƭƻŎŀƭƛȊŜŘ Ŝ-cadherin staining between 
cells, confirming successful trophoblast fusion. Histology cross-sections of entire gels were stained for H&E and e-cadherin (brown) 
and showed monolayer cell thinning as a result of differentiation. C) BeWo b30 cells were differentiated on fibrin hydrogels for 
48 h and stained for nucleic acids (DAPI, blue), e-cadherin (green), and hCG-ʲ όǊŜŘύΦ 5ύ tŜǊŎŜƴǘ Ŧǳǎƛƻƴ ƻŦ ǳƴŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ŀƴŘ 
differentiated PSC and BeWo b30 cells (one-way ANOVA, N = 4, ***p < 0.001). E) Secretion of hCG from undifferentiated and 
differentiated PSC and BeWo b30 cells over a span of 24 h (one-way ANOVA, N = 3, ***p < 0.001). F) PSC monolayer thickness 
quantified from H&E-stained histology cross-sections (one-way ANOVA, N = 3, **p < 0.01). G) Cell density of PSC and BeWo b30 
cells cultured on fibrin gel in standard 384-well plates (cells wellҍм) as measured via DNA quantification assay (one-way 
ANOVA, N = 6, ***p < 0.001). H) Scanning electron microscopy images of microvilli on the apical surface of PSCs and BeWo cells 
differentiated on fibrin gel. PSCs appear to produce denser patches of microvilli when compared to BeWo b30 cells. 
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2.4.2.  PSCs Exhibited Greater Similarity in Gene Expression to Native Syncytiotrophoblasts than 
BeWo b30 Model Cell Line 

 
Microarray sequencing was performed on both PSCs and BeWo b30 cells to determine if 

syncytiotrophoblast-related genes were upregulated and cytotrophoblast genes were downregulated 
during differentiation. A principal component analysis was performed on the resulting gene expression 
data (Figure 2.3A) and resulted in tight clusters of data points for each experimental condition, indicating 
low intersample variability. Next, gene expression data of PSC Dif and BeWo Dif conditions were compared 
to the gene expression of syncytiotrophoblast cells from third trimester placental explants23 by 
determining their Pearson correlation coefficient (Figure 2.3B). This coefficient represents the linear 
correlation between our experimental conditions and the primary explants, therefore the closer this 
variable is to 1, the more similar the datasets. The PSC Dif condition exhibited a Pearson correlation of 
0.661 ± 0.003, which was statistically higher than that of the BeWo Dif condition (0.645 ± 0.004), 
suggesting that the gene makeup of differentiated PSCs is more similar to the primary tissue. Next, the 
expression of the genes responsible for the production of human chorionic gonadotrophin (hCG, CGB1) 
and human placental lactogen (hPL, CSH1) was shown to be highest in the PSC Dif condition (Figure 2.3CD), 
as expected given that both hormones are mainly produced by the differentiated syncytium.24,28 In 
contrast, both the insulin receptor gene (INSR) and neonatal Fc receptor gene (FCGRT), whose main 
function is to transport immunoglobulin G from maternal to fetal blood, remained unchanged in PSCs 
after differentiation (Figure 2.3EF).  

 
Further, a list of crucial nutrient transporter genes29 was mapped (Figure 2.3G) and showed that lipid, 

iron, oligopeptide, cationic, and large neutral amino acid transporter genes were most highly expressed 
in the differentiated PSC condition. GLUT1 is the main glucose transporter across the human 
placenta30 and should increase with trophoblast fusion,29 however it was least expressed by the 
differentiated PSCs. This may be explained by the fact that hyperglycemia has been shown to 
downregulate GLUT1 transporters in human placental trophoblasts.31,32 Cell culture media itself is 
hyperglycemic, and therefore cultures with higher cell densities, such as the undifferentiated PSCs (Figure 
2.2G), and higher metabolisms deplete the glucose in the media quicker, thus lowering extracellular 
glucose levels and upregulating GLUT1 transporters. In contrast, choriocarcinoma cell lines have been 
shown to be unaffected by extracellular glucose concentrations,32 all of which would explain the 
difference in GLUT1 transporter gene SLC2A1. Similar heat maps were generated for thyroid 
transporters33 and pharmaceutically relevant drug transporters34 to demonstrate the extent at which 
fusion can impact trophoblast transport function (Figure S2.3, Supporting Information). The volcano plot 
of BeWo Dif versus PSC Dif had a larger spread (Figure 2.3HI), which was expected given that the 
transcriptome was generated from two different cell types. Primary syncytiotrophoblast marker genes 
were more highly expressed in PSC Dif cells when compared to both PSC Undif and BeWo Dif, especially 
those coding for pregnancy hormones. In addition, primary cytotrophoblast markers were more highly 
expressed in the PSC Undif condition rather than the PSC Dif condition, suggesting that undifferentiated 
PSCs are more cytotrophoblast-like. Interestingly, in addition to their higher ST marker expression, cells 
from the PSC Dif condition more highly expressed cytotrophoblast marker genes than BeWo Dif. However, 
this could be explained by the fact that a fraction of cells in the PSC Dif condition remains undifferentiated, 
and these cells could be more similar to primary cytotrophoblasts than undifferentiated BeWo cells, which 
are derived from a choriocarcinoma and would exhibit a more cancerous genome. The genes highlighted 
in the volcano plots were normalized as z-scores to visualize their relative expression (Figure 2.3J). The 
PSC Dif condition exhibited highest normalized expression of most ST markers, most of which were 
hormone secretion genes35 (PSG family, CGB family, INSL4, INHA, LEP, CGA, ANGPT2, LHB, INHBA, KISS1, 
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CSHL1, CRH, ANG, GH2, CCK). These findings are in agreement with the fact that the syncytium is the main 
site of polypeptide hormone secretion within the placenta.35,36 In summary, the transcriptome profiling 
suggests that the PSC Undif condition is the most reminiscent of primary cytotrophoblasts and therefore 
ideal to include in our early-stage barrier model, whereas the PSC Dif condition is most similar to the in 
vivo differentiated syncytium and thus ideal for late-stage placental modeling. 

 
 

 
 
Figure 2.3. Gene expression analysis shows that PSCs more closely resemble primary syncytiotrophoblasts than BeWo b30 cells. 
A) Principal component analysis of gene expression of undifferentiated PSCs (PSC Undif), differentiated PSCs (PSC Dif), and 
differentiated BeWo b30 cells (BeWo Dif) (N = 5). B) Pearson correlation of PSC Dif and BeWo Dif cells with primary 

syncytiotrophoblast cultures23 (two-tailed T-test, N = 5, ***p < 0.001). CςF) Gene expression of hormone secretion genes C) hCG 
(CGB1) and D) hPL (CSH1), and important transporter genes for E) insulin (INSR) and F) immunoglobulin G (FCGRT) (one-way 

ANOVA, N = 5, ***p < 0.001). G) Heat map displaying important placental nutrient transporter genes29 for all three experimental 
conditions. Gene expression levels were normalized by calculating z-scores. Colors represent scaled expression values where 
magenta signifies high expression and white, low expression. H) Volcano plots comparing upregulated and downregulated genes 
from PSC Undif and PSC Dif cultures. Syncytiotrophoblast-specific genes (ST markers) are highlighted in pink and cytotrophoblast-
related genes (CT markers) are highlighted in blue. Genes on the left of the zero axis are upregulated in the PSC Dif condition and 
those on the right of the zero axis are downregulated (p җ лΦлрΣ ŦƻƭŘ ŎƘŀƴƎŜ җ ҕнύΦ Lύ ±ƻƭŎŀƴƻ Ǉƭƻǘǎ ŎƻƳǇŀǊƛƴƎ ǳǇǊŜƎǳƭŀǘŜŘ ŀƴŘ 
downregulated genes from BeWo Dif and PSC Dif cultures. Genes on the left of the zero axis are upregulated in the PSC Dif 
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condition and those on the right of the zero axis are downregulated (p җ лΦлрΣ ŦƻƭŘ ŎƘŀƴƎŜ җ ҕнύΦ Wύ IŜŀǘ ƳŀǇ ŘƛǎǇƭŀȅƛƴƎ /¢ ŀƴŘ {¢ 
related markers for all three experimental conditions. Gene expression levels were normalized by calculating z-scores. Colors 
represent scaled expression values where magenta signifies high expression and white, low expression. 
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2.7. SUPPORTING INFORMATION 

2.7.1.  Supplementary Figures 

 
 

 
Figure S2.1. Differentiation of PSCs and BeWo b30 cells on tissue culture plastic (TCP). A. PSCs were differentiated in 384-wells for 
8 days, fixed and stained for nucleic acids (DAPI, blue) and cell adhesion marker, e-cadherin (green). B. Cell density of PSCs and 
BeWo b30 cells cultured in standard 384-well plates (cells/well) as measured via DNA quantification assay. (one-way ANOVA, N=6, 
***p<0.001) C. Secretion of hCG over a span of 24 hours. (one-way ANOVA, N=3, ***p<0.001). 

 

 
Figure S2.2. Thawing and expansion of PSCs. Phase contrast images of showing the growth of blastocyst- (RCB-4940) and 
cytotrophoblast-derived (RCB-4936) PSCs in cell culture flasks. (100 um scale bar)  
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Figure S2.3. Heat map displaying (A.) important thyroid transporters33 and (B.) pharmaceutically relevant drug transporters34 for 
all three experimental conditions. Gene expression levels were normalized by calculating z-scores. Colours represent scaled 
expression values where magenta signifies high expression and white, low expression. 
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2.7.2. Supplementary Tables 

 

Table S2.1. Reagents and media supplements 

Reagent Source Catalog number 

DMEM/F12 Thermo Fisher Scientific 10565018 

2-mercaptoethanol Sigma-Aldrich M3148-25ML 

Fetal bovine serum (PBS) Thermo Fisher Scientific 124840128 

Penicillin-streptomycin Wisent Bioproducts 450-201-EL 

Bovine serum albumin (BSA) Sigma-Aldrich A9205 

ITS liquid media supplement (100x) Sigma-Aldrich I3146 

L-ascorbic acid Sigma-Aldrich A8960 

Epidermal growth factor (EGF) STEMCELL Technologies 78006.1 

CHIR99021 STEMCELL Technologies 72054 

A83-01 STEMCELL Technologies 72022 

SB431542 STEMCELL Technologies 72234 

Valproic acid (VPA) STEMCELL Technologies 72292 

Y27632 STEMCELL Technologies 72304 

Collagen IV Sigma-Aldrich C7521-5MG 

Forskolin STEMCELL Technologies 72112 

Knockout serum replacement (KSR) Thermo Fisher Scientific 10-828-028 

TrypLE Thermo Fisher Scientific 12-605-010 

Trypsin Thermo Fisher Scientific 25300120 

D-PBS Thermo Fisher Scientific 14190144 

Endothelial growth medium (ECGM2) Sigma-Aldrich C-22111 

DMEM Thermo Fisher Scientific 11995-065 

RNase/DNase-free distilled water Thermo Fisher Scientific 10977-023 

Fibrinogen Sigma-Aldrich F3879-5G 

thrombin Sigma-Aldrich T6884-100UN 

Bovine serum albumin (BSA) Sigma-Aldrich A9418-100G 

paraformaldehyde Electron microscopy sciences EMS 15710-S 

Fetal bovine serum, qualified, heat 
inactivated, Canada (FBS) 

Thermo Fisher Scientific 12484028 

Triton-X Sigma-Aldrich T8787-50ML 

65 kDa TRITC dextran Sigma-Aldrich T1162-100MG 

4 kDa FITC dextran Sigma-Aldrich 46944-100MG-F 

Human recombinant insulin Sigma-Aldrich 91077C-100MG 
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Table S2.2. List of antibodies. 

Reagent Source Catalog number 

Anti-e-cadherin (IF and IHC) Abcam ab1416 

DAPI Sigma-Aldrich MBD0015-1ML 

Anti-rabbit IgG (CF594) Sigma-Aldrich SAB4600107-250UL 

Anti-mouse IgG (CF594) Sigma-Aldrich SAB4600105-250UL 

Anti-mouse IgG (FITC) Sigma-Aldrich F0257-1ML 

Anti-hCG Sigma-Aldrich SAB4500168-100UG 

Anti-CD31 Abcam ab28364 
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3. DEVELOPMENT OF TWO TRANSPLACENTAL BARRIER SYSTEMS TO MODEL 

THE EARLY- AND LATE-STAGE PLACENTA. 
 
Sonya Kouthouridis, Alexander Sotra, Zaim Khan, Justin Alvarado, Sandeep Raha, Boyang Zhang. 
Continued excerpt from the published work of Advanced Healthcare Materials. Reprinted with 

permission. 
Copyright® Wiley 2023. https://doi.org/10.1002/adhm.202301428. 

 

3.1. MATERIALS AND METHODS 

3.1.1. Establishment of Early-Stage Barrier Model 

 
The early-stage barrier model consisted of a PSC monolayer cultured on a porous fibrin hydrogel 

matrix with interconnected adjacent wells. To create this barrier model, our lab's proprietary IFlowPlate 
model was utilized, which consisted of a 384-well plate with interconnected well triplets (inlet, center, 
outlet) and pressure-adhesive bottoms. Hydrogel casting and cell seeding methodology was adapted from 
the previous work1 and modified to meet the culture model requirements. IFlowPlate's fabrication was 
streamlined since the first publication1 and plates were now manufactured in FDA registered, ISO13485 
and GMP certified facility (OrganoBiotech, Cat#A001). This device was consisted of three wells 
interconnected by 200 µm wide by 200 µm tall channels at its base and was compatible with standard 
384-well culture. To set up the culture, first, a fibrinogen pre-polymer solution (10 mg mLҍм) was aliquoted 
into 125 µL quantities. Sterile distilled water (25 µL) was then added to the inlet and outlet wells of the 
devices being cast. Immediately before casting, thrombin (25 µL, 1 U mLҍм) was mixed into the fibrinogen 
solution and 25 µL of this mixture was cast into each center well. Hydrogels were allowed to polymerize 
at room temperature for 30 min. Water was aspirated from the inlet and outlet wells and appropriate 
media was added to all three wells. For monolayer cultures, PSCs were seeded onto the hydrogel in the 
ŎŜƴǘǊŀƭ ŎƘŀƳōŜǊ м Ƙ ŀŦǘŜǊ ŎŀǎǘƛƴƎ όнп ллл ŎŜƭƭǎ ǿŜƭƭҍм) and incubated flat on the rocker overnight for cells 
to attach. The resulting gel was characterized by an average pore area of 0.54 ± 0.18 µm2 and an average 
Feret diameter of 1.08 ± 0.12 µm (Figure S3.1A-C, Supporting Information). The next day, the plate was 
placed on a pre-programmed rocker (15o tilt, 4 tilts hҍм), inducing a basolateral media flow rate of 30.0 ± 
8.6 µL hҍм (Figure S3.1DE, Supporting Information), and media was changed daily. All types of media used 
in the device were supplemented with 20 µg mLҍм aprotinin to prevent fibrin degradation. 

 

3.1.2.  Dextran Permeability Assay 

 
Dextran permeability was assessed in IFlowPlate to evaluate the passive diffusion of small molecules 

through the barrier model. Dextran is often used in culture permeability assays because it is not 
metabolized by mammalian cells and it has been shown that it can be used to assess size-dependent 
paracellular transport, 2,3 in other words, transport across the cell barrier via the intercellular space. This 
assay consisted of adding fluorescently labeled dextran into the central apical chamber of the device, 
incubating the device on the tilter and taking fluorescent measurements of the adjacent wells at specified 
timepoints. A 1:1 molar ratio of 65 kDa TRITC-labeled dextran (0.2 mg mLҍм) and 4 kDa FITC-labeled 
dextran (0.012 mg mLҍм) was prepared in the appropriate culture medium. For experimental conditions 
requiring compartmentalized culture, mixed media consisting of a 50:50 ratio of both media types was 
prepared to eliminate the effect of media fluorescence on dextran fluorescent readouts. Fresh media 
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(90 µL) was added to the inlet and outlet wells of device, and dextran solution (65 µL) was added to the 
central well to equilibrate the media levels (25 µL gel + 65 µL dextran = 90 µL in center well). A calibration 
curve was created by serially diluting the dextran solution and adding 90 µL into each well triplet. 
Fluorescent measurements were acquired using the Cytation5 plate reader and all measurements on the 
same plot were performed on the same day of culture. Preliminary assays confirmed that there was no 
fluorescent bleed-through between TRITC and FITC channels, which would skew experimental results 
(Figure S3.2, Supporting Information). 

 

3.1.3.  Poly(I:C) Treatment and Cytokine Analysis 

 
PSCs were cultured on IFlowPlate for 8 days in either expansion medium or differentiation medium. 

On day 8, media in the central compartment was supplemented with poly(I:C) (10 µg mLҍм), a viral mimic 
that was shown to elicit an inflammatory response in many tissues4,5 and, for the placenta specifically, it 
was used to induce preeclampsia-like symptoms in animal and explant models.6ς8 After 24 h, supernatant 
from the central (apical) compartment and media from the adjacent (basolateral) compartments were 
collected. Media supernatant was centrifuged at 1000 g for 10 min to precipitate any cell debris, and 70 
ҡ[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ǘƻǇ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŦƭǳƛŘ ǎŀƳǇƭŜΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǎǘƻǊŜŘ ƛƴ ҍул °C 
until they were sent to Eve Technologies for cytokine analysis. Samples were analyzed using the Human 
Cytokine Pro-inflammatory Focused 15-Plex Discovery Assay Array (HDF15) for the following biomarkers: 
GM-/{CΣ LCbʴΣ L[-мʲΣ L[-1RA, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12(p40), IL-12(p70), IL-13, MCP-мΣ ¢bCʰΦ 
Cytokine concentrations were converted to mass by assuming the 90 µL of supernatant in the central well 
and a combined 180 µL in adjacent wells. Secretion values under the detectable limit of the assay were 
set to 0. 

 

3.1.4.  Establishment of Late-Stage Barrier Model 

 
The late-stage barrier model consisted of a PSC monolayer cultured on a fibrin hydrogel laden with 

perfusable vasculature. First, a pre-polymerized hydrogel cell suspension of HUVECs (2.5 M cells mLҍм) and 
fibroblasts (0.5 M cells mLҍм) was prepared and cast in the central well of the IFlowPlate device and 
polymerized at room temperature for 30 min, similar to the early-stage model. A coating solution 
consisting of fibrinogen (1 mg mLҍм), thrombin (0.1 U mLҍм), and aprotinin (20 µg mLҍм) in ECGM2 was 
prepared. Water was aspirated out of the inlet and outlet wells and replaced with 100 µL of the coating 
solution. Media (40 µL) was added to the central well and the plate was placed flat in the incubator 
overnight. The next day the coating solution was replaced with 80 µL of media, the inlet and outlet media 
were changed and the plate was placed on the rocker. On day 2, the inlet and outlet wells were seeded 
with an HUVEC cell suspension (110 µL, 1 M cells mLҍм) and incubated flat overnight. Media was changed 
on day 3 and the plate was placed on the rocker to encourage endothelial lining of the device channels. 
PSCs were seeded on the fibrin gel on day 4, similar to the early-stage model. Once PSCs were seeded in 
the central compartment, a compartmentalized media culture commenced: PSC media in the central well 
(90 µL of PSCM or PSCM+D) and endothelial cell media in the inlets and outlets (90 µL of ECGM2). In 
addition, the plate was placed on the rocker until the end of culture. 

 

3.1.5.  Coculture Media Tolerance Assay 
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During compartmentalized culture in the IFlowPlate, it was possible for media mixing to occur, 
especially in early culture when PSCs had not yet formed a tight barrier separating apical and basolateral 
compartments. A coculture media tolerance assay was performed to determine at what media mixing 
ratios PSCs could still form a confluent monolayer on fibrin and endothelial cells could self-assemble into 
vasculature. To do this, media mixtures consisting of different ratios of PSC expansion (PSCM) media and 
endothelial cell expansion media (ECGM2) were concocted: 100% PSCM, 75% PSCM/25% ECGM2, 50% 
t{/aκрл҈ 9/DaнΣ нр҈ t{/aκтр҈ 9/DaнΣ ŀƴŘ млл҈ 9/DaнΦ t{/ǎ ǿŜǊŜ ǎŜŜŘŜŘ ŀǘ ŀ ŘŜƴǎƛǘȅ ƻŦ мн рлл 
cells wellҍм on fibrin gels cast in a 384-well plate and cultured for 9 days in each media type. Endothelial 
cells were suspended in the pre-polymer hydrogel mixture (25 µL) at a density of 1 M cells mLҍм, cast into 
a 384-well plate and cultured for 3 days. 

 

3.1.6.  Vasculature Morphology Quantification 

 
The vasculature from coculture media tolerance assay was characterized using the open-access 

AngioTool software.9 The following variables were inputted into the software: high and low threshold 
values, vessel thicknesses, small particles, fill holes, and scaling factor. These values were set for each 
image so as to produce the most accurate vessel segmentation and skeletonization. Total vessel area, 
average vessel diameter, total vessel length, and the number of vascular junctions were outputted from 
the software. 

 

3.1.7.  Insulin Permeability Assay 

 
To determine insulin permeability across different placental barrier models, PSCM (95 µL) 

supplemented with human recombinant insulin (1 × 10ҍф m) was added into the central maternal 
compartment of the IFlowPlate device. The plates were then incubated on the programmable tilter and 
the supernatant samples were collected from each compartment after 24 h. An insulin ELISA kit (Sigma-
Aldrich, RAB0327-1KT) was used to quantify insulin permeation from the maternal to the fetal 
compartments according to manufacturer's instructions. Briefly, 80 µL of media supernatant was 
collected from the maternal compartment, and 100 µL from each fetal compartment. Optimal dilution 
factors for each sample were determined. 100 µL of each diluted supernatant sample and of antigen 
standard curve (positive control) were then incubated in individual wells of the ELISA array plate overnight 
at 4 °C with gentle shaking. The next day, wells were incubated at room temperature with gentle shaking 
with a 1X biotinylated human insulin detection antibody (100 µL) for 1 h, then with 1X HRP-streptavidin 
solution (100 µL) for 45 min, and finally with TMB one-step substrate reagent (100 µL) for 30 min. Wells 
were washed four times with 1X wash solution (300 µL) between each incubation step. Stop solution 
(50 µL) was added to each well immediately before measuring absorbance values at 450 nm using the 
Cytation5 microplate reader (Biotek). Insulin values below the detectable limit of the assay were set to 0. 
Insulin concentrations were also measured in the apical (maternal) compartment after the 24 h incubation 
(Figure S3.3, Supporting Information). 
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3.2. RESULTS AND DISCUSSION 

3.2.1. Differentiation of the Early-Pregnancy Placental Model Increased Monolayer Permeability 
to Dextran 

 

Having confirmed the superiority of PSC over BeWo b30 differentiation, these cells were seeded on 
the IFlowPlate384 device. The central well is first cast with a fibrin hydrogel and PSCs are seeded on its 
apical surface to create our early-pregnancy placental model. The adjacent wells serve as media storage 
and allow for its perfusion through the gel once the device is placed on a programmable tilter. This layout 
allows for compartmentalization of the maternal (center) and fetal (adjacent) compartments, which are 
separated by the fibrin gel representing the embryonic mesoderm (Figure 2.1B). PSCs were cultured on 
the device for 8 days before performing a dextran permeability assay (Figure 3.1A). The hydrogel matrix 
alone (without cells) was highly permeable to 65 kDa dextran, allowing 2.86 ± 1.07 pmol to permeate into 
the adjacent wells after a 21 h incubation, and 4.90 ± 1.10 pmol, after 36 h (Figure 3.1B). In contrast, the 
PSC monolayer maintained near-zero permeability at all timepoints between 0 and 36 h. To evaluate the 
effects of syncytial differentiation on monolayer permeability, a similar assay was performed on PSCs that 
had been differentiated on the device for 8 days (Figure 3.1A). Both TRITC-labeled 65 kDa dextran and 
FITC-labeled 4 kDa dextran were evaluated. PSC differentiation resulted in a size-dependent increase in 
dextran permeability, where the 65 kDa dextran significantly increased from 0.62 ± 0.73 to 3.31 ± 
1.40 pmol dayҍм and 4 kDa dextran, from 4.13 ± 1.41 to 10.92 ± 3.00 pmol dayҍм (Figure 3.1C). 
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Figure 3.1. Differentiation of early-stage placental barrier model triggers first trimester inflammatory response and change in 
permeability. A) Timeline for establishment of early-stage placental barrier model (undifferentiated) and corresponding fused 
model (differentiated). i) Dextran permeability assay was performed by adding 65 kDa fluorescently labeled dextran into the 
central chamber and measuring its fluorescence in the adjacent chambers after 24 h. ii) To induce an inflammatory state in the 



Ph.D. Thesis ς S. Kouthouridis; McMaster University ς Chemical Engineering 

38 
 

early-stage placental barrier model, poly(I:C) was added to the central chamber of the treated experimental groups. Cytokine 
secretion was analyzed in both the apical (maternal) and adjacent (fetal) chambers of differentiated and undifferentiated PSCs 
after 24 h. B) Timelapse of dextran perfusion into fetal chambers with and without cells. Dextran concentration continuously 
increases with time elapsed, whereas the PSCs were able to maintain resistance against 65 kDa permeation for at least 36 h 
without media change (two-way ANOVA, N = 3, *p < 0.05, **p < 0.01). C) 65 and 4 kDa dextran permeability of undifferentiated 
and differentiated early-stage barrier model. Differentiation increased PSC barrier permeability to 4 kDa dextran but did not affect 
permeability to 65 kDa dextran (two-way ANOVA, N = 8, *p < 0.05, **p < 0.01). D) Cytokine secretion in apical (maternal) and 
basolateral (fetal) compartments of undifferentiated and differentiated PSCs with and without poly(I:C) treatment (two-way 
ANOVA, N = 6, *p < 0.05, **p < 0.01, ***p < 0.001). E) Summary of the effects of PSC differentiation and poly(I:C) treatment on 
inflammatory cytokine secretion. F) Heat map of the effects of differentiation and poly (I:C) treatment on total inflammatory 
cytokine secretion (log(pg)) of PSCs cultured in early-stage placental model. G) Expression (log2) of pro-inflammatory and anti-
inflammatory cytokine gene markers in PSCs cultured in standard 6-well plates. 

 

3.2.2.  PSC Differentiation Affected Inflammatory Cytokine Secretion 

 
Pregnancy triggers an inflammatory state in the human body.10 As pregnancy progresses, blood 

concentration of many pro- and anti-inflammatory cytokines will fluctuate in a tightly coordinated 
immune response to maintain and support the pregnancy. Pro-inflammatory (GM-CSF,11 LCbʴΣ12 IL-мʲΣ13 
IL-2,14 IL-6,15,16 IL-8,17 IL-12p40,16 IL-12p70, MCP-1,18 TNF-ʰ16) and anti-inflammatory (IL-1Ra,19 IL-4,20 IL-
5,21 IL-10,17,20 IL-1321) cytokines from both undifferentiated and differentiated barrier models were 
quantified to determine if we could simulate these cytokine profiles (Figure 3.1A). In addition, both 
undifferentiated and differentiated tissues were treated with viral mimic, poly(I:C), for 24 h, as a positive 
inflammatory control. Differentiation triggered an increase of pro-ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎ όLCbʴΣ L[-6, IL-
8, IL-12p40, MCP-1, TNF-ʰύ ŀƴŘ ŀ ŘŜŎǊŜŀǎe in anti-inflammatory cytokine IL-1Ra (Figure 3.1D-F). Further, 
treatment with 10 µg mLҍм of poly (I:C) decreased the secretion of MCP-1, IL-2, IL-4, IL-1Ra, IL-12p70 and 
increased the secretion of pro-inflammatory cytokines, IL-8, TNF-ʰΣ LCbʴΣ ƛƴŘƛŎŀǘƛƴƎ ƻǳǊ ƳƻŘŜƭ Ŏŀƴ ǇǊƻǾƛŘŜ 
a robust inflammatory response to external stimuli. Interestingly, poly(I:C) treatment did not affect IL-6 
secretion rates, despite being present at high levels in the supernatant. This could potentially be due to 
the fact that IL-6 secretion is modulated by both matrix stiffness22,23 and fibrin matrix degradation24 in 
some cell types, which may have dampened any poly(I:C)-mediated increase in IL-6. In contrast, PSC 
differentiation increased IL-6 secretion by over 100-fold in basolateral and apical compartments. This was 
consistent with findings that syncytiotrophoblasts more highly stain for IL-625 and with longitudinal studies 
showing that IL-6 levels in maternal sera increase with gestational age.26 Along with IL-6, TNF-ʰ ǿŀǎ ƻƴŜ 
of the most highly affected pro-inflammatory cytokines in this study. Undifferentiated and untreated PSCs 
secreted near-zero amounts of TNF-ʰ ƛƴǘƻ ōƻǘƘ ŎƻƳǇŀǊǘƳŜƴǘǎ όлΦон ҕ лΦлу ǇƎ ŦƻǊ ŀǇƛŎŀƭ ŀƴŘ лΦно ҕ лΦлр 
pg for basolateral) and the differentiated, poly(I:C)-treated cells secreted the most TNF-ʰ ƛƴǘǊƻ ǘƘŜ ŀǇƛŎŀƭ 
chamber (74.4 ± 13.5 pg). This is expected, given that TNF-ʰ ǎŜŎǊŜǘƛƻƴ Ŏƻƴǘƛƴǳƻǳǎƭȅ ƛƴŎǊŜŀǎŜǎ ǘƘǊƻǳƎƘƻǳǘ 
pregnancy in normal weight women.26ς28 TNF-ʰ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƛƴŘǳŎŜ L[-8 expression in multiple cell 
types29,30 which explains how trophoblast IL-8 secretion followed an identical trend. IL-8 increased most 
substantially with differentiation, however poly(I:C) treatment appeared to trigger an increase in the 
apical compartment exclusively. This increase was most notable in differentiated cells, where IL-8 
secretions increased from 4.83 ± 2.15 to 29.9 ± 12.0 pg. 

 
In vivo, MCP-1 is produced in large quantities by trophoblast cells.31,32 It has been shown that MCP-1 

secretion into the maternal compartment of perfused placental explants is much higher than its secretion 
into the fetal compartment.32 This suggests that the bulk of MCP-1 secretion may occur within the 
syncytiotrophoblast cells, which are in direct contact with the maternal circulation. This is reflected in our 
model where MCP-1 secretion increased with PSC differentiation (from undetectable levels to 2.13 ± 1.77 
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pg for apical and 0.94 ± 0.40 pg for basolateral). Interestingly, MCP-1 then decreased with poly(I:C) 
treatment (0.36 ± 0.16 pg for apical and 0.02 ± 0.02 pg for basolateral). MCP-1 is both responsible for 
maintaining M1/M2 balance of macrophages and regulating trophoblast invasion of the placenta.31 This 
reduction in MCP-1 secretion by the differentiated syncytiotrophoblasts could be signaling to extravillous 
ǘǊƻǇƘƻōƭŀǎǘ ŎŜƭƭǎ ǘƻ Ƙŀƭǘ ƛƴǾŀǎƛƻƴ ƛƴǘƻ ǘƘŜ άƛƴŦŜŎǘŜŘέ ƳŀǘŜǊƴŀƭ ǘƛǎǎǳŜΦ LCbʴ ƭŜǾŜƭǎ ǊƻǎŜ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ 
from below the detectable limit to 0.01 ± 0.01 pg apically and 0.01 ± 0.01 pg basolaterally. When treated 
with poly(I:C), apical secretion further increased to 0.03 ± 0.02 pg, whereas basal secretion dropped back 
ǳƴŘŜǊ ǘƘŜ ŘŜǘŜŎǘŀōƭŜ ƭƛƳƛǘΦ 5ǳǊƛƴƎ ŜŀǊƭȅ ǇǊŜƎƴŀƴŎȅΣ LCbʴ ƛǎ Ƴƻǎǘƭȅ ǇǊƻŘǳŎŜŘ by the uterus to initiate the 
endometrial vascular remodeling necessary for the growth of the fetus,33 however it has also been shown 
to be produced by human trophoblast cells.34 ¢Ƙƛǎ ŜŀǊƭȅ ǘǊŀƴǎƛŜƴǘ ǇǊƻŘǳŎǘƛƻƴ ƻŦ LCbʴ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ōŜ 
necessary in preventing maternal immune activation against the semiallogeneic fetus.35 Lƴ ŀŘŘƛǘƛƻƴΣ LCbʴ 
inhibits invasion of extravillous trophoblasts in the first trimester, which is believed to be necessary in 
preventing excessive invasion during implantation, leading to the dangerous condition of placenta 
accreta.36ς38 Anti-inflammatory IL-4 secretion averages ranged between 0.003 and 0.008 pg for untreated 
conditions and were not significantly affected by differentiation or polarity. This finding was surprising 
given that, along with IL-6 and IL-7, IL-4 has been shown to stimulate hCG release within the 
placenta.39,40 IL-4 then decreased to below detectable limits with poly(I:C) treatment, as expected, given 
its anti-inflammatory properties. Basolateral levels of IL-12p40 remained constant throughout all four 
conditions, whereas apical levels of IL-12p40 increased with PSC differentiation in both poly(I:C) treated 
(0.099 ± 0.083 to 0.409 ± 0.036 pg) and nontreated conditions (0.096 ± 0.078 to 0.399 ± 0.205 pg). 

 
IL-2 is primarily known as a T cell growth factor and is responsible for the development of peripheral 

immune cells.41,42 Although levels of IL-2 secretion were low and did not change with differentiation, 
apical-basal polarity was observed. Basolateral secretion (0.018 ± 0.010 and 0.023 ± 0.010 pg) was 3.6-
fold and 3.8-fold higher than the apical secretion (0.005 ± 0.003 and 0.006 ± 0.003 pg) in the 
undifferentiated and differentiated untreated groups, respectively. This polarity was also observed with 
poly(I:C) treatment, where changes in IL-2 levels were only significant in the basolateral compartment 
while apical IL-2 levels remained constant. Despite IL-2 conventionally being categorized as a pro-
inflammatory cytokine, it has been shown that IL-2 reduces inflammation during pregnancy and can 
normalize certain symptoms in rats suffering from placental ischemia.43,44 If IL-2 acts as an anti-
inflammatory cytokine within the placenta, this may explain why its basolateral secretion was reduced 
with poly(I:C) treatment. Similarly, basolateral IL-12p70 levels dropped with poly(I:C) treatment in both 
undifferentiated (0.133 ± 0.038 to 0.038 ± 0.032 pg) and differentiated conditions (0.116 ± 0.067 to 0.044 
± 0.047 pg). IL-12 is not only pro-inflammatory, but antiangiogenic and therefore may be important in 
regulating fetal vascular formation throughout villous development,45 which would explain the higher 
baseline IL-12p70 secretion values in the basolateral fetal compartment. Finally, there were no significant 
changes in apical or basolateral secretion of GM-CSF, IL-мʲΣ L[-4, IL-5, IL-10, and IL-13 as a result of 
differentiation or poly(I:C) treatment (Figure S3.4, Supporting Information). Overall, cytokine secretion 
was more strongly affected by PSC differentiation than to poly(I:C) treatment. This may be due to 
differences in treatment times (48 h for poly(I:C) vs 8 days for differentiation) or mass transport 
differences between media supplements (poly(I:C) vs forskolin) when crossing the placental barrier. 
However, we believe that the high level of inflammation caused by the fusion of PSCs is reminiscent of 
the first trimester of pregnancy, during which cytotrophoblast cells are rapidly proliferating and fusing to 
form the syncytium. At this early stage, trophoblasts will secrete chemokines which will recruit and 
reprogram the mother's immune system to shield the fetus from both the maternal immune system itself 
and exogenous threats.46,47 Because the baseline inflammation during pregnancy is already high, health 
risks to the mother and fetus are increased. Viral infections, smoking, excessive weight gain, and a host of 
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other factors may increase inflammation and result in adverse pregnancy outcomes, driving the need for 
informative in vitro models such as this one. 

 

3.2.3.  Cytokine Gene Expression Showed Similar Trends to Cytokine Secretion Data 

 
Many trends observed in the cytokine secretion data were confirmed using gene expression data of 

PSCs. Microarray sequencing was performed on undifferentiated and differentiated PSCs, and gene 
marker expression of the 15 inflammatory cytokines studied in the cytokine secretion panel was more 
closely examined (Figure 3.1G). Expectedly, gene marker expression for pro-inflammatory cytokines IL-8, 
IL-12p40, and TNF-ʰ ƛƴŎǊŜŀǎŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǿƛǘƘ t{/ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ōȅ ŦŀŎǘƻǊǎ ƻŦ мΦлфΣ мΦлфΣ ŀƴŘ мΦмтΣ 
respectively, which agreed with their corresponding secretion data. IL1RN (IL-1Ra) expression increased 
modestly with differentiation by 1.10-fold. Although a similar increase in IL-1Ra secretion was observed 
in the apical compartment of our differentiated IFlowPlate cultures, it did not achieve significance (p = 
0.53). Similarly, IL10 (IL-10) expression increased slightly with differentiation by a factor of 1.12, despite 
IL-10 secretion remaining constant. The only discrepancy between the two datasets was for pro-
inflammatory cytokine IL-6 that increased with differentiation, but the corresponding gene marker 
expression decreased by a factor of 1.16. In vivo, IL-6 expression has been shown to be most highly 
expressed in cytotrophoblasts and will decrease as cell fusion occurs,48,49 similar to what was observed in 
our microarray expression data. In contrast, it has also been shown that, when compared to 
cytotrophoblasts, syncytiotrophoblasts more strongly stain for IL-6,25 which is consistent with our cytokine 
secretion data. This discrepancy can be explained by the fact that mRNA often does not fully represent 
protein secretion, especially when dealing with transient systems.50ς52 Alternatively, this difference could 
be explained by the differences in culture substrates used between experiments (gene expression on a 6-
well plate and cytokine secretion on IFlowPlate), which has been shown to affect inflammatory cytokine 
secretion.22,23 Further, there were no significant differences in cytokine gene expression of anti-
inflammatory cytokines IL-4, IL-5, and IL-13, as well as pro-inflammatory cytokines GM-/{CΣ LCbʴΣ L[-мʲΣ 
IL-2, IL-12p70, and MCP-1, which agrees with the cytokine secretion findings. The significant increase in 
MCP-1 secretion triggered by PSC differentiation was not reflected in the gene expression data (p = 0.23), 
however it appears that CCL2 (MCP-1) gene expression trended in that direction. Overall, gene expression 
of the 15 inflammatory cytokines examined largely agreed with the results of the cytokine secretion panel 
and showed that PSC differentiation directs inflammatory cytokine release. 

 

3.2.4.  Late-Pregnancy Barrier Model Achieved High PSC Differentiation Rates 

 
Vascularization is one of the defining characteristics of the placental organ and evolves throughout 

pregnancy. When chorionic villi initially form, fetal vasculature is underdeveloped and does not yet allow 
fetal blood circulation, which is vital to the efficient transport of nutrients to the developing fetus. This 
may explain why feto-maternal nutrient transport only commences at the onset of fetal circulation at 
around week 12 of gestation.53 Therefore, perfusable vasculature is a defining feature that distinguishes 
between early- and late-stage placental transport. Having established a model for early-stage pregnancy 
with undifferentiated cytotrophoblasts, next we incorporated vasculature and differentiated 
syncytiotrophoblasts to model late-stage pregnancy. To do this, human endothelial and fibroblast cells 
were incorporated into the fibrin hydrogel before being cast into the IFlowPlate (Figure 2.1E). Cells were 
cultured in the platform for 4 days to allow for vascular self-assembly, then PSCs were seeded onto the 
apical surface of the gel, similar to the early-pregnancy model (Figure 3.2A). Once PSCs were added, the 
IFlowPlate was switched to compartmentalized media culture in which PSC media was maintained in the 
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central well and endothelial cell media, in the adjacent inlet and outlet wells. A culture media tolerance 
assay confirmed that both cell types were able to grow in mixed media (Figure S3.5, Supporting 
Information). Cultures were maintained with daily media changes for 8 more days to allow for adequate 
PSC fusion. Vascular perfusion was confirmed immediately before or after permeability measurements 
were taken by introducing fluorescently labelled dextran into the inlet compartment and monitoring its 
perfusion throughout the vasculature and into the outlet channel (Figure 3.2B). Tissues were fixed and 
ǎǘŀƛƴŜŘ ŦƻǊ п Σс-diamidino-2-phenylindole (DAPI) and e-cadherin to assess PSC fusion (Figure 3.2B). Fusion 
rates of PSCs were very similar in the late-stage model (Dif PSCs + Vasc, 84.4 ± 1.0%, Figure 3.2C) than in 
differentiated monoculture (89.4 ± 3.4%, Figure 2.2D) which suggested that compartmentalized media 
and endothelial cell coculture did not heavily impact syncytiotrophoblast fusion rates. As expected, PSC 
fusion rates in our late-stage model were significantly higher than those of our early-stage barrier model 
(Undif PSCs, 21.9 ± 10.1%, Figure 3.2C), which still exhibited some spontaneous fusion. Despite this 
modest reduction, fusion rates were still far improved from those of BeWo b30 cells in ideal culture 
conditions (7.1 ± 1.7%, Figure 2.2D). Histology cross-sections of the late-stage tissue show that the 
differentiated PSCs formed of a single, thin cell monolayer. Monolayer thickness (Figure 3.2D) was 
comparable to that of differentiated PSCs on fibrin (Figure 2.2B), once again confirming successful PSC 
differentiation into a fused syncytium. Endothelial cells were immunohistochemistry (IHC) stained for 
CD31, an endothelial marker for vascular differentiation, which highlighted the luminal structure of the 
self-assembled vasculature. 
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Figure 3.2. Late-stage placental barrier model exhibits altered permeability compared to early-stage model. A) Timeline for 
establishment of late-stage placental barrier model. HUVECs and fibroblasts are cast into the central gel of the device and cultured 
for 2 days before adding HUVECs into fetal compartments to line connecting channels. PSCs are then seeded into the maternal 
chamber at day 4 and immediately differentiated for 8 days before permeability assays are performed. B) Imaging of late-stage 
placental barrier model. i) GFP-labeled HUVECS (green) and fibroblasts self-assembled into fetal vasculature and dextran (red) 
perfused across fetal channels at end of culture (D13) (100 µm scale bar). ii) Differentiated PSC monolayer from late-stage model 
stained for nucleic acids (DAPI, blue) and for e-cadherin (green) to demonstrate high degree of trophoblast fusion. C) Fusion 
percent of early and later-stage models.  D) H&E-stained histological cross-sections of i) whole fibrin gel with apical PSC monolayer 
and perfusable vasculature at base. Higher magnification images of ii) H&E-stained fused PSC monolayer and iii) CD31-stained 
HUVECs (brown) forming vascular structures. E) Permeability of 65 kDa dextran across different barrier models (two-way 
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ANOVA, N = 5 to N = 17, *p < 0.05, ***p < 0.001). F) Permeability of 4 kDa dextran across different barrier models (two-way 
ANOVA, N = 5 to N = 17, *p < 0.05, ***p < 0.001). G) Insulin concentrations in supernatant from basolateral (fetal) compartments 
of late-stage placental barrier model (two-way ANOVA, N = 3 to N = 11, *p < 0.05, ***p < 0.001). Apical insulin concentrations 
were statistically similar between all culture conditions, whereas vascularization of model caused a reduction in insulin transport 
into the basolateral compartment. Hύ ¢ŀōƭŜ ǎǳƳƳŀǊƛȊƛƴƎ ǘǊŀƴǎǇƻǊǘ ŦƛƴŘƛƴƎǎ ŀŎǊƻǎǎ ŀƭƭ ƳƻŘŜƭǎ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ bƻ ŎŜƭƭ ŎƻƴǘǊƻƭ όωύΦ 

 

3.2.5.  Vascularization Altered Dextran Permeability of Barrier Model in a Size-Dependent Manner 

 
After a total of 12 days in culture, barrier permeability was assessed in both vascularized and 

nonvascularized models via dextran and insulin permeability assays (Figure 3.2A). Barrier measurements 
were always performed on the same day (D12) to control for any differences in vascular morphology and 
their resulting effects on molecular transport. Similar to vascularized tissues, nonvascularized cultures 
were maintained in compartmentalized media to control for culture media effects and isolate the effects 
of vascularization on barrier permeability. Vascularization affected dextran permeability in a size-
dependent manner. Vasculature significantly decreased 65 kDa dextran permeability (Figure 3.2E) from 
2.15 ± 1.18 (no cell) to 0.69 ± 0.52 pmol dayҍм (Vasc only) through the hydrogel matrix. Further, lower 
permeability results were also observed with the addition of vasculature to the differentiated PSC model 
(0.47 ± 0.29 for Dif PSC condition to 0.01 ± 0.10 pmol dayҍм for Dif PSC + Vasc condition), however they 
did not prove to be significant (p = 0.91). In contrast, vascularization significantly increased 4 kDa dextran 
diffusion (Figure 3.2Fύ ƛƴǘƻ ǘƘŜ ŀŘƧŀŎŜƴǘ ǿŜƭƭǎ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ άƴƻ ŎŜƭƭέ ŎƻƴǘǊƻƭ ƎǊƻǳǇ όрΦуо ҕ оΦнр 
for no cell condition to 9.91 ± 5.16 pmol dayҍм for vasculature only condition, p = 0.04) and appeared to 
result in higher permeability values for the differentiated PSC condition (1.70 ± 0.67 for Dif PSC condition 
to 3.23 ± 0.80 pmol dayҍмfor Dif PSC + Vasc condition). These results suggest that the addition of 
vasculature acts as an extra barrier against 65 kDa dextran permeability, whereas it allows for faster 
clearance of smaller 4 kDa dextran molecules, thus increasing its transport rates into the adjacent 
compartments. These findings highlight the importance of incorporating vasculature in placental models 
for fetal toxicity studies, given that small-molecule drugs will more rapidly permeate vascularized tissue. 
Therefore, nonvascularized placental barrier models may falsely deem a drug safe for use during 
pregnancy. This result also aligns with the functional role of vasculature in the placenta, which is to 
accelerate mass transport as the placenta becomes more highly vascularized in late-stage pregnancy. In 
previous placenta-on-a-chip studies, the endothelium functions as an additional barrier and hinders mass 
transport, without capturing the clearance effects of perfusable vasculature. Here, we clearly showed that 
a matrix that is more extensively vascularized will improve mass transport, at least for small molecules. 

 

3.2.6.  Vascularization Decreased Barrier Permeability to Insulin 

 
Ex vivo studies have shown that the placenta is impermeable to insulin at physiological levels, which 

allows diabetic patients to continue their insulin treatments throughout pregnancy. Here, we tested our 
barrier models to determine whether PSC differentiation and vasculature have a significant effect on 
insulin transport from the maternal to fetal compartments (Figure 3.2G). Interestingly, we first found that 
our undifferentiated (early-stage) condition only slightly decreased (843.8 ± 215.6 µIU mLҍм) the 
permeation of insulin into the fetal compartments, whereas the differentiated PSC monolayer (1003 ± 
73.7 µIU mLҍм) did not present any type of resistance against insulin passage. The amount of insulin that 
ŎǊƻǎǎŜŘ ƛƴǘƻ ǘƘŜ ŦŜǘŀƭ ŎƘŀƳōŜǊǎ ǿŀǎ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƳƛƭŀǊ ǘƻ ƻǳǊ άƴƻ ŎŜƭƭέ ŎƻƴǘǊƻƭ όмлтс ҕ ноΦф ҡL¦ Ƴ[ҍм) 
which consisted of a fibrin gel alone. The undifferentiated PSC monolayer (early-stage model) and the 
differentiated PSC monolayer had statistically similar insulin permeation which agreed with our earlier 
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findings that the INSR expression does not change with PSC differentiation. In contrast, the addition of 
vasculature in our late-stage placental model drastically reduced insulin permeation (108.1 ± 95.7 µIU 
mLҍм) similar to in vivo. It is often assumed that the trophoblast barrier is the most selective when it comes 
to feto-maternal transport, however in ex vivo placental perfusion studies, researchers are not able to 
distinguish which cell layer provides resistance against molecular passage. Similar to trophoblast cells, 
human umbilical vein endothelial cells (HUVECs) and fetal endothelial cells are also known to express 
INSR,54ς56 however fetal endothelial cells have been shown to express the gene at much lower rates than 
first trimester trophoblast cells,56 which may explain why the endothelial cells provided more of a barrier 
against insulin transport from the maternal to fetal compartment of our late-stage model. These results 
suggest that the presence of an endothelial layer is critical to insulin transport modeling and may 
significantly affect the safety ratings of molecules tested in in vitro type placental barrier models (Figure 
3.2H). 

 
 

3.3. DISCUSSION 

 
The placenta is a rapidly evolving, transient organ which is considered the main site of nutrient and 

gas exchange between the mother and the fetus. In this work, we engineered a hydrogel-based culture 
model which was capable of simulating early- and late-stage placental function with the careful 
modulation of differentiation and vascularization. We first characterized the differentiation capacity of 
our blastocyst-derived trophoblast stem cells on a fibrin hydrogel by quantifying trophoblast fusion 
efficiency, hCG secretion, and monolayer thickness. During the early weeks of pregnancy, the corpus 
luteum secretes pregnancy-maintaining hormones until placental maturation occurs. Trophoblast cells 
often only have the capacity to produce hormones such as progesterone and placental growth hormone 
in the more mature placenta,57 with the exception of hCG. Low levels of hCG are detectable in maternal 
blood and urine as early as 2 weeks after ovulation. hCG continues to almost double every few days until 
it reaches its peak concentration at the end of the first trimester.58 The undifferentiated PSCs exhibited 
an 80-fold higher baseline hCG production compared to the BeWo b30 cell line and further increased their 
secretion with differentiation, more closely adhering to this physiological process. Microarray gene 
sequencing was then performed on both PSCs and BeWo cells, which confirmed a higher expression of 
fusion-related genes in PSCs. 

 
Similar to hormone production, the placenta takes over pregnancy nutrient exchange from the yolk 

sac at the end of the first trimester.59 The early-stage placental villi therefore feature a structure less 
complex than the term placenta and are characterized by an embryonic mesoderm sheathed in multiple 
layers of cytotrophoblasts and a single syncytiotrophoblast layer. We constructed an early-stage placental 
barrier model consisting of an undifferentiated PSC monolayer cultured onto the fibrin gel of our lab's 
IFlowPlate device. Most importantly, the permeability of the placenta is continuously evolving throughout 
the pregnancy. Barrier permeability was assessed in this model using fluorescently labeled dextran and 
compared to the differentiated equivalent, which exhibited size-dependent permeability differences. We 
showed that cytotrophoblast fusion slightly increases monolayer permeability to small molecules, and 
therefore we believe that the syncytiotrophoblast layer present in early-stage villi would offer negligible 
resistance to molecular diffusion compared to the multiple layers of cytotrophoblast cells. This 
assumption is supported by a study that found that the cytotrophoblast layer of the rabbit placenta offers 
the most amount of diffusional resistance against lipid-insoluble molecules compared to the 
syncytiotrophoblast.60 To do so, Faber and Stearns used the tracer-dilution method, which consists of 
perfusing both permeable and impermeable tracers across the maternal and fetal compartments and 
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measuring the recovery over time. More recently, it has been shown that the syncytiotrophoblast layer 
contains trans-syncytial nanopores which increase molecular diffusion across this barrier.61 As a result, the 
multilayered undifferentiated PSC culture should be a valid model to represent early pregnancy. 

 
Cytotrophoblasts perform the bulk of their differentiation into syncytiotrophoblasts in the first 

trimester and continue this process throughout the entire pregnancy to replenish the syncytium. The 
trophoblast differentiation process triggers the release of pregnancy hormones such as hCG, however it 
also coincides with an increase in inflammatory cytokines within the maternal sera.62 We showed that PSC 
fusion increased the secretion of many pro-inflammatory cytokines and decreased the secretion rates of 
anti-inflammatory IL-1Ra. Interestingly, this increase is much larger than that resulting from poly(I:C) 
treatment, indicating a considerable inflammatory state. This increase in inflammation is observed in the 
first trimester of healthy pregnancies, where the maternal immune system is working synergistically with 
the trophoblast cells, which are secreting inflammatory cytokines, to facilitate implantation and fetal 
growth. When dysfunction occurs in immune signaling between the fetus and mother, risk of miscarriage 
increases,63 which is one of the reasons why the first trimester has the highest risk of miscarriages.64 The 
inflammation observed in early pregnancy decreases once in the second trimester. By transitioning the 
differentiated cultures back to expansion medium, it may be possible to maintain syncytial fusion while 
reducing inflammatory cytokine production and thus simulating this first-to-second trimester transition. 
Interestingly, most of the factors in the differentiation media were already present in the expansion 
media, however at lower amounts, except for forskolin, which has been shown to have anti-inflammatory 
properties65,66 and knockout serum replacement (KSR) which should not have any inflammatory effects as 
it is a nutrient supplement. This suggests that the combination of these factors, when inducing cell fusion, 
triggers an inflammatory state in the PSCs which may be necessary in vivo, given the inflammatory state 
of the body in the first trimester. 

 
The placenta cannot perform most of its barrier function in the first trimester, however its 

permeability is selective and increases with gestation time throughout the second and third 
trimesters.67 This is a result of several structural changes in the chorionic villi and morphological changes 
in the trophoblast cells that compose it. As the placenta matures, vascularization will increase, and fetal 
blood vessels will thicken to accommodate more blood perfusion. At the cellular scale, cytotrophoblasts 
regress and syncytiotrophoblasts thin toward the end of pregnancy, which reduces the barrier thickness 
between mother and fetus and further increases transport. In addition, expression of hormone receptors 
changes when cytotrophoblasts differentiated into syncytiotrophoblasts68,69 which may have downstream 
effects on placental permeability.70 These phenomena work synergistically to modulate feto-maternal 
placental transport. We designed a late-stage placental barrier model by incorporating self-assembled 
vasculature into the fibrin hydrogel of our IFlowPlate device and differentiating the PSC monolayer. 
Including vascular perfusion within our model altered its permeability and clearance of multisized dextran 
molecules, as well as insulin. The addition of perfusable vasculature appeared to decrease 65 kDa dextran 
transport and increase 4 kDa dextran transport from the maternal to fetal chambers. These findings 
suggest that the self-assembled vessels provided a significant barrier against larger molecules, however 
the resulting vascular perfusion permitted the faster clearance of smaller molecules. This increased 
clearance rate was largely due to the increased luminal flow velocity within the vessels, ranging from 13.1 
to 338.9 µm sҍм, depending on the vessel dimensions,1 when compared to flow velocity through the gel 
alone (3.98 ± 2.22 µm sҍм, Figure S3.1FG, Supporting Information). 

 
Interestingly, insulin, which is of similar size (5808 Da) to the smaller dextran, permeated the barrier 

more slowly when vasculature was added to the system (Figure 3.2G). Human insulin and many of its 
analogs have been shown not to cross the human placental barrier at physiological levels.71ς76 Here, the 
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PSC media in the maternal compartment (apical) contained supraphysiological levels of insulin from 
animal serum, which produced a larger concentration gradient across the placental barrier. Despite this, 
the vascularized late-stage placental barrier model was capable of maintaining a low concentration of 
insulin in the fetal compartments (basolateral). Interestingly, the corresponding avascular model did not 
provide any significant resistance against insulin permeation into the fetal compartment. These findings 
indicate that fetal vasculature may function as the main barrier against insulin transfer to the fetus. 
However, it is also possible that the endothelial or fibroblast cells within the gel matrix are binding or 
degrading the insulin, or that fibroblast deposition is stiffening the matrix,77,78 thus reducing molecular 
transport. Although we could not fully control for matrix property changes, we made certain to test the 
groups on the same day to eliminate culture length effects on matrix degradation. Most ex vivo 
experiments which have characterized insulin permeability use placental explants which cannot uncouple 
the effects of the trophoblast, stromal, and endothelial cell layers. Regardless of the mechanism of action 
at play, the incorporation of vasculature into the late-stage barrier model produced insulin permeability 
data more reminiscent of the in vivo placental environment. This work highlights the importance of 
controlling both trophoblast differentiation and barrier vascularization when modeling the placental 
barrier. 

 
As with all in vitro models, there are certain limitations to address. First, the flow direction of vascular 

perfusion in our model is bidirectional instead of the unidirectional flow of blood vessels, which may 
impact endothelial cell morphology and certain inflammatory pathways.79 However, this bidirectional flow 
pattern still permitted the self-assembly of fibroblast and endothelial cells into functional vessels 
reminiscent of human vasculature. Further, this platform utilizes fibrin as its biopolymer hydrogel matrix 
instead of basement membrane proteins such as collagen or laminin, which are the main components of 
the placental extracellular matrix (ECM).80 Although collagen gels would have provided a more 
physiologically realistic ECM environment for trophoblast cells, they degrade and contract significantly 
over time.81 In contrast, fibrin degradation can easily be controlled with the addition of aprotinin to culture 
media82 and provide a stable porous substrate that supports cell attachment and endothelial cell growth. 
Further, they are conducive to collagen and laminin deposition by fibroblast cells, which alter the cellular 
microenvironment and promote 3D cellular organization.83 Next, the use of lung fibroblasts and HUVECs, 
whose self-assembly has previously been optimized in our IFlowPlate platform,1 is not native to the human 
placenta and may result in vessels with slightly different barrier functions. Optimizing vessel self-assembly 
in this platform using fetal endothelial cells and placental fibroblasts is the next step in elevating the 
physiological relevance of this model. Finally, fetal vasculature is in close proximity to the trophoblast 
barrier in native tissues, which is not reflected in our model. However, this distance may be optimized by 
reducing hydrogel thickness or by increasing vascular presence in the top half of the gel. To do this, the 
plate can be inverted or the prepolymer hydrogel viscosity can be tuned to prevent cell precipitation 
during gelation. In addition, the endothelial and fibroblast cell density within the fibrin gel can be varied 
to either increase or decrease the extent of vascularization, more finely tuning the developmental stage 
which this device is simulating. 

 
The versatility of our IFlowPlate platform allows us to make further potential improvements to more 

closely mimic certain aspects of the native placental barrier. In this work, we triggered PSC fusion into 
syncytiotrophoblasts by culturing them in differentiation medium containing forskolin, a cAMP-activator 
extracted from plant root, which is not present in the human placenta. In vivo, this cAMP pathway is the 
main route toward fusion, and it is activated by various chemical and mechanobiological factors, whose 
mechanisms are largely still unknown.84,85 Fluid shear stress has been shown to increase levels of 
intracellular cAMP in primary human syncytiotrophoblast cells86 and to significantly increase fusion rates 
of rabbit trophoblast stem cells without the presence of forskolin.87 These findings suggest that 
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incorporating fluid flow into the apical chamber of our device could trigger shear stress-induced PSC fusion 
and bypass any nonphysiological side effects of forskolin treatment on our system. Moreover, substrate 
mechanical stiffness has been shown to affect fusion rates of BeWo cells88 and can easily be tuned in our 
model with the goal of triggering mechanically induced syncytialization. Finally, native placental villi form 
branched structures resulting in large surface areas which are conducive to nutrient transport. These 
structures may be incorporated into our late-stage barrier system using an already established hydrogel 
patterning technique.89,90 This technique consists of stamping the hydrogel with a negative mold before 
polymerization has occurred. Otherwise, the hydrogel can be allowed to completely polymerize against a 
sacrificial mold91 which can then be dissolved to reveal a villous-patterned gel. In addition to increasing 
barrier surface area, the surface topography modification would further decrease the distance between 
fetal vasculature and the maternal compartment of our device. 

 

3.4. CONCLUSIONS  

 
Since the placenta is not a static organ, certain drugs, antibodies, bacteria, and viruses may permeate 

the placental barrier at different rates as a function of trimester and therefore may be deemed safe for 
limited periods of time. In vitro placental models should therefore be capable of mimicking the various 
stages of its development to produce translatable permeability data. Here, we have constructed an in 
vitro placental barrier model from human trophoblast stem cells which has the capacity to model first and 
third trimester placental function with the careful modulation of trophoblast fusion and vascularization. 
This work shines a light on the critical effects of perfusable vasculature on molecular clearance within the 
placenta and, thus, perceived placental barrier permeability. More broadly, this model offers the 
opportunity to evaluate the safety of certain compounds for use during the different trimesters of 
pregnancy. 
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3.7. SUPPORTING INFORMATION 

3.7.1. Supplementary Figures 

 
Figure S3.1. Fibrin gel characterization. A. SEM image of fibrin pores and image processing steps including thresholding and pore 

area measurements. B. Average Feret diameter of fibrin gel pores. (N=4) C. Average area of fibrin gel pores. (N=4) D. 1 mm latex 
bead particles moving through IFlowPlate channel adjoining its wells and respective Trackmate particle movement analysis 

tracers. E. Flow rate measurements through IFlowPlate channel during pressure-driven flow obtained from 1 mm latex particle 
movement. F. 4 kDa FITC-dextran perfusion through fibrin hydrogel from left IFlowPlate compartment at t=0s and t=100s. G. 4 
kDa dextran velocity through fibrin gel via diffusion alone and diffusion with pressure-driven flow. 
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Figure S3.2. Fluorescent standard curves of 4 kDa and 65 kDa dextran when s8 at different ratios. Standard curves are identical 
when mixing FITC-labelled 4 kDa dextran with TRITC-labelled 65 kDa dextran at ratios of 10:1, 1:1 and 1:10 [4 kDa : 65 kDa], within 
which is the working range of our assay. Standard deviations are represented as error bars, however they are very small and 
overlap with the data symbols.  

 

 
Figure S3.3. Apical concentrations of insulin in late-stage barrier permeability assay. Insulin concentrations in supernatant from 
apical (maternal) compartments of late-stage placental barrier model. (Two-way ANOVA, N=5 to N=11, *p<0.05). Apical insulin 
concentrations were statistically similar between all culture conditions, suggesting that insulin binding or degradation by PSCs 
was not significant. 
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Figure S3.4. Remaining cytokine secretion data in early-placental barrier model. IL-5, IL-10, IL-13 GM-CSF and IL-мʲ ǎŜŎǊŜǘƛƻƴ ƛƴ 
apical (maternal) and basolateral (fetal) compartments of undifferentiated and differentiated PSCs with and without poly(I:C) 
treatment. (two-way ANOVA, N=6, *p<0.05, **p<0.01, ***p<0.001) 
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Figure S3.5. Coculture media tolerance assay. A. Brightfield images of PSCs cultured on the surface of fibrin gels for 3 days. 
Fluorescent images of HUVECs (red) self-assembled within fibrin gels for 3 days. Both cells were cultured with different ratios of 
PSCM and ECGM2 (100/0, 75/25, 50/50, 25/75 and 0/100, respectively). (1000 um scale bars) B. Timelapse of PSC monolayer 
coverage when culture on fibrin gels. Data presented as averages with standard deviation as error bars. C. Total vessel area of 
HUVECs self-assembled within fibrin gels after 3 days in culture. (One-way ANOVA, N=3, ***p<0.001) D. Average vessel diameter. 
(One-way ANOVA, N=3, *p<0.05, ***p<0.001) E. Total vessel length. (One-way ANOVA, N=3, *p<0.05) F. Number of vessel 
junctions (One-way ANOVA, N=3, *p<0.05) G. PSCs cultured for 11 days on either 384-well polystyrene tissue culture plates or 
fibrin gel with different media ratios of ECGM2 and PSCM. Cells were immunostained for nucleic acids (DAPI, blue) and e-cadherin 
(red and green). (100 um scale bars) 
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3.7.2.  Supplementary Methods 

 

Diffusion and flow velocity though IFlowPlate 
 
нр ˃ƭ ƻŦ ŀ п ƪ5ŀ CL¢/-labelled dextran in PBS solution was added to the left compartment of a cell-

free IFlowPlate device with no liquid in the center and right compartments. Dextran movement was then 
monitored via fluorescent imaging (Cytation5, BioTek) for 100 seconds. Timelapse images were imported 
into imageJ, thresholded and half-ellipses were manually overlayed onto the areas with dextran. Changes 
in the horizontal axis of the ellipse were measured and the velocity of dextran movement was determined. 
The effects of diffusion were accounted for by repeating this experiment, however instead of no liquid in 
ǘƘŜ ǊƛƎƘǘ ŎƘŀƳōŜǊΣ нр ˃[ ƻŦ t.{ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜǉǳŀƭƛȊŜ ǘƘŜ ǇǊŜǎǎǳǊŜ ƛƴ ŀƭƭ ŎƻƳǇŀǊǘƳŜƴǘǎΦ 5ŜȄǘǊŀƴ 
movement was then image at t=0s and t=100s using a plate reader (Cytation5, BioTek). Dextran 
movement from diffusion was subtracted from the previous measurements to obtain a final flow velocity. 
¢ƘŜǎŜ ǾŀƭǳŜǎ ǿŜǊŜ ǘƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ Ŧƭƻǿ ǾŜƭƻŎƛǘȅ ƻŦ м ˃Ƴ ǇŀǊǘƛŎƭŜǎ ǇŜǊŦǳǎŜŘ ǘƘǊƻǳƎƘ LCƭƻǿtƭŀǘŜ 
vasculature acquired by the author of our previous publication1, which were originally used for their shear 
stress calculations. 

 
Pore size analysis of fibrin 
 

Four fibrin gels were extracted from the IFlowPlate device, dehydrated and SEM imaged at 5kx to 
determine their porosity. Images were imported into the ImageJ software, cropped, and their brightness 
and contrast were automatically optimized according to thŜ ǎƻŦǘǿŀǊŜΩǎ ŀƭƎƻǊƛǘƘƳΦ ¢ƘŜ у-bit grayscale 
images were then thresholded between 0 and 80 and small background dots were eliminated using the 
fill holes command. The resulting binary image adequately represented the pores on the outmost surface 
of the gel (Figure S3.1, Supporting Information), which were characterized using the Analyze Particles 
function (pixel range 50-5000 pixels, circularity 0-1, exclude on edges). 

 
Flow rate through IFlowPlate 
 

The flow rate of media through the IFlowPlate gel was measured by perfusing 1 mm FITC-labelled 

latex beads (L1030, 2.5% solids, Sigma-Aldrich) throughout the device. 25 mL of a 1:800 dilution solution 
of latex beads in PBS were added into the left compartment, with no fluid in the center of right wells, to 
simulate the 15o tilt angle of the rocker. Timelapse videos of the beads moving through the channel were 
recorded using a confocal (3i Marianas Lightsheet microscope) at an average timelapse interval of 100 ms. 
These images were then imported into imageJ and bead movement was analyzed using the TrackMate 

plugin92 with the following settings: 10 mm estimated object diameter, 200 quality threshold, 1615 initial 

thresholding, 60 mm initial search radius, 20 mm search radius, 1 frame max frame gap, >4.55 number of 
spots in track, <1.0 mean directional change rate, >0.9 linearity of forward progression. Average particle 

velocity was obtained and, knowing the IFlowPlate square channel dimensions were 200 x 200 mm2, we 
were able to calculate the flow rate of media perfusing through the gel. 
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4. MODIFICATION OF LATE-STAGE BARRIER MODEL FOR TRANSPORT STUDIES 

OF PRESCRIPTION DRUGS DURING PREGNANCY 
 

Sonya Kouthouridis, Poonam Saha, Madeleine Ludlow, Boyang Zhang. 
Prepared for journal submission. 

 

4.1. ABSTRACT 

 
Throughout pregnancy, the placental barrier is crucial for fetal development, evolving continuously 

to meet the growing nutritional demands of the fetus. Although the placenta has the capacity to 
selectively filters compounds, harmful xenobiotic substances from the maternal blood can sometimes 
cross over into the fetal circulation. This drives the development of in vitro placental barrier models in the 
context of drug transport studies. In this work, we improve upon the barrier model described in Chapter 
4 of this thesis by transitioning from self-assembled vasculature to a more reproducible straight vascular 
channel ƛƴ ƻǳǊ ƭŀōΩǎ !ƴƎƛƻtƭŀǘŜ ƳƻŘŜƭΦ  ²Ŝ ǘƘŜƴ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘŜ ǘƘƛǎ ƳƻŘŜƭ ŦƻǊ ŘǊǳƎ ōŀǊǊƛŜǊ ǎǘǳŘƛŜǎ ōȅ 
assessing the permeability of three model therapeutic agents: paclitaxel, vancomycin, and IgG. Drug 
permeabilities were shown to be drug type, concentration, and size dependent, similar to what has 
previously been reported. Therefore, the presented model offers a promising tool for enhancing drug 
safety assessments in pregnant women, ensuring both maternal well-being and fetal health. 

 

4.2. INTRODUCTION 

 
Throughout pregnancy, the placental barrier continuously evolves to accommodate the nutritional 

demands of the developing fetus. At term, the placenta consists of branched chorionic villi which are 
bathed in a chamber of maternal blood and house the fetal vascular. A thin layer of fused 
syncytiotrophoblast cells enclose these villi and a smaller population of undifferentiated cytotrophoblast 
cells and various stromal cells are present between this syncytium and the endothelial layer constructing 
the fetal vasculature. Along with ƴǳǘǊƛŜƴǘǎΣ ǿŀǎǘŜ ŀƴŘ ƎŀǎŜǎΣ ȄŜƴƻōƛƻǘƛŎ ŎƻƳǇƻǳƴŘǎ ŜƴǘŜǊƛƴƎ ǘƘŜ ƳƻǘƘŜǊΩǎ 
blood stream, such as prescription drugs, can sometimes cross the placental barrier. Prescription drug use 
during pregnancy is often necessary for the well-being of the mother and has been increasing over the 
past 3 decades, especially in the first trimester of gestation1.  

 
The most commonly prescribed psychotropics for anxiety and depression are selective serotonin 

uptake inhibitors (SSRIs) and benzodiazepine (BZDs)2 which have been shown to readily cross the 
placenta3 and accumulate in fetal tissues4,5. Antibiotics make up 80% of medications prescribed during 
pregnancy6. In the instance of maternal infection, antibiotics may be prescribed to pregnant women, 
however they have also been shown to cross the placental barrier7 and cause increased risks of asthma 
and changes in the fetal intestinal microbiome8. Chemotherapy use during the first trimester is dangerous 
and can lead to the spontaneous termination of the pregnancy and therefore this specific type of drug is 
more likely to be prescribed during the 2nd and 3rd trimesters, when the risk of severe complications is 
reduced9. However, many studies evaluating the safety and side effects of these drugs are contradictory, 
which make it difficult to conclusively judge their safety10,11. Despite the potential negative side effects 
associated with these medications, it is crucial that pregnant women maintain access to them. The 
untreated ailments pose greater risks than the listed side effects. Therefore, physicians must carefully 
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weigh the necessity of treatment against the potential risks posed by the drugs. In vitro placental barrier 
models offer an ethical avenue to inform these decisions, facilitating the testing of drug treatment plans 
and the development of novel medications. 

 
Many in vitro systems have been developed to mimic the placental barrier12, however many of them 

have not successfully coupled a highly-differentiated syncytiotrophoblast layer with perfusable 
vasculature. In our previous work presented in Chapters 3 and 4, we established a vascularized placental 
IFlowPlate model to model both early- and late-stage pregnancy which highlighted the importance of the 
vascular barrier in transplacental research13. This model exhibited impressive syncytiotrophoblast fusion 
rates averaging 84.4 ± 1.0% and featured self-assembled vasculature, enabling the development of 
intricate vascular networks that closely mimic physiological conditions. However, while these networks 
offered enhanced realism, they posed challenges to reproducibility because of person-to-person 
variability in gel casting techniques and batch-to-batch differences in thrombin activity. These factors 
contributed to discrepancies in endothelial cell distribution within the gel which necessitated the pruning 
of a significant number of non-perfusable tissues, reducing the throughput of each plate.  In addition, this 
model required further validation to determine its effectiveness in drug transport studies. Further, lung 
fibroblasts were used in these tissues due to the commercial unavailability of placental fibroblasts at the 
time of this study. To address some of these issues, we have streamlined our placental barrier model 
design by replacing the self-assembled vasculature with a single vascular channel. In addition, placental 
pericytes were incorporated into the hydrogel matrix, in the place of lung fibroblasts, to assess their 
capacity to support the vasculature of our model. Finally, this new model was used to assess the 
permeability of the commonly prescribed chemotherapeutic drugs paclitaxel, the antibiotic vancomycin, 
and human immunoglobulin derived from human serum. Placental permeability to these molecules was 
concentration-dependant, therefore higher maternal concentrations resulted in higher drug 
concentrations in the fetal compartment of the model. Permeability was also molecule size dependent. 
Larger molecules, such as immunoglobulin G (IgG) and 65 kDa dextran, permeated through the placental 
barrier at significantly lower rates when compared to smaller molecules, such as paclitaxel or vancomycin.  
All three tested in this work have varying placental permeabilities in vivo, and this model was able to 
recapitulate the trends in permeability, demonstrating the capacity of this model to be used in drug safety 
screens for pregnant women. 

 

 

4.3. MATERIALS AND METHODS  

4.3.1. Cell culture (PSCs, HUVECs and pericytes) 

 
PSCs (blastocyst-derived, RCB-4940, female) were procured from Riken BRC Cell Bank at passage 

number 17 and used until passage 23 in all experiments. Undifferentiated cells were maintained in 
expansion medium14 consisting of DMEM/F12 + GlutaMAX supplemented with 2-mercaptoethanol (0.1 × 
10ҍо m), fetal bovine serum (FBS, 0.2%), penicillinςstreptomycin (0.5%), bovine serum albumin (BSA, 
0.3%), ITS (insulin, transferrin, selenium) media supplement (1%), L-ascorbic acid (1.5 µg mLҍм), EGF (50 ng 
mLҍм), CHIR99021 (2 × 10ҍс m), A83-01 (0.5 × 10ҍс m), SB431542 (1 × 10ҍс m), VPA (0.8 × 10ҍо m), and 
Y27632 (5 × 10ҍс m). T75 flasks were precoated with a 10 µg/ml col IV solution in PBS and incubated for 
1.5 hours at 37oC. Cells were passaged when they reached 80% confluence by washing with PBS, then 
dissociating with TrypLE for 10-15 mins and splitting at a 1:4 ratio onto collagen IV-coated flasks. Primary 
HUVECs were purchased from CedarLane Labs (CAP-0001GFP) and expanded in endothelial cell growth 
medium 2 (ECGM2, Sigma-Aldrich, cat#C22011), on flasks coated with 0.2% gelatin, until passage 5. 
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HUVEC/TERT2 cells were obtained from Evercyte (CHT-006-0008) and were expanded in ECGM2 
supplemented with G418 (InvivoGen, ant-gn-1), an antibiotic acting as a selection agent to maintain the 
purity of the transfected culture. Both HUVEC types were dissociated with Trypsin-EDTA solution (0.05%) 
for 3 minutes at 37oC and replated at a 1:4 ratio. Primary human placental pericytes (hPC-PL) were 
obtained from PromoCell (C-12980), cultured in pericyte growth medium 2 (PGM2, Millipore Sigma, C-
28041) and used until passage 5. Pericytes were dissociated with StemProTM AccutaseTM (Thermofisher, 
A1110501) for 2-п Ƴƛƴǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǊŜǇƭŀǘŜŘ ŀǘ ŀ мΥп Ǌŀǘƛƻ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŎŜƭƭ ōŀƴƪΩǎ 
instructions. All cells were cultured at 37oC with 5% CO2. 

 

4.3.2.  AngioPlate manufacturing (soft lithography) 

 
A 30% gelatin solution was prepared by dissolving gelatin from bovine skin (Sigma Aldrich, G9391) in 

water and autoclaving immediately after to dissolve and sterilize. Gelatin solutions were stored in the 
refrigerator until use and were used within 4 weeks of preparation. Standard photolithography techniques 
were used to produce positive SU-8 master molds from which negative PDMS molds would be cast. Each 
epoxy mold was silanized (Sigma-Aldrich, cat#448931) at ambient pressure with 45 uL of silane for 1 hour. 
A prepolymer solution of Sylgard 184 PDMS was mixed at a ratio of 1:5 and cast onto the silanized master 
molds, degassed for 1 hr at room temperature and then cured at room temperature for 48 hrs. The cured 
PDMS mold were then treated with a 5% solution of Pluronic acid (Pluronic® F-127, Sigma-Aldrich, 
cat#P2443) in water for 30 mins, then rinsed with distilled water and dried. The PDMS mold was then 
capped onto a pressure sensitive adhesive (3MTM microfluidic diagnostic tape, cat#9795R) sheet that was 
trimmed to size. Gelatin was preheated in a 60oC oil bath for 15 minutes before pipetting into the inlet 
PDMS channels and aspirating from the outlet to obtain a gelatin-filled channel. Gelatin channels were 
left to dry in a humidity-controlled chamber at 22% humidity and 4oC for 3-4 days, or until they had dried 
enough to detach from the PDMS walls. PDMS was then peeled off to be left with an array of gelatin 
channels on a self-adhesive sheet. The patterned sheet was subsequently capped onto the base of a 
bottomless 384-well plate which had been milled with channels to accommodate the gelatin structures. 
Plates were UV sterilized for 10 minutes each side before use.  

 

4.3.3.  AngioPlate manufacturing (3D gelatin printing) 

 
A 40% gelatin solution was prepared by dissolving gelatin from bovine skin (Sigma Aldrich, 

cat#G9391) in water and autoclaving to dissolve and sterilize. Gelatin channels were 3D printed onto 
pressure-adhesive sheets (3MTM microfluidic diagnostic tape, cat#9795R) on a BIO XTM (Cellink) bioprinter 
with a 30G needle at the following settings: speed of 15 mm/s, pressure of 24 kPa, printhead temperature 
50oC, print bed temperature of 14o/Φ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ƎŜƭŀǘƛƴ ŎƘŀƴƴŜƭǎ ƘŀŘ ŀ ŘƛŀƳŜǘŜǊ ƻŦ нлл ˃Ƴ ŀƴŘ ǿŜǊŜ 
printed in a 384-well plate format. The patterned sheet was subsequently capped onto the base of a 
bottomless 384-well plate which had been milled with channels to accommodate the gelatin structures. 
Plates were UV sterilized for 10 minutes each side before use. 

 

4.3.4.  Establishment of model 

 
A prepolymer fibrin gel solution was prepared by mixing 125 ˃[ ƻŦ млƳƎκƳƭ ŦƛōǊƛƴƻƎŜƴ ό{ƛƎƳŀ-

!ƭŘǊƛŎƘΣ ŎŀǘІCоутфύ ǿƛǘƘ нр ˃[ ƻŦ мл¦κƳƭ ǘƘǊƻƳōƛƴ ό{ƛƎƳŀ-Aldrich, T6884) in a 1.5ml Eppendorf tube. 25 
˃[ ƎŜƭǎ ǿŜǊŜ ƛƳƳŜŘƛŀǘŜƭȅ Ŏŀǎǘ ƛƴǘƻ ǘƘŜ ŎŜƴǘŜǊ ǿŜƭƭǎ ƻŦ ŜŀŎƘ !ƴƎƛƻtƭŀǘŜ ŘŜǾƛŎŜ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŎǊƻǎǎƭƛƴƪ ŀǘ 
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ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ ол ƳƛƴǎΦ фл ˃[ ƻŦ ǿŀǊƳŜŘ t.{ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭ ŀƴŘ ǘƘŜ ǇƭŀǘŜ ǿŀǎ ǇƭŀŎŜŘ ƻƴ 
a rocker (OrganoBiotech, Cat#B001) at 30oC for 20 mins to wash away the sacrificial gelatin channels. PBS 
was replaced and plate was incubated in the same conditions for another 20 minutes. PBS was then 
ŀǎǇƛǊŀǘŜŘ ŀƴŘ рл ˃[ ƻŦ 9/Daн ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ м҈ ŀǇǊƻǘƛƴƛƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ŎŜƴǘŜǊ ǿŜƭƭ ŀƴŘ фл ˃[ 
into each adjacent well before placing the plate on the 37oC rocker overnight. The next day, media was 
aspirated from all wells, being careful not to disturb the fibrin gel in the center compartments. A cell 
ǎǳǎǇŜƴǎƛƻƴ ƻŦ рллΣллл I¦±9/ǎκƳƭ ǿŀǎ ǇǊŜǇŀǊŜŘ ŀƴŘ мнл ˃[ ǿŀǎ ǇƛǇŜǘǘŜŘ ƛƴǘƻ ōƻǘƘ ŎƻƳǇŀǊǘƳŜƴǘǎ 
adjacent to the gel. The hydrostatic pressure difference between the center and adjacent wells allows the 
cells to flow into the fibrin channel, which eventually becomes the vascular channel. Once seeded, the 
plate is incubated flat for 2 hours at 37o/ ōŜŦƻǊŜ рл ˃[ ƻŦ ƳŜŘƛŀ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƴǘǊŀƭ ƎŜƭΦ aŜŘƛŀ ǿŀǎ 
changŜŘ Řŀƛƭȅ ōȅ ǇƛǇŜǘǘƛƴƎ рл ˃[ ƛƴǘƻ ǘƘŜ ŎŜƴǘŜǊ ǿŜƭƭ ŀƴŘ ул ˃[ ƛƴǘƻ ŜŀŎƘ ŀŘƧŀŎŜƴǘ ǿŜƭƭΦ hƴ Řŀȅ т ƻŦ ŎǳƭǘǳǊŜΣ 
PSCs were added to the central compartment to form a monolayer of syncytiotrophoblast cells. Firstly, a 
400,000 cell/ml suspension of PSCs was prepared in ST media13,14 consisting of DMEM/F12 + GlutaMAX 
supplemented with 100 mM 2-mercaptoethanol, 0.5% penicillinςstreptomycin, 0.3% BSA, 1% ITS media 
ǎǳǇǇƭŜƳŜƴǘΣ нр ˃a ¸нтсонΣ н ˃a ŦƻǊǎƪƻƭƛƴΣ п҈ Y{w ŀƴŘ м҈ ŀǇǊƻǘƛƴƛƴΦ сл ˃[ ƻŦ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǿŜǊŜ ŀŘŘŜŘ 
to the central compartment and media was switched to a compartmentalized setup for the rest of the 
culture with ST media in the center and ECGM2 in the adjacent wells. Media was changed daily, and barrier 
analyses were performed after 8 days of coculture to allow for ST differentiation. 

 

4.3.5.  Incorporation of pericytes in model 

 
Placental pericytes were incorporated into some models to determine where they improve vascular 

barrier and/or placental barrier permeability. Before casting, the prepolymer fibrin gel solution was laden 
with pericytes at concentrations of either 50,000 cells/ml or 25,000 cells/ml. Gels were washed twice with 
PBS for 20 minutes, similar to the standard AngioPlate protocol above, however, 8% FBS was added to the 
ECGM2 media overnight to promote pericyte growth. Media was changed daily and HUVECs were added 
on day 2 of culture after which media was switched to ECGM2 without FBS. PSCs were added 7 days later, 
and cultures were maintained as described in the previous section. All media added to the platform 
included 1% aprotinin to control fibrin degradation over time. 

  

4.3.6. Vascular permeability assay 

 
A vascular permeability assay was performed before commencing coculture to confirm that the 

vasculature had formed correctly, and, once again, before every total barrier permeability assay to verify 
that vascular integrity was maintained during coculture. A solution of 1 mg/ml of TRITC-labelled 65 kDa 
dextran (Sigma-Aldrich, cat#T1162) and 1 mg/ml of FITC-labelled 4 kDa dextran (Sigma-Aldrich, 
cat#46944) was prepared in media. A standard curve was prepared by serially diluting the dextran solution 
(1:1, 1:1лΣ мΥмллΣ мΥмллл ŀƴŘ л ƳƎκƳƭύ ŀƴŘ ǇƛǇŜǘǘƛƴƎ фл ˃[ ƛƴǘƻ ŜŀŎƘ ƻŦ ǘƘǊŜŜ ǎǘŀƴŘŀǊŘ ǊŜǇƭƛŎŀǘŜǎΦ !ƭƭ ƳŜŘƛŀ 
ŀǎǇƛǊŀǘŜŘ ŦǊƻƳ ǘƘŜ ǇƭŀǘŜΣ ŀƴŘ ср ˃[ ƻŦ ŦǊŜǎƘ ƳŜŘƛŀ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƴǘŜǊ ƎŜƭΦ bŜȄǘΣ фл ˃[ ƻŦ ŘŜȄǘǊŀƴ 
solution was added to both adjacent wells to normalize the hydrostatic head in all three interconnect 
ǿŜƭƭǎ όфл ˃[ ŘŜȄǘǊŀƴΣ ср ˃[ ƳŜŘƛŀ Ҍ нр ˃[ ƎŜƭΣ фл ˃[ ŘŜȄǘǊŀƴύΦ CƭǳƻǊŜǎŎŜƴǘ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ 
immediately acquired with a Cytation5 plate reader and acquired again after placing the plate on the 
rocker for 1 hr to determine vascular permeability under realistic culture conditions. When performing 
this assay in coculture, dextran solutions, as well as standard curves were prepared in 50/50 mixtures of 
the media used in the compartmentalized cultures. All data presented in the same plots were performed 
on the same day.  
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4.3.7.  Total permeability assay 

 
Total dextran permeability of the AngioPlate placental barrier model by measuring the amount of 

dextran that diffused from the maternal compartment (central well above the STs) through the ST and 
endothelial layers, into the fetal compartments (adjacent wells). 4 kDa and 65 kDa fluorescently labeled 
dextrans were added into the maternal compartment at a 1:1 molar ration (12.34 g˃/ml and 200 ˃g/ml, 
respectively) in mixed media consisting of isovolumetric amounts of ECGM2 and STM. At t=0 of this assay, 

media was aspirated from all wells and 100 mL of 1:1 ECGM2 and STM was added to the fetal wells. 75 mL 
of the dextran solution was added to the central maternal compartment of the device to equilibrate media 
levels between compartments and avoid flow (25 µL gel + 75 µL dextran = 100 µL in center well). The plate 
was placed on a rocker at 37oC for 24 hours, at which point fluorescent was analyzed to determine the 
amount of dextran permeated through the barrier model. Standard curves were prepared in a 1:1 media 
ratio of ECGM2:STM to determine the final dextran concentrations in the fetal compartments. Fluorescent 
measurements were acquired using the Cytation7 plate reader. The absence of bleed-through between 
channels was confirmed in previous work13. 

 

4.3.8.  Immunostaining 

 
AngioPlate gels were first washed with PBS for 5 mins and then fixed with a 4% paraformaldehyde 

solution overnight in a 4oC fridge, where all overnight immunostaining steps were performed. The next 
day, gels were washed with PBS three times for 10 mins each and then fresh PBS was added overnight to 
remove any residual fixative. Cells were blocked and permeabilized overnight with a 10% FBS (Thermo 
Fisher Scientific, 12484028) and 0.1% triton-X (Sigma-Aldrich, cat#X100) in PBS solution. Next, a primary 
antibody solution was prepared consisting of an anti-e-cadherin (1:200 dilution, Invitrogen, cat#13-1700) 
diluted in 2% FBS. Samples were incubated in the primary antibody solution overnight and washed thrice 
with PBS for 10 mins. A secondary antibody solution consisting of anti-mouse FITC (1:1000 dilution, Sigma-
Aldrich, cat#F0257) and DAPI (1:1000, Sigma-Aldrich, cat#D9542) in 2% FBS was applied to the gels 
overnight and tissues were washed in PBS thrice for 10 mins, before being washed with fresh PBS 
overnight again. Samples were manually removed from the plate and imaged in a chamber slide via 
confocal microscopy (3i Marianas Lightsheet microscope). 

 

4.3.9. Fusion percent quantification 

 
Fusion analysis was performed on confocal images of tissues stained for DAPI and e-cadherin. Total 

cell number was determined by counting DAPI-stained nuclei in imageJ. The e-cadherin stain was 
superimposed onto the DAPI image, and the fusion percent was determined by counting nuclei present 
in groups of at least three within a single e-cadherin boundary. The fusion percent was reported as the 
ratio between the number of fused nuclei and the number of total nuclei in each image. 

 

4.3.10. Drug permeability assay 

 
The drug permeability assay was designed in a similar way to the dextran permeability assay, where 

fluorescent-labeled versions of the drugs were introduced into the central maternal compartment of the 
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placental model and incubated for 24 hrs, then fluorescent readings of the adjacent fetal compartments 
were taken to determine drug concentrations. Paclitaxel (Oregon Green Conjugate, Sigma Aldrich, 

cat#P22310) solutions were prepared at concentrations of 5 mM, 500 nM, and 50 nM in the 1:1 ECGM2: 
STM mixed media. Vancomycin (FITC Conjugate, Sigma Aldrich, cat# SBR00028) solutions were also 

prepared at concentrations of 5 mg/ml, 500 ng/ml, and 50 ng/ml in the 1:1 ECGM2: STM mixed media. 
Finally, an IgG solution (FITC conjugate, Sigma Aldrich, F9636) of 1 mg/ml was prepared in the same media. 

At t=0 of this assay, media was aspirated from all wells and 100 mL of 1:1 ECGM2 and STM was added to 

the fetal wells (left and right). 75 mL of one of the drug solutions were added to the central maternal 

compartment of the device. The plate was placed on a rocker at 37oC for 24 hours and 70 mL of media was 
sampled from the fetal wells and pipetted into a black-walled and clear bottomed 384-well plate for 
fluorescent analysis. Standard curves for each one of these drugs were prepared in a 1:1 media ratio of 
ECGM2:STM to determine the final drug concentrations in the fetal compartments. Fluorescent 
measurements were acquired using the Cytation7 plate reader at the excitation/emission wavelengths 
ǎǇŜŎƛŦƛŜŘ ōȅ ǘƘŜ ŘǊǳƎǎΩ ƳŀƴǳŦŀŎǘǳǊŜǊ. 

 

 

4.4. RESULTS AND DISCUSSION 

4.4.1. Model design 

 
The mature placental barrier consists mainly of a thin syncytiotrophoblast layer jacketing the 

chorionic villi, and an endothelial layer which encloses the fetal blood (Figure 4.1A). When designing this 
placental barrier model for drug safety studies, we applied a similar approach to Chapter 3 where a 
syncytiotrophoblast barrier, a fibrin gel matrix and a vascular barrier separate the fetal and maternal 
compartments of the model Figure 4.1). Further, the plate design is inspired from standard 384-well 
plates, enabling device compatibility with traditional imaging infrastructure and liquid handling tools. 
Wells are also connected in triplets (Figure 4.1C) to allow for perfusion of media throughout the vascular 
channel when incubating the plate on a tilting device.  

 
However, to accommodate the requirements of high-throughput drug safety studies, we transitioned 

from the self-assembled vascular networks in the IFlowPlateTM platform to a straight, uniform vascular 
channel in our placental AngioPlateTM device (Figure 4.1B). The surface area of the barrier plays a 
significant role in dictating both the rate and quantity of molecule permeation across a cell layer. Hence, 
in drug placental permeability studies, maintaining consistency in barrier surface area across tissues is 
vital to mitigate it as a variable. This ensures reliable comparisons and interpretations of drug permeability 
data.  In addition to increasing the reproducibility of these tissues, the transition from self-assembled 
vasculature to a straight vascular channel has allowed for a more robust culture protocol and therefore a 
higher yield of perfusable tissues. However, the device manufacturing had to be modified and went 
through multiple iterations until a robust and reproducible manufacturing process was selected.    
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Figure 4.1. Design of a single channel placental barrier model. A. Placental chorionic villi consist of a thin multinucleated syncytium 
enclosing the fetal vasculature. Nutrients are therefore transported from the maternal blood, through both the syncytial and 
endothelial barriers, to the fetal vasculature to meet the nutritional demands of the growing fetus. B. This placenta barrier model 
consists of a fibrin hydrogel acting as the interstitial space with a single vascular channel connecting it to the two adjacent wells. 
On the apical side of the gel, a syncytiotrophoblast monolayer is differentiated and endothelial cells are seeded on the periphery 
of the vascular channel to form a vessel. The device is incubated on a tilting device which permits media perfusion to the vessel.  
C. The single channel placental barrier model is designed based on a 384-well plate and can accommodate high-throughput 
studies. 

 

4.4.2. Designing and manufacturing placental barrier model 

 
In our first placental AngioPlate design iteration, we used a manufacturing technique previously 

developed in our lab consisting of soft lithography techniques to generate sacrificial alginate structures 
on the bottoms of a 384 well plate15. In addition to taking 5-days for manufacture, this technique suffered 
from other drawbacks such as: the messy technique of pouring alginate over the PDMS mold, multiple 
time-consuming centrifugation and degassing steps, PEGDM is solid at room temperature and therefore 
requires constant warming when pipetting into wells, and the use of a polystyrene plate bottoms which 
requires a finicky gluing step between itself and the bottomless 384-well plate and adds and extra day of 
curing (6 days total). To address some of these issues and streamline the manufacturing process, we 
adopted manufacturing methods previously developed in our lab by other graduate students. We 
transitioned from alginate as our sacrificial material to gelatin (Figure 4.2A) and from using centrifugation 
to fill the PDMS channels to pipetting into one inlet and aspirating the gelatin through the channel from 
the outlet. Next, we transitioned from polystyrene as our plate bottoms to a pressure-adhesive sheet and 
we began milling the commercial bottomless well plates (Figure 4.2C) into which we would align the 
gelatin pattern, eliminating the final gluing step and the need for PEGDM. This resulted in a total 
manufacturing time of 4 days, 2 of which were passive time spent drying. However, this technique also 
presented its own important drawbacks. PDMS is an elastic polymer and therefore, when capping onto 
the adhesive sheet, it is possible to accidentally stretch or compress the PDMS, causing the misalignment 
of the gelatin channel array onto the adhesive sheet. This resulted in a final misalignment of the adhesive 
sheet onto the bottomless well plates and the elimination of many wells during our quality control step 
before commencing culture. In addition, the final peeling of the PDMS from the adhesive sheet could 
sometimes damage the gelatin structures and once again lower the yield of successful wells. 
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Figure 4.2. Evolution of manufacturing techniques used to create the AngioPlate. A. The gelatin casting method consists of soft 
lithography techniques used to create a PDMS mold with channels that are filled with gelatin via pipetting and aspiration and 
then dried to obtain a gelatin-patterned polystyrene sheet. B. The gelatin printing method consists of 3D printing a gelatin solution 
using a bioprinter onto the pressure adhesive plate bottoms.  C. Each of the gelatin-patterned plate bottoms are adhered onto a 
commercial bottomless well plate that has been milled to accommodate the gelatin channels connecting the well triplets.  

 
The finalized manufacturing protocol involves the 3D printing of gelatin channels onto an adhesive 

sheet using a bioprinter and adhering it onto a milled 384-well plate, a procedure established in our lab 
by other graduate students (Figure 4.2BC). Using this technique shortened the manufacturing time of 
these plates from 4 days to half an hour, however it increased the variation of the vascular channel 

diameter from 292.9 ° 11.4 mm for the gelatin casted plates to 322.3 ° 37.9 mm for the gelatin printed 
plates (Figure 4.3A). Despite this increase, the 3D printed method allowed for consistent evenly spaced 
channels, making it easier to align the patterned adhesive sheet onto the milled bottomless plate at the 
tail-end of manufacturing. Once the 3D printed plates were cast with a fibrin gel, the channel slightly 

swelled, and the diameter increased to an average of 472.8 ° 37.1 mm. 
 

 
Figure 4.3. Characterization of AngioPlate devices. A. Representative image of the straight vasculature channel patterned using 
gelatin casting and printing methods. C. Violin plot of diameter distribution of gelatin channels. D. Diameter of 3D printed channels 
before and after casting fibrin gels. 



Ph.D. Thesis ς S. Kouthouridis; McMaster University ς Chemical Engineering 

67 
 

 

4.4.3. Comparing GFP and TERT-HUVECs 

 
Primary human umbilical endothelial cells (HUVECs) are often used to vascularize in vitro tissues. 

However, they suffer from the same drawbacks of any other cell line: limited passage numbers and 
constant need for sourcing. To combat these issues, HUVECs can been transduced with the telomerase 
reverse transcriptase gene (TERT) which permits the maintenance of their differentiated phenotypes and 
extends their lifespan16ς18. Although it has been shown that TERT-HUVECs exhibit similar growth rates and 
barrier properties their primary counterparts16,17, we wished to confirm this in our model system. We first 
seeded either GFP-HUVECs or TERT-HUVECs into the vascular channel of our hydrogel, allowed them to 
proliferate and form a confluent luminal vessel, then seeded PSCs only the surface of the gel on day 7. 
Cultures were switched to compartmentalized media consisting of ST-PSCM above the ST monolayer and 
ECGM2 in the vascular channel (Figure 4.4A). Permeability to 4 kDa and 65 kDa dextran was evaluated on 
day 6, before PSCs were added and compartmentalized culture was commenced, as a baseline. 
Endothelial cell only conditions were included to isolate the effects of ST coculture from the effects of 
compartmentalized media culture (Figure 4.4B).   

 
Firstly, the TERT-HUVEC condition exhibited higher 4 kDa and 65 kDa dextran permeation rates (682.3 

° 112.6 pmol/hr and 14.82 ° 6.51 pmol/hr, respectively) than the GFP-HUVECs condition (489.2 ° 34.7 

pmol/hr and 8.26 ° 1.04 pmol/hr, respectively) on day 6.  However, the vessels constructed of both cell 

types degraded over time and did not maintain their barrier integrity to 4 kDa (1089 ° 169 pmol/hr for 

TERT-HUVECs pmol/hr and 756.1 ° 93.2 pmol/hr for GFP-HUVECs) or 65 kDa dextrans (30.74 ° 9.29 

pmol/hr for TERT-HUVECs pmol/hr and 27.04 ° 5.61 pmol/hr for GFP-HUVECs). Interestingly, when 
cultured with STs, this barrier degradation was no longer apparent in the 65 kDa permeability assay (8.96 

° 2.87 pmol/hr for GFP-HUVECs + STs and .22 ° 2.71 pmol/hr for TERT-HUVECs + STs), and most notably, 
the barrier seemed to improve from day 6 to day 15 when testing for 4 kDa dextran vascular diffusion 

(367.2 ° 67.4 pmol/hr for GFP-HUVECs + STs and 319.4 ° 61.8 pmol/hr for TERT-HUVECs + STs). These 
findings indicate that trophoblast coculture enhances the barrier integrity of both endothelial cell types 
examined in this study. This agrees with previous findings by Lee et al. that showed that PSC 
syncytialization triggered an increase in endogenous progesterone immunomodulatory binding factor 1 
(PIBF1) secretion, which was later shown to enhance endothelial migration and tube formation of 
endothelial cells in a dose-dependent manner19. The improvements in vascular endothelial integrity that 
we observed can be likened to those caused by endothelial cell coculture with other support cells such as 
fibroblasts and pericytes, highlighting the importance of paracrine and endocrine signaling within the 
placenta20. Finally, GFP-HUVECs exhibited superior baseline permeability, thus serving as the preferred 
choice for all subsequent experiments detailed in this work. Overall, these findings demonstrated the 
beneficial impact of STs on HUVEC culture, prompting an intriguing inquiry into how trophoblasts at 
various differentiation stages influence blood vessel behavior. 
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Figure 4.4. Comparing TERT-HUVECs with GFP-HUVECs in compartmentalized media and ST coculture. A. Timeline for placental 
barrier model establishment. On day -1, the fibrin hydrogel is casted, and the gelatin is allowed to dissolve with multiple PBS 
washes. On day 0, endothelial cells are seeded into the vascular channel and allowed to reach confluence before PSCs are added 
on day 7 and media is switched to compartmentalized culture. PSCs are differentiated into STs until day 15 when a dextran 
permeability analysis is usually performed. B. Images of 4 kDa and 65 kDa dextran diffusion through vasculature after 1 hour of 
perfusion on the rocker on day 15 of culture.  C. Diffusion of 4 kDa and 65 kDa dextran through the vascular channel on day 6 
(HUVECs only and day 15 (N=7-9, t-test, **p<0.01, ***p<0.001). 

 

4.4.4. The effects of endothelial coculture with trophoblasts at different stages of differentiation 

 
Establishing coculture models, especially with stem cells, can be challenging due to the unpredictable 

effects the media supplements of one cell type can have on the other. Further, cells release cytokines and 
other soluble factors, such as PIBF1, that may ŀŦŦŜŎǘ ǘƘŜ ŎƻŎǳƭǘǳǊŜΩǎ ŎŀǇŀŎƛǘȅ ǘƻ ƎǊƻǿ ƘŀǊƳƻƴƛƻǳǎƭȅΦ Lǘ ƛǎ 
therefore imperative that coculture effects, as well as media effects are evaluated in this placental barrier 
model and that it is determines if the permeability of these cultures paralleled their PIBF1 secretion 
profiles presented by Lee et al. 19. To do this, we assess the permeability of AngioPlate cultures consisting 
of HUVECs cocultured with undifferentiated PSCs and fused STs. Fluorescently labeled 4 kDa and 65 kDa 
dextrans were perfused through the vascular channel for one hour on day 15 of culture and fluorescent 
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readings were taken (Figure 4.5). As anticipated, the coculture conditions involving both undifferentiated 
PSCs (EXP + HUVECs) and differentiated trophoblasts (ST + HUVECs) successfully established a confluent 
monolayer by day 15 (Figure 4.5A). This outcome aligns with their intrinsic epithelial characteristics, 
reflecting their functional roles at distinct stages of gestation within the placental barrier. The diffusion of 

both 4 kDa and 65 kDa dextrans was highest in the PSCs + HUVECs conditions (1013.0 ° 120.9 pmol/hr 

and 31.0 ° 4.6 pmol/hr, respectively), suggesting that either PSC expansion media was incompatible with 
HUVEC culture or that undifferentiated PSCs release factors that break down the endothelial barrier 
(Figure 4.5BC). This could be due to the high media concentrations of valproic acid, a known HDAC 
inhibitor21. It has been shown that HDAC inhibition can lead to endothelial dysfunction22,23, whereas HDAC 
activation has been shown to drive cytotrophoblast fusion24. In vivo, undifferentiated cytotrophoblasts 
are most numerous and proliferative in the early stages of pregnancy, indicating HDAC inactivation, 
whereas vascular formation and syncytial fusion occur concurrently between the 4th and 10th weeks of 
gestation, indicating HDAC activation.  

 

Surprisingly, HUVECs exhibited the second-weakest barrier permeability (763.6 ° 88.5 pmol 4 kDa 

dextran/hr and 16.6 ° 2.5 pmol 65 kDa dextran/hr) despite being cultured alone in their specialized 
medium (ECGM2), which has been proven to maintain their morphology up until the 10th passage25. We 
hypothesize that this is due to the absence of stromal cells, which have been shown to support vascular 
formation and long-term stability in tissue engineered models26ς29. ST + HUVEC cocultures seemed to have 

improved barrier permeability of both 4 kDa (134.8 ° 12.8 pmol/hr) and 65 kDa dextran (1.06 ° 0.46 
pmol/hr) when compared to the HUVEC only control, with the ST + HUVEC condition being the least 
permeable. Once again, these permeability results parallel the PIBF1 secretion profiles presented by Lee 
et al. which showed that PSCs secreted the least amount of PIBF1 when compared to PSCs and EVTs19. 
This is reasonable given that, in early-stage pregnancy, when cytotrophoblasts are present in large 
quantities, blood vessels have not yet been formed. However, in the second and third trimesters when 
STs make up a larger proportion of trophoblasts within the placenta, perfusable fetal vasculature has been 
established. These results suggest that ST culture media may be supporting and strengthening the vascular 
barrier, or these cell types may be secreting factors that benefit the long-term culture of endothelial cells.    
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Figure 4.5. Evaluation of the effects of HUVEC coculture with PSCs and STs on endothelial integrity at day 15 of culture. A. 
Brightfield images of PSC monolayers on fibrin gel of cocultures and fluorescent images of dextran permeability (4 kDa and 65 
kDa) assays after 1 hr of perfusion. B. Vascular permeability values for FITC-labelled 4 kDa dextran after 4 hour of hydrostatic 
pressure-based vascular perfusion (N=3, two-way ANOVA, *p<0.05, **p<0.01, ***p<0.001) C. Vascular permeability values for 
TRITC-labeled 65 kDa dextran after 4 hour of hydrostatic pressure-based vascular perfusion (N=3, two-way ANOVA, *p<0.05, 
**p<0.01, ***p<0.001).  

 
To decouple the effects of coculture and media type on vascular permeability, we next evaluated the 

permeability of the vascular channel cultured under different media conditions: ECGM2 only, 
compartmentalized media with PSCM in the center and ECGM2 in the adjacent compartments (ECGM2 + 
PSCM), and compartmentalized media with STM in the center and ECGM2 in the adjacent compartments 
(ECGM2 + STM). All three conditions were cultured exclusively in ECGM2 media until day 6, such as would 
be the case in the coculture, and the mixed conditions were switched to compartmentalized media on 
day 7. Dextran vascular permeability assays were performed both on day 6 and day 15 (Figure 4.6). Day 6 
permeabilities to 4 kDa dextran ranged from 352.83 pmol/hr to 489.30 pmol/hr across all vascular tissues, 
and permeabilities to 65 kDa dextran ranged from 4.54 pmol/hr to 12.55 pmol/hr (Figure 4.6BC). By day 

15, dextran permeability was highest in the ECGM2 + PSCM condition (1285.9 ° 119.0 pmol 4 kDa 

dextran/hr and 40.34 ° 6.72 pmol 65 kDa dextran/hr), similar to what was observed in the coculture study 
with PSCs, suggesting that PSCM media alone can cause vascular dysfunction (Figure 4.6DE). Interestingly, 

the ECGM2 + STM condition exhibited an increase in permeability after 15 days in culture (605.1 ° 111.8 

pmol 4 kDa dextran/hr and 18.82 ° 3.61 pmol 65 kDa dextran/hr), however not as much of an increase as 

was seen with the ECGM2 only condition (901.4 ° 91.8 pmol 4 kDa dextran/hr and 26.4 ° 5.09 pmol 65 
kDa dextran/hr). As a result, between the three media conditions tested, culture of HUVECs in 
compartmentalized ECGM2 + STM conditions resulted in the lowest barrier degradation over time. This 
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can possibly be explained by the presence of ROCK inhibitor Y27632 and cAMP activator forskolin in STM 
media, which have been shown to have protective effects on endothelial barrier permeability30ς32. 
Notably, forskolin is also recognized for its capacity to promote the differentiation of stem cells into 
endothelial-like cells, emphasizing the critical role of the cAMP signaling pathway in endothelial cell 
culture33. In summary, media alone did not improve vessel function over time, this improvement is 
attributed to HUVEC coculture with STs, which may be secreting soluble factors that fortify the endothelial 
barrier. However, the ECGM2 + STM media configuration resulted in the least vascular barrier degradation 
over time. 

 
 

 
Figure 4.6. Evaluation of the effects of culture media on endothelial integrity on days 6 and 15 of culture. A. Fluorescent images 
of GFP-labelled HUVECs at days 6 and 15 of culture. Cells were cultured exclusively in ECGM2 media until day 6 in all conditions 
and on day 15, ECGM2+PSCM and ECGM2+PSCM-ST conditions were transitioned to compartmentalized media. B. Violin plot 
showing the spread of 4 kDa dextran permeabilities of all wells at day 6 of ECGM2 culture. C. Violin plot showing the spread of 65 
kDa dextran permeabilities of all wells at day 6 of ECGM2 culture.  D. Permeability of vasculature to 4 kDa dextran at day 6 and 
day 15 for cultures in ECGM2 media alone, ECGM2+PSCM media and ECGM2+ST. (N=5, t-tests, *p<0.05, **p<0.01, ***p<0.001) 
E. Permeability of vasculature to 65 kDa dextran at day 6 and day 15 for cultures in ECGM2 media alone, ECGM2+PSCM media 
and ECGM2+STM. (N=5, t-tests, *p<0.05, **p<0.01, ***p<0.001)   

 

4.4.5. Incorporating pericytes into fibrin matrix 

 
To study the effects of pericytes on feto-maternal transport placenta-derived pericytes were 

introduced into our AngioPlate placental barrier system. In vivo, fetal pericytes provide support to the 
endothelial barrier, play a role in immune cell regulation and vascular development, and control blood 
flow through vessels34,35. However, their function in the placenta has not yet been heavily researched. 
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Further, it has yet to be shown that they can be beneficial to the vascular barrier when incorporated into 
in vitro placental vascular models36. Given that none these previous models included STs in their coculture 
designs36,37 and that we showed that ST media and ST coculture help support the vascular barrier, we 
incorporated placental pericytes as single cell suspensions into the fibrin gel of our AngioPlate coculture 
in the hopes of studying their effects on the model. 4 kDa and 65 kDa dextran were added to the inlet and 
outlet wells of the model and allowed to diffuse through the vascular barrier for 1 hr under perfusion 
conditions (Figure 4.7ύΦ ! άƴƻ ŎŜƭƭέ ŎƻƴǘǊƻƭ ǿŀǎ ƛƴŎƭǳŘŜŘ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ƳŀȄƛƳǳƳ 
ŘƛŦŦǳǎƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ ŦƛōǊƛƴ ƎŜƭΣ ŀǎ ǿŜƭƭ ŀǎ ŀ ά{¢ ƻƴƭȅέ ŎƻƴǘǊƻƭ ǿƘƛŎƘ ǿƻǳƭŘ ŀƭƭƻǿ ǘƘŜ ƛǎƻƭŀǘƛƻƴ ƻŦ ǘƘŜ {¢ 
ƳƻƴƻƭŀȅŜǊΩǎ ƛƴŦƭǳŜƴŎŜ ƻƴ ǘƘŜ ǇƭŀŎŜƴǘŀƭ ōŀǊǊƛŜǊ όFigure 4.7A).  

 
Although there was no significant difference in 65 kDa dextran diffusion in the no cell and the ST only 

conditions due to the absence of endothelial barrier in both (56.10 ° 5.20 pmol/hr and 56.10 ° 5.34 
pmol/hr, respectively), the smaller 4 kDa dextran showed marginally decreased diffusion through in the 

STs only condition (1268 ° 132 pmol/hr) when compared to the no cell control (1457 ° 74 pmol/hr). This 
could be explained by the fact that the ST cells create a barrier between the media in the gel and the 
media above the ST cells, which can reduce the volume into which the 4 kDa dextran diffused. The 
presence of a ST monolayer therefore resulted in a different concentration gradient throughout the gel, 
which is the driving factor in diffusion.  As expected, 65 kDa dextran diffusion was much lower in all three 

vascularized conditions (3.40 ° 1.71 pmol/hr for STs + HUVECs, 8.95 ° 1.52 pmol/hr for STs + HUVECs + 

hPC-PL (high) and 5.80 ° 1.71 pmol/hr for STs + HUVECs + hPC-PL (low)), however the addition of pericytes 
did not have any effects on vascular permeability of this larger dextran.  

 
In the case of 4 kDa dextran, the vascularized conditions once against exhibited lower permeabilities 

(195.9 ° 14.7 pmol/hr for STs + HUVECs, 440.4 ° 92.9 pmol/hr for STs + HUVECs + hPC-PL (high) and 317.4 

° 54.5 pmol/hr for STs + HUVECs + hPC-PL (low)). Interestingly, the addition of a higher density of pericytes 
increased the permeability of the vascular channel to 4 kDa dextran when compared to the ST+HUVEC 
condition. However, because this increase was small and was not paralleled in the 65 kDa dextran 
experiment, it is implied that the changes in transplacental permeability were minimal. This increase may 
be attributed to possible matrix degradation from the pericytes or to ǘƘŜ ǇŜǊƛŎȅǘŜǎΩ ǊŀǇƛŘ ƎǊƻǿǘƘ, which 
may have overwhelmed the culture by depleting the nutrients and gases in the media. This overgrowth 
was likely caused by either placental stem cell media supplements or by the coculture with STs, and 
therefore further media optimization is needed to support this third cell type in this model.  The lack of 
improved barrier permeability as a result of pericyte inclusion could also be explained by the fact that the 
STs supported the vasculature so well that the endothelial barrier could not be improved further.  
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Figure 4.7.  Effects of pericytes on vascular permeability of placental barrier model on day 16 of culture. A. Brightfield images of 
vascular channel with the fibrin gel for the following conditions: no cell control, ST monolayer only (ST only), STs with ECs (ST + 
HUVECs), and two tricultures with STs, ECs and hPC-Pls at high and low density. Fluorescent images of FITC-labeled 4 kDa dextran 
and TRITC-labeled 65 kDa dextran within the vascular channel and permeating through the endothelial barrier after 1 hour of 
perfusion. B. Vascular barrier permeability to 4 kDa dextran. (N=3-7, two-tailed ANOVA, *p<0.05, **p<0.01, ***p<0.001) C. 
Vascular barrier permeability to 65 kDa dextran. (N=3-7, two-tailed ANOVA, *p<0.05, **p<0.01, ***p<0.001) 



Ph.D. Thesis ς S. Kouthouridis; McMaster University ς Chemical Engineering 

74 
 

 
Once vascular permeability was assessed, the permeability of the entire placental barrier was 

evaluated (Figure 4.8). As expected, the no cell control exhibited the highest permeation of both dextran 

types (197.5 ° 30.24 pmol/day for 4 kDa and 38.26 ° 5.92 pmol/day for 65 kDa dextran) and the three 

vascularized tissues exhibited the lowest 65 kDa dextran permeability (4.86 ° 0.80 pmol/day for ST + 

HUVECs, 4.50 ° 0.52 pmol/day for ST + HUVECs + hPC-PL (high) and 5.03 ° 0.81 pmol/day for ST + HUVECs 
+ hPC-PL (low)) and no significant differences amongst them similar to the vascular permeability assay. 

¢ƘŜ {¢ ƻƴƭȅ ŎƻƴŘƛǘƛƻƴΩǎ ǇŜǊƳŜŀōƛƭƛǘȅ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ όммΦлп ° 0.58 pmol/day) which could be 
explained by there being one cell barrier for the dextran to permeate through as opposed to the two in 
the vascularized models. Interestingly, there was no difference between 4 kDa dextran permeabilities in 

all four cell conditions. However, the ST+HUVEC condition (31.75 ° 5.69 pmol/day) trended towards being 

significantly different from the ST only condition (60.51 ° 7.96 pmol/day) and the two tissues containing 

pericytes (57.77 ° 16.96 pmol/day for high density and 57.50 ° 19.78 pmol/day for low density, 
respectively). Considering that the pericytes offered no improvement to vascular or total barrier 
permeability and that their overgrowth in the culture resulted in the overtaking of the vascular channel 
in some tissues and likely caused a reduction of nutrient availability for the endothelial and trophoblast 
cells, pericytes were not included in any future placental AngioPlate cultures.  

 
 

 
Figure 4.8. Effects of pericytes on total barrier permeability of placental barrier model on day 18 of culture. A. Fluorescent images 
of FITC-labeled 4 kDa dextran and TRITC-labeled 65 kDa dextran permeating from the central maternal compartment of the 
placental barrier model, through the ST and EC barriers, to the adjacent fetal after 24 hours.  B. Total barrier permeability to 4 
kDa dextran from the maternal to the fetal compartments. (N=6-7, two-tailed ANOVA, **p<0.01, ***p<0.001) C. Total barrier 
permeability to 65 kDa dextran from the maternal to the fetal compartments. (N=6-7, two-tailed ANOVA, ***p<0.001) 
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4.4.6. Drug barrier study 

 
To assess the suitability of our platform with drug transport studies, we determined the permeability 

of our barrier system to three therapeutic agents: paclitaxel, a chemotherapeutic drug that triggers 
mitotic arrest and apoptosis in cancer cells38, vancomycin, an antibiotic mainly prescribed to treat gram-
positive bacterial infections39, and immunoglobulin G from human serum, which is used in a variety of 
therapeutic strategies for patients with primary antibody deficiencies40,41. These drugs were selected 
because of their known transport profiles supported by in vivo data and because they span the range of 
small molecules to large proteins. Fluorescently labeled versions of these drugs were introduced into the 
central maternal compartment of the device and incubated for 24 hours with vascular perfusion, before 
fetal concentrations were analyzed via fluorescent intensity measurement. A similar assay was also 
performed with fluorescently labeled dextrans (4 kDa and 65 kDa) to isolate the effects of molecular size 
on permeability. 

 
Breast cancer is the most common cancer type diagnosed during pregnancy, representing 40% of all 

cancer diagnoses, followed by lymphoma (12%) and cervical cancer (10%)42. It has been shown that 
paclitaxel and other taxane therapies are a viable option for women suffering from cancer during 
pregnancy43ς45. Paclitaxel concentrations of 5 ˃M, 500 nM and 50 nM were introduced into the central 
maternal compartment. As expected, paclitaxel permeation into the fetal compartment was proportional 

to paclitaxel concentrations in the maternal media. Values ranged from 10.05 ° 3.42 pmol/day for the 5 

M˃ maternal values to 0.314 ° 0.076 pmol/day for 500 nM, and values were out of range (OOR) for 50 
nM (Figure 4.9A). This same downward trend was observed in the paclitaxel fetal-maternal ratios (F/M) 

(1.00 ° 0.345% for 5 ˃M, 0.312 ° 0.075% for 500 nM, OOR for 50 nM), suggesting a diffusion-driven 
permeation that is dependent on concentration gradients (Figure 4.9D). In comparison, Nekhayeva et al. 
perfused the maternal artery of 7 placental explants with 100 nM of paclitaxel for 2 hours and showed 

that the concentration of paclitaxel in the fetal circuit were also  low at 4.3 ° 2.2 %46. Similarly, a baboon 
study showed that fetal paclitaxel levels paralleled maternal concentrations at rates 100 times lower and 
the drug was not detectable in the fetal tissues at necropsy47. 

 
Vancomycin is an antibiotic drug commonly prescribed to treat serious bacterial infection during 

pregnancy. It has been confirmed to cross the placental barrier and to cause significant changes in the 
fetal microbiome and kidney injury in animal studies8,48, however has not been shown to cause adverse 
effects during human pregnancy6. Three vancomycin solutions were prepared at concentrations of 5 
g˃/ml, 500 ng/ml and 50 ng/ml and introduced into the maternal well. Similarly, vancomycin levels in the 

fetal compartment correlated to those in the maternal compartment with 41.56 ° 10.45 ng/day for a 

maternal concentration 5 ˃g/ml, 4.97 ° 0.48 ng/day for 500 ng/ml, 2.07 ° 0.62 ng/day for 50 ng/ml (Figure 
4.9B).  However, an inverse correlation between F/M values and maternal vancomycin concentrations 

were observed (4.16 ° 1.05% for 5 ˃g/ml of maternal vancomycin, 4.97 ° 0.48% for 500 ng/ml, 20.67 ° 
6.22% for 50 ng/ml), suggesting that the transport of this antibiotic across the placental barrier may be 
transport-driven (Figure 4.9D). However, multiple in vivo studies that measured cord vancomycin 
concentrations in pregnant women showed that fetal vancomycin concentrations can eventually reach 
maternal concentrations during maternal antibiotic infusion49ς51. These in vivo permeability values are 
significantly higher than those presented in this work, as well as those from other in vitro or ex vivo barrier 
models52. For examples, Nanovskaya et al. perfused placental explants with 25 ˃g/ml of vancomycin for 4 

hours and measured a final F/M percent of 9.6 °  4% in the fetal circulation53. It has been suggested that 
during in vitro and ex vivo vancomycin permeability studies, media with heparin will cause the formation 
of a heparin-vancomycin complex that will decrease the transplacental passage of vancomycin52. Heparin 
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is one of the components in ECGM2 medium and therefore may have affected the results of this assay. 
However, heparin is also present in blood, albeit at concentrations 10x lower than ECGM2. Another 
explanation for this lower fetal/maternal ratio could be the smaller transport area of the model compared 
to that of the human placenta, which significantly reduces diffusion rates. 
 

Finally, the permeability of immunoglobulin G (IgG) from human sera was assessed at a maternal 

concentration of 1 mg/ml and found to permeate the placental barrier at a rate of 0.533 ° 0.187 ˃ g/day, 

which corresponded to a F/M percent of 0.268 ° 0.095% (Figure 4.9C). IgG is known to be transported 
across the placenta via FcRn receptors present on the syncytiotrophoblast surface. These low transport 
rates are likely due to the fibrin gel, which has been previously shown to have a pore size of 1.08 ± 
0.12 µm13. IgGs are typically 15 nm in size54, therefore the fibrin gel may significantly hinder IgG molecules 
from crossing the placental barrier model. However, native ECM will also affect mass transport of these 
molecules.   Further, it is also possible that rapid maternal perfusion in ex vivo permeability assays much 
improve the diffusion of IgG across the placental barrier compared to the maternal compartment in our 
model, which is static. Although there is maternal perfusion in vivo, it is much slower and therefore 
diffusion rates may be much lower than the placental explant models.   

 
To assess the impact of size on barrier permeability and to elucidate the cumulative barrier effects 

the ST and EC barriers, we employed 4 kDa and 65 kDa dextrans (Figure 4.9E), which are considered 
relatively inert to mammalian cells55, in a similar fluorescence-based assay. Permeabilities to 65 kDa 

dextran were statistically similar for the single layer HUVECs only conditions (4.65 ° 1.44 pmol/day) and 

the double layer STs + HUVECs condition (2.57 ° 1.07 pmol/day), but much lower than the no cell control 

(31.16 ° 3.01 pmol/day). This suggests that the HUVEC barrier is so minimally permeable to 65 kDa that 
the extra ST layer has no discernible effect, which agrees with previous findings of HUVEC dextran 
permeability56.  When converting the 65 kDa dextran permeability rate of the ST + HUVEC condition to a 

fetal/maternal ratio, we obtain a value of 0.418 ° 0.174%, which is higher but in in the same order of 

magnitude as that of IgG (0.268 ° 0.095%). This can be explained by the fact that these molecules are of 
similar sizes, with IgGs averaging a higher molecular weight of 150 kDa57. In contrast, the smaller 4 kDa 

dextran permeated the STs + HUVECs barrier (37.31 ° 5.97 pmol/day) at a lower rate than the HUVEC only 

culture (45.64 ° 7.54 pmol/day), due to the fact that the endothelial layer is semi-permeable to smaller 

dextrans56. The fetal/maternal ratios of 4 kDa dextran in the ST + HUVEC coculture equate to 6.06 ° 0.97%, 

which is closer the that of smaller molecules such as vancomycin (4.16 ° 1.05% for 5 ˃g/ml of maternal 

vancomycin, 4.97 ° 0.48% for 500 ng/ml, 20.67 ° 6.22% for 50 ng/ml). In summary, these findings confirm 
that the permeability of our placental barrier model is molecule size, concentration, as well as drug-type 
dependent and can therefore be used to explore the safety of many commonly prescribed medications 
during pregnancy. 
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Figure 4.9. Drug barrier study from maternal to fetal compartments of placental barrier model. A-C. Permeation of paclitaxel, 
vancomycin, immunoglobulin G from the maternal channel to fetal channel after 24 hrs of vascular perfusion. OOR: Out of Range. 
(N=5, two-tailed ANOVA, *p<0.0, **p<0.01, ***p<0.001) C. Corresponding fetal to maternal ratios of drugs. E. Total barrier 
permeability to 4 kDa and 65 kDa dextrans from the maternal to the fetal compartments in no cell, HUVEC only and STs + HUVECs 
conditions. (N=5, two-tailed ANOVA, *p<0.0, **p<0.01, ***p<0.001) 
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4.5. CONCLUSION 

 
High fidelity in vitro placental barrier models are necessary to determine the safety of prescription 

drugs regimes during pregnancy. In this work, we engineered a 3D placental barrier model that 
incorporates both differentiated syncytiotrophoblast and endothelial layers and is compatible with the 
high-throughput requirements of drug safety assays. Throughout this work, we refined our plate design 
and manufacturing methods to minimize manufacturing time to a mere one hour. Once the coculture 
model was established, we showed that the syncytiotrophoblast cells and their media perform a 
supportive role in maintained vascular barrier integrity, so much that the inclusion of placental pericytes 
caused no further discernable improvement to the model. We then demonstrated that the coculture 
maintains its barrier integrity over 18 days in culture, allowing for efficient syncytial differentiation of the 
trophoblasts, which is vital to term placental modeling. This extended culture time offers the opportunity 
for longer drug treatment studies in future work.  Finally, when assessing the permeability of three drug 
types (chemotherapeutics, antibiotics, and antibodies) we determined that the barrier permeability was 
molecule, size, type and concentration dependent, which agrees with literature findings.  
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SUBSTRATE TOPOGRAPHY AND STEM CELL DERIVED EXTRAVILLOUS 

TROPHOBLASTS. 
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5.1. ABSTRACT 

 
Spiral artery remodeling is a tightly-regulated process which occurs during the first and second 

trimesters of pregnancy. It is characterized by trophoblast invasion into the maternal decidua and by the 
remodeling of spiral arteries into larger, funnel-shaped vessels that pump large volumes of maternal blood 
into the placenta. Dysfunctions in this process can lead to placental disorders such as preeclampsia and 
fetal growth restriction, which may be harmful to both the mother and the fetus. Despite a preeclampsia 
incidence of 3.1% in the US, a cure has not yet been developed, driving the need for representative in 
vitro placental invasion models. In this work, we present a trophoblast invasion model design consisting 
of differentiated EVT spheroids cultured within the chorionic villus-like structures of a hydrogel matrix, 
alongside a perfusable vascular epithelial channel representing the maternal spiral arteries.  

 
 

5.2. INTRODUCTION 

 
Controlled trophoblast invasion is imperative to the development of a healthy placenta during 

pregnancy. Maternal and placental tissues both release pro- and anti-invasive factors that tightly control 
trophoblast differentiation rates, migration rates and the extent of maternal tissue remodeling1ς4. 
Following the implantation of the blastocyst into the maternal decidua and the branching of the chorionic 
villi, cytotrophoblast cells will differentiate into invasive extravillous cytotrophoblasts (EVTs) and 
penetrate the syncytiotrophoblast (ST) layer lining the extremities of the fetal chorionic villi5. These cells 
will then invade into the decidualized endometrium of the mother and reconstruct the vasculature to 
increase maternal blood flow to the placenta and therefore adapt it to the increasing nutrient and oxygen 
demand of the developing fetus. Dysregulation of spiral artery remodeling has been associated with early-
onset preeclampsia and fetal growth restriction, which can both result in premature and underweight 
births6. A study including over 450,000 pregnant participants in the US state of Washington revealed an 
overall preeclampsia rate of 3.1%7. It was also revealed that the risk of perinatal death was 16-fold higher 
in preeclamptic pregnancies than in healthy pregnancies. Despite the high risk of neonatal morbidity and 
mortality associated to these types of disorders, the only treatment for this condition is delivery8. This has 
driven the development of both animal and in vitro placental models of spiral artery remodeling. 

 
For a long time, Transwell assays have been the standard for invasion assays, from the testing of 

metastatic cancer cells9,10 to the invasive potential of trophoblasts11,12. For example, Godbole et al. 
developed a trophoblast invasion model that consisted of coating Transwell filters with a layer of Matrigel 
through which JEG-3 cells invaded into the lower compartment which was filled with endometrial-
conditioned media13. Although Transwells have traditionally been used to model cellular invasion in vitro, 
many microphysiological systems (MPS) have recently been developed to study the pathophysiology of 
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these diseases14. For example, Pu et al. developed a trophoblast-invasion-on-a-chip model with perfusable 
endothelial and trophoblast channels allowing for the isolation of flow rate effects on EVT invasiveness15. 
However, trophoblast invasion is characterized by a collective cell migration through the three-
dimensional matrix of the maternal decidua, as well as the remodeling of vessel structures, both of which 
cannot be modeled using Transwell cultures which focus on simple chemotaxis. In addition, the low-
throughput nature of the device and the cumbersome tubing which connected the device to a syringe 
pump make it incompatible with drug discovery studies which require a more streamlined approach. 
Further, many of these models utilize immortalized EVT cell lines, such as HTR-8/SVneo16 and Swan 7117,18, 
which have been shown to exhibit invasive properties, yet significantly stray from the genome of their 
native tissues. The most complex current in vitro human models of EVT invasion often involve the use of 
first trimester placental explants, which are highly dependent on the frequency of elective pregnancy 
terminations and suffer from poor viability.  

 
To address some ƻŦ ǘƘŜǎŜ ƳƻŘŜƭǎΩ ǎƘƻǊǘŎƻƳƛƴƎǎΣ ǿŜ ƘŀǾŜ ŘŜǎƛƎƴŜŘ ŀ о5 ǇŜǊŦǳǎŀōƭŜ ƘȅŘǊƻƎŜƭ ƴŜǘǿƻǊƪ 

allowing for indirect coculture of human umbilical vein endothelial cells (HUVECs) with placental stem 
cells (PSCs) which have been differentiated into EVTs. This system is adapted from the AngioPlate model 
developed in Chapter 4 of this thesis and incorporates a perfusable vascular channel and chorionic-villus-
inspired architecture. A protocol for EVT differentiation was adapted from established techniques19,20 and 
the critical importance of seeding density in successful differentiation was noted. These cells were then 
self-assembled into spheroids and invasion was assessed in fibrin, Matrigel and mixed gels. Finally, EVT 
and HUVECs were cocultured and it was hypothesized that EVT media (EVTM) provided a protective effect 
on the vasculature. This model provides a promising avenue for spiral artery research, however both 
media and matrix optimization steps are still required to finalize this model and apply it towards EVT 
invasion studies. 
 
 

5.3. MATERIALS AND METHODS 

5.3.1.  Cell culture 

 
Blastocyst-derived stem cells (RCB-4940, Riken BRC Biobank) were once again employed to build this 

model and were used until passage 23 in all experiments. Briefly, these cells were expanded in DMEM/F12 
+ GlutaMAX supplemented with factors allowing the maintenance of a proliferative trophoblast 
population. The cells were maintained in T75 flasks pre-coated with 10 µg/ml collagen IV and passaged 
when reaching 80% confluence to avoid overcrowding-mediated spontaneous differentiation. Human 
umbilical vein endothelial cells (HUVECs) were also used in this model and were maintained in T75 flasks 
pre-coated with 0.2% gelatin and cultured in ECGM2 medium. HUVECs were never allowed to exceed 90% 
confluence in T75 flasks before passage. 

 

5.3.2.  PSC differentiation into EVTs in well plates 

 
PSCs were differentiated into EVTs before seeding into villous cavities of the patterned AngioPlate 

using a protocol adapted from Okae et al.19 and Wei et al.20. Briefly, PSCs were plated on a Matrigel-
treated (1:100 in PBS, 1 hour) 6-well plate at a densities of 200,000 cells/well or 400,000 cells/well and 
cultured in 2 ml of EVT1 medium consisting of DMEM/F12 basal media supplemented with 0.1 mM 2-
mercaptoethanol, 0.5% penicillin-ǎǘǊŜǇǘƻƳȅŎƛƴΣ лΦо҈ .{!Σ м҈ L¢{ ǎǳǇǇƭŜƳŜƴǘΣ млл ƴƎκƳƭ bwDмΣ тΦр ˃a 
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A83-лмΣ нΦр ˃a ¸нтсонΣ п҈ YƴƻŎƪƻǳǘ {ŜǊǳƳ wŜǇƭŀŎŜƳŜƴǘ ŀƴŘ н҈ aŀǘǊƛƎŜƭΦ aŜŘƛŀ ǿŀǎ ǊŜǇƭŀŎŜŘ ƻƴ Řŀȅ 
3 of culture with 2 ml of EVT2 medium, consisting of EVT1 medium without NRG1 and with a reduced 
Matrigel concentration of 0.5%. Media was again replaced on day 6 with EVT3 medium, consisting of EVT2 
medium without Knockout Serum Replacement, and cultures were maintained for an additional 2 days.  

 

5.3.3.  EVT spheroid invasion assay 

 
To determine whether differentiated EVTs were capable of invasion in our gels, we first assembled 

PSCs into spheroids using Aggrewell800TM microplate wells. To prevent adhesion of cells onto the 
microwell surface, plates were treated with anti-adherence rinsing solution (STEMCELL, cat# 07010), then 
centrifuged for 8 mins at 1300g. Anti-adherence solution was aspirated, and wells were washed with 
culture medium and centrifuged for 3 mins at 1000g before seeding. PSCs were seeded into 
Aggrewell800TM plates at ŀ ŘŜƴǎƛǘȅ ƻŦ рлл ŎŜƭƭǎκ˃ǿŜƭƭ ƛƴ 9±¢м ƳŜŘƛŀ ǘƻ ŦƻǊƳ ǎǇƘŜǊƻƛŘǎ ǿƘƛƭǎǘ ŎƻƳƳŜƴŎƛƴƎ 
differentiation. Spheroids were harvested on day 2 and suspended in 2 types of pre-polymer gel solutions, 
ǘƘŜ ŦƛǊǎǘ ŎƻƴǎƛǎǘƛƴƎ ƻŦ мнр ˃[ ƻŦ мл ƳƎκƳƭ ŦƛōǊƛƴƻƎŜƴ ό{ƛƎƳŀ !ƭŘǊƛŎƘΣ F3879-рDύ ŀƴŘ нр ˃[ ƻŦ мл¦κƳƭ 
thrombin (Sigma Aldrich, T6884-250UN), the second consisting of Matrigel (Sigma Aldrich, CLS354234), 
ŀƴŘ ǘƘŜ ǘƘƛǊŘ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀ ƳƛȄǘǳǊŜ ƻŦ фл҈ ŦƛōǊƛƴƻƎŜƴ ŀƴŘ ǘƘǊƻƳōƛƴ ŀƴŘ мл҈ aŀǘǊƛƎŜƭΦ ! нр ˃[ ƎŜƭ ƭŀŘŜƴ 
with 5-20 PSC spheroids was cast into each well of a 384-well plate. The gels were then allowed to crosslink 
at 37o/ ŦƻǊ ол ƳƛƴǳǘŜǎ ōŜŦƻǊŜ фл ˃[ ƻŦ 9±¢м ƳŜŘƛŀ ǿŜǊŜ ŀŘŘŜŘΦ aŜŘƛŀ ǿŀǎ ǎǿƛǘŎƘŜŘ ǘƻ 9±¢н ƻƴ Řŀȅ м ƻŦ 
gel culture, or day 3 of total culture, to adhere to the original protocol for EVT differentiation in well plates, 
and then to EVT3 on say 4 of gel culture. Media was changed every 2 days and brightfield images were 
acquired on a tissue culture microscope (Nikon Eclipse Ts2).  

 

5.3.4.  Immunostaining 

 
Gels were first washed with PBS for 5 mins and then fixed with a 4% paraformaldehyde solution 

overnight in a 4oC fridge, where all overnight immunostaining steps were performed. The next day, gels 
were washed with PBS three times for 10 mins each and then fresh PBS was added overnight to remove 
any residual fixative. Cells were blocked and permeabilized overnight with a 10% FBS (Thermo Fisher 
Scientific, 12484028) and 0.1% triton-X (Sigma-Aldrich, cat#X100) in PBS solution. Next, a primary 
antibody solution was prepared consisting of an anti-HLA class 1 (1:1000 dilution, Abcam, cat#ab23755) 
diluted in 2% FBS. Samples were incubated in the primary antibody solution overnight and washed thrice 
with PBS for 10 mins. A secondary antibody solution consisting of anti-mouse FITC (1:1000 dilution, Sigma-
Aldrich, cat#F0257), f-actin dye (1:1000, Cedarlane, cat#20553-300) and DAPI (1:1000, Sigma-Aldrich, 
cat#D9542) in 2% FBS was applied to the gels overnight and tissues were washed in PBS thrice for 10 mins, 
before being washed with fresh PBS overnight again. Samples were imaged in situ via confocal microscopy 
(3i Marianas Lightsheet microscope). 

 

5.3.5.  Manufacturing of the stamped AngioPlate 

 
Gelatin-patterned adhesive sheets were manufactured by 3D gelatin printing according to the 

protocol in the previous chapter and capped onto the bottom of milled bottomless 384-well plates to 
obtain our AngioPlate device. These plates were UV sterilized and were casted with a 5:1 solution of 10 
mg/ml fibrinogen and 10U/ml thrombin into each central well and allowed to crosslink for 30 minutes at 
room temperature. 3D printed resin stamps, consisting of 4 equidistant pillars of 2.76 mm in height and 
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400 µm in diameter, were manufactured using a FormLab Form 3B+ Printer with high temperature resin 
(FormLab, Cat#RS-F2-HTAM-02), then treated with anti-adherence solution for 30 mins and completely 
drying for another 30. Once dry, they were stamped onto the surface of the crosslinked fibrin hydrogels 
and held in position for 5 minutes and gently extracted as to not disturb the newly-patterned matrix. To 
dissolve the gelatin channels in the vascular channels, two PBS washes were performed for 20 mins each 
at 37oC. PBS was then aspirated and replaced with ECGM2 media supplemented with 1% aprotinin to 
control fibrin degradation throughout culture. The plate was placed on the rocker overnight to completely 
dissolve away any gelatin before seeding. 

 

5.3.6.  EVT and HUVEC coculture 

 
A prepolymer fibrin gel solution was prepared by mixing 125 ˃[ ƻŦ млƳƎκƳƭ ŦƛōǊƛƴƻƎŜƴ ό{ƛƎƳŀ-

!ƭŘǊƛŎƘΣ ŎŀǘІCоутфύ ǿƛǘƘ нр ˃[ ƻŦ мл¦κƳƭ ǘƘǊƻƳōƛƴ ό{ƛƎƳŀ-Aldrich, T6884) in a 1.5ml Eppendorf tube. 25 
˃[ ƎŜƭǎ ǿŜǊŜ ƛƳƳŜŘƛŀǘŜƭȅ Ŏŀǎǘ ƛƴǘƻ ǘƘŜ ŎŜƴǘŜǊ ǿŜƭƭǎ ƻŦ ŜŀŎƘ !ƴƎƛƻtƭŀǘŜ ŘŜǾƛŎŜ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŎǊƻǎǎƭƛƴƪ ŀǘ 
room temperaturŜ ŦƻǊ ол ƳƛƴǎΦ фл ˃[ ƻŦ ǿŀǊƳŜŘ t.{ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǿŜƭƭ ŀƴŘ ǘƘŜ ǇƭŀǘŜ ǿŀǎ ǇƭŀŎŜŘ ƻƴ 
a rocker (OrganoBiotech, Cat#B001) at 30oC for 20 mins to wash away the sacrificial gelatin channels. PBS 
was replaced and plate was incubated in the same conditions for another 20 minutes. PBS was then 
ŀǎǇƛǊŀǘŜŘ ŀƴŘ рл ˃[ ƻŦ 9/Daн ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ м҈ ŀǇǊƻǘƛƴƛƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ŎŜƴǘŜǊ ǿŜƭƭ ŀƴŘ фл ˃[ 
into each adjacent well before placing the plate on the 37oC rocker overnight. The next day, media was 
aspirated from all wells, being careful not to disturb the fibrin gel in the center compartments. A cell 
ǎǳǎǇŜƴǎƛƻƴ ƻŦ рллΣллл I¦±9/ǎκƳƭ ǿŀǎ ǇǊŜǇŀǊŜŘ ŀƴŘ мнл ˃[ ǿŀǎ ǇƛǇŜǘǘŜŘ ƛƴǘƻ ōƻǘƘ ŎƻƳǇŀǊǘƳŜƴǘǎ 
adjacent to the gel. The hydrostatic pressure difference between the center and adjacent wells allows the 
cells to flow into the fibrin channel, which eventually becomes the vascular channel. Once seeded, the 
plate is incubated flat for 2 hours at 37o/ ōŜŦƻǊŜ рл ˃[ ƻŦ ƳŜŘƛŀ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƴǘǊŀƭ ƎŜƭΦ aŜŘƛŀ ǿŀǎ 
ŎƘŀƴƎŜŘ Řŀƛƭȅ ōȅ ǇƛǇŜǘǘƛƴƎ рл ˃[ ƛƴǘƻ ǘƘŜ ŎŜƴǘŜǊ ǿŜƭƭ ŀƴŘ ул ˃[ ƛƴǘƻ ŜŀŎƘ ŀŘƧŀŎŜƴǘ ǿŜƭƭΦ hƴ Řŀȅ т ƻŦ ŎǳƭǘǳǊŜΣ 
PSCs were added to the central compartment to form a monolayer of syncytiotrophoblast cells. Firstly, a 
400,000 cell/ml suspension of PSCs was prepared in EVT media19,21 consisting of DMEM/F12 basal media 
supplemented with 0.1 mM 2-mercaptoethanol, 0.5% penicillin-streptomycin, 0.3% BSA, 1% ITS 
ǎǳǇǇƭŜƳŜƴǘΣ млл ƴƎκƳƭ bwDмΣ тΦр ˃a !уо-лмΣ нΦр ˃a ¸нтсонΣ п҈ YƴƻŎƪƻǳǘ {ŜǊǳƳ wŜǇƭŀŎŜƳŜƴǘ ŀƴŘ н҈ 
Matrigel. сл ˃[ ƻŦ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎŜƴǘǊŀƭ ŎƻƳǇŀǊǘƳŜƴǘ ŀƴŘ ƳŜŘƛŀ ǿŀǎ ǎǿƛǘŎƘŜŘ ǘƻ ŀ 
compartmentalized setup for the rest of the culture with EVT media in the center and ECGM2 in the 
adjacent wells. Media was changed daily, and barrier analyses were performed after 8 days of coculture 
to allow for EVT differentiation. 

 
 

5.4. RESULTS AND DISCUSSION 

5.4.1.  Model design 

 
Spiral artery remodeling is essential to the proper formation of the human placenta. This 

phenomenon occurs early in the first trimester of gestation and consists of EVTs, located on the 
extremities of the chorionic villi, invading into the maternal tissue and restructuring its blood vessels to 
allow for increased maternal blood perfusion into the placental intervillous space (Figure 5.1A). We took 
inspiration from this process to design our placental invasion model that utilizes the AngioPlate device 
established in Chapter 4. We adapted it for this purpose by inversing the maternal and fetal compartments 
so that the center apical compartment represents the fetal villi, and the vascular channel represents the 
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maternal spiral arteries.  In addition, we utilized a previously-established fibrin gel stamping technique22 
to create chorionic villi-like indentation into which would seed our differentiated EVTs. This new design 
would permit the migration of EVTs from the extremities of the villus structures to the maternal vascular 
channel (Figure 5.1B). 

 

 
Figure 5.1. Inspiration for and design of the AngioPlate invasion model. A. Cross section of a placental chorionic villus during spiral 
artery remodeling where extravillous cytotrophoblasts invade into the maternal decidua and enlarge the vessels. B. AngioPlate 
invasion model consisting of a patterned fibrin gel, replicating chorionic villous architecture, and of a perfusable vascular channel 
representing a maternal spiral artery. 

 

5.4.2.  Designing and 3D printing stamps for villus structures 

 
3D printed stamps were designed to generate villus-like structure in the fibrin gel of the AngioPlate 

device (Figure 5.2A). Each pyramidal pillar had a height of 2.76 mm and a base height and width of 400 
µm (Figure 5.2B). Pillar bases were spaced 900 µm apart to leave ample space for the vasculature channel 
between them. Stamps were designed in arrays of 5 to stamp multiple fibrin gels at the same time. The 
stamping protocol involved casting the fibrin gels, allowing them to polymerize for 30 minutes and 
applying the stamps to obtain 4 equidistant villus-like indentation in the gels (Figure 5.2C). Fluorescent 
latex beads were scattered on the surface of the stamped gel and perfused through the vascular channel 
ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ǾŀǎŎǳƭŀǊ ŎƘŀƴƴŜƭΩǎ ǇƭŀŎŜƳŜƴǘ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ Ǿƛƭƭǳǎ ǎǘǊǳŎǘǳǊŜǎ όFigure 5.2DE). 
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Figure 5.2. 3D printed stamps designed to pattern fibrin gels with the architecture of chorionic villi. A. Image of 3D printed stamps. 
B. Dimensions of 3D printed stamps.  C. Impressions in the fibrin gel after stamping. Straight dotted lines represent the placement 
of the vascular channel and circular dotted lined represents the villus structures. D. Red fluorescent latex beads scattered on the 
surface of the patterned fibrin gel to visualize the chorionic villus structures. E. Green fluorescent latex beads perfused through 
the vascular channel of the invasion model.  

 
HUVECs were seeded into the vasculature channel of a stamped AngioPlate to confirm that the villous 

structures did not interfere with the vascular channel (Figure 5.3A). In another well, undifferentiated PSCs 
were cultured on the apical surface of a AngioPlate stamped with a previous iteration of the villus stamps 
(Figure 5.3BC), which consisted of 9 pillars instead of 4. Cells were then stained for DAPI and e-cadherin 
to visualize the topography of the stamped gel and to confirm that cells could be seeded in the extremities 
of the villi (Figure 5.3BC).  Once vascular channel and villi were shown to be intact, the development of an 
EVT differentiation protocol commenced. 
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Figure 5.3. Seeding cells in the individual compartments of another design of the stamped AngioPlate device. A. Fluorescently- 
labeled GFP-HUVECs cultured alone in the vascular channel of the device. B. Top view of stamped AngioPlate device with nucleic 
acid-stained PSCs. C. Nucleic acid staining (blue) and immunostaining of e-cadherin (green), a cell adhesion marker, in 
undifferentiated PSCs monocultures.  

 

5.4.3.  Differentiation of placental stem cells into extravillous cytotrophoblasts 

 
The establishment of an EVT differentiation protocol of the blastocyst-derived PSCs was necessary in 

the development of this model. This differentiation protocol was adapted by those published by Okae et 
al. and Wei et al.19,20. During the testing of these differentiation protocol, we determined that the success 
of their differentiation hinged greatly on their seeding densities at the onset of this process, similar to 
what has been previously reported23. The extremely low seeding densities described by Okae et al. 
resulted in proliferation arrest and culture death, whereas densities of 400,000 cells/6-well described by 
Wei et al. resulted in cells growing in patches which were not conducive to EVT differentiation. A seeding 
density of 200,000 cells/well appeared to result in cells with the most EVT-like morphology (Figure 5.4A). 
These cells were then stained for HLA-G, a known marker for EVT differentiation, and showed higher levels 
of expression than the undifferentiated PSC control (Figure 5.4B).  

 

 
Figure 5.4. Establishment of an EVT differentiation protocol adapted from Okae et al. and Wei et al19,20. A. Phase contrast images 
of PSCs differentiated into EVTs after 6 days of culture at seeding densities of 200,000 cells/6-well and 400,000 cells/6-well.  B. 
Immunostaining images of HLA-G, a known EVT marker, in undifferentiated PSC and differentiated EVT tissues. 

 
hƴŎŜ ǘƘŜǎŜ ŎŜƭƭǎΩ ŎŀǇŀŎƛǘȅ ǘƻ ŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ǿŀǎ ŎƻƴŦƛǊƳŜŘΣ ƛƴǾŀǎƛƻƴ ŎŀǇŀŎƛǘȅ ǿŀǎ ŀǎǎŜǎǎŜŘ ƛƴ ǘƘǊŜŜ 

different matrices: fibrin only, fibrin + 10% Matrigel and Matrigel only. PSCs were first self-assembled into 
spheroids in Aggrewell culture for the 2 first days of the differentiation protocol (Figure 5.5A). Spheroids 
were then harvested and embedded into the three gel types for an additional 12 days (Figure 5.5B). 
Spheroids embedded into fibrin + 10% Matrigel began sprouting into the matrix earliest and were then 
followed by the spheroids in the fibrin only condition. However, spheroids in the Matrigel only condition 
appeared to break down the longer they were in culture. These results were surprising because 
trophoblasts have been shown to invade through Matrigel24. However, in these assays lower Matrigel 
concentrations were used which likely resulted in more porous gels, increasing the ease at which cells 
were able to invade. Next, tissues were fixed and stained for f-actin on day 12 to visualize the cytoskeleton 
of the invading cells (Figure 5.5C). This stain confirmed the lack of invasion in the Matrigel only condition 
and the limited invasion in the other two conditions. Unfortunately, by the time tissues were stained, it 
appeared as if many of the spheroids underwent invasion arrest in the Fibrin + 10% Matrigel condition 
(Day 11, Figure 5.5B). These results suggest that the EVTs have the capacity to invade into both the fibrin 
and fibrin + 10% Matrigel matrix, however the invasion and degradation speeds seem to differ. Pro-
invasive factors such as placental growth factor (PlGF) and leptin could be introduced into the system to 
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increase EVT invasion into the matrix before invasion arrest occurs25,26. Further, matrix optimization could 
also result in more drastic invasion by increasing pore size.   

 
 

 
Figure 5.5. Assessing EVT capacity to invade into fibrin, Matrigel and mixed matrices. A. Aggrewell cultures of PSCs on day 2 of 
the EVT differentiation protocol. B. Progression of EVT invasion through fibrin only, fibrin + 10% Matrigel and Matrigel only gels 
from day 1 of embedding to day 11.   C. F-actin staining of differentiated EVTs after 12 days of embedding in the three hydrogel 
types. 

 

5.4.4.  EVT and HUVEC coculture 

 
As in previous chapters, establishing whether the trophoblast cells could be harmoniously cocultured 

with HUVECs is a vital stepping stone in the establishment of this invasion model. In Chapter 4, we showed 
that vascular degradation occurred from day 6 to day 15 of HUVEC monoculture and suggested that this 
was due to the exclusion of stromal cells such as fibroblasts, pericytes or smooth muscle cells, which would 
have supported the vasculature through the lengthy culture (Figure 5.6).  When culturing EVTs in 
compartmentalized media with HUVECs on a non-patterned AngioPlate resulted in a decrease in barrier 

permeability compared to the HUVEC only condition for both 4 kDa (406.5 ° 195.6 pmol/hr for EVTs + 

HUVECs and 763.6 ° 88.5 pmol/hr for HUVECs only) and 65 kDa dextrans (5.72 ° 4.83 pmol/hr for EVTs + 

HUVECs and 16.6 ° 2.5 pmol/hr for HUVECs only). This suggests that either the EVT media or the EVT cells 
themselves are supporting the vascular barrier. However, EVTs are known to secrete proteolytic enzymes 
that start breaking down the spiral arteries before they fully invade and restructure the tissue27,28. Further, 
many of the media supplements present in EVTM are shared with STM, which was better at maintaining 
HUVEC barrier integrity when compared to endothelial cell media alone. Therefore, we hypothesize that 
most of the improved barrier function reported for the EVT + HUVEC condition can be attributed to the 
media. Interestingly, when cultured as a monolayer on the fibrin gel, EVTs did not exhibit the elongated 
morphology characteristic of invasive cells that was observed during the spheroid culture, and they did 
not appear to invade into the matrix. During chorionic villus growth in vivo, proliferative cytotrophoblasts 
will break through the syncytium and differentiate into EVTs at the extremities of the villi5. Therefore, 
they might need a compact environment, such as that of a spheroid to trigger invasion. The next steps 
involved in this work would be to coculture both cell types in the final stamped model design, then 
optimize the coculture media conditions, further optimize the matrix, and perhaps include pro-invasive 
factors to improve invasion rates. 
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Figure 5.6. EVT and HUVEC coculture. A. Brightfield images of EVTs cultured as a monolayer on the fibrin gel of a non-patterned 
AngioPlate device. Fluorescent images of 4 kDa and 65 kDa vascular permeability assays performed on day 15. B. 4 kDa dextran 
permeability assay comparing PSC + HUVEC, ST + HUVEC, and EVT + HUVEC cocultures with HUVEC only control. Data from Figure 
4.5 of Chapter 4 was reused here. (N=3, one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001) C. 65 kDa dextran permeability assay 
comparing PSC + HUVEC, ST + HUVEC, and EVT + HUVEC cocultures with HUVEC only control. Data from Figure 4.5 from Chapter 
4 was reused here. (N=3, one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001) 

 
 

5.5. CONCLUSIONS  

 
In this work, we developed a 3D microphysiological model to culture EVTs within chorionic villus-like 

structures and in proximity to a perfusable vascular vessel with the goal of using it for future trophoblast 
invasion studies. 3D printed stamps were used to pattern the fibrin hydrogel of the AngioPlate model 
described in Chapter 4 of this thesis, which has been shown to be compatible with high-throughput assays. 
Further, we adapted previously-established EVT differentiation protocols to PSC spheroids embedded in 
hydrogels and showed that these cells can be cocultured with the HUVECs. However, further media and 
matrix optimizations need to be performed to utilize this model in trophoblast invasion studies which 
require finely tuned culture conditions to promote extensive EVT differentiation. Once these 
optimizations are performed, additional cell types can be added to more closely recapitulate the maternal 
microenvironment. For example, smooth muscle cells could be incorporated into to the fibrin gel matrix 
to support endothelial cells, since they play an important role in spiral artery remodeling27. Conversely, 
this system could be adapted to model an earlier stage of placental development, such as endometrial 
invasion, which would require the addition of maternal endometrial cells13,29. In summary, this work 
presents a novel in vitro design for high-throughput placental invasion modeling. 
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Sonya Kouthouridis, Eleanor Robson, Alicia Hartung, Sandeep Raha, Boyang Zhang. 
Excerpt from the published work of Trends in Biotechnology. Reprinted with permission in the section 

άUsing sex-specific cells in placental and other organ modelsέ. 
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6.1. CONCLUSIONS  

 
The placenta is a highly vascularized, temporary organ developed in pregnancy that is composed of 

both maternal and fetal cells. It allows for the implantation of the embryo and nutrient exchange between 
mother and baby. Placental malformation and diffusion of harmful exogenous substances through the 
placental barrier can cause pregnancy complications and, in more severe cases, death of the mother 
and/or fetus. Further, the placenta undergoes drastic morphological and functional changes throughout 
pregnancy. Establishing models to mimic these phenomena at different stages of pregnancy expedites the 
development of potential treatment options. Mouse models are often used to simulate human fetal 
development despite major interspecies differences. These limitations drive researchers to developing in 
vitro models consisting of human-derived cells. In this thesis, three distinct placental models were 
developed to tackle many of the limitations of existing in vitro barrier and invasion models, such as 
throughput limitations, limited syncytiotrophoblast fusion rates, lack of vascular perfusion and absence 
of physiological tissue architecture. The advancements made in designing and establishing these models 
broaden the horizons of possibilities within the realm of placental research. Further, these models have 
enabled us to better understand the unique roles of endothelial and trophoblast cells within the context 
of placental function and development. 

 
The most important characteristic of a mature placental barrier is the presence of a fused syncytium. 

In Chapter 2, we assessed the degree of differentiation of placental stem cells (PSCs) into the 
syncytiotrophoblast lineage when cultured on fibrin gels, as outlined by the protocol established by Okae 
et al.1. This characterization served as a foundation for the experiments conducted in the following 
chapters 3 and 4. We showed that we were able to obtain a highly differentiated monolayer with fusion 
rates averaging 89.4 ± 3.4%, tenfold higher than the undifferentiated control condition of 
cytotrophoblast-like stem cells. hCG secretion rates, which are correlated with syncytiotrophoblast 
differentiation2, were found to be twice as high for the differentiated cultured and resulted in a media 
supernatant concentration of 248.6 ± 112.6 ng/mL. BeWo b30 cultures were similarly analyzed and found 
to have drastically lower fusion and hCG secretion rates when differentiated with pre-established 
protocols. To assess morphological changes in the PSCs caused by differentiation, histological cross-
sections were obtained, and it was determined that cell fusion decreased monolayer thickness. This 
agrees with ex vivo findings which showed a reduction of trophoblast barrier thickness with gestational 
age. This phenomenon facilitates the increase of passive diffusion across the placenta, thus allowing the 
placenta to meet the rising nutrient demands of the fetus. As final characterization, gene expression 
analysis was performed on PSCs and BeWo b30 cells and it was determined that the PSCs produce fused 
STs more-closely resembling the genome of native STs. Finally, the fibrin hydrogel used in the subsequent 
models was characterized in this chapter to determine pore dimensions, interstitial flow rates and 
velocities. Analysis of SEM images revealed that the fibrin gels exhibited a pore size averaging 1.08 ± 
0.12 µm. Additionally, through fluorescent particle assays, we determined that the flow velocity within 
the gel was minimal in comparison to the flow observed within vascular channels. In summary, this 
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ŎƘŀǇǘŜǊΩǎ ŦƛƴŘƛƴƎǎ ŎƻƴŦƛǊƳ ǘƘŜ ǎǳǇŜǊƛƻǊƛǘȅ ƻŦ t{/ǎ ƛƴ ŦƻǊƳƛƴƎ ŀ ƴŀǘƛǾŜ-like syncytiotrophoblast barrier 
cultured on fibrin hydrogels.  

 
Once it was established that the PSCs were compatible with fibrin gel culture and capable of fusing at 

impressively high rates, early-stage and late-stage models were established and their permeability to 
different sized molecules was characterized in Chapter 3. Firstly, the effects of media mixtures of different 
proportions of endothelial cell media and PSC media were evaluated to determine if PSCs and HUVECs 
could be cultured harmoniously. PSCs maintained their morphology and could form confluent monolayers 
in media mixtures of as little as 25% PSCM, whereas HUVECs were able to properly self-assemble in media 
mixtures with as little as 50% ECGM2. These results confirmed that media mixing during 
compartmentalized culture would not be detrimental to each individual culture and therefore coculture 
of these cell types was possible. The first early-stage barrier model consisted of a monolayer of 
undifferentiated PSCs atop a fibrin gel. This model was utilized to assess the effects of PSC differentiation 
on barrier permeability as well as cytokine secretion. We determined that PSC fusion increase barrier 
permeability to 4 kDa by more than 2-fold, enabling higher rates of transplacental diffusion, and that 
inflammatory cytokines were produced during this maturation, paralleling the inflammatory state of 
early-pregnancy. Next, the late-stage IFlowPlate placental barrier model was established and consisted of 
self-assembled vasculature within a fibrin gel, atop which was cultured a monolayer of syncytialized PSCs. 
PSC fusion rates in this coculture rivaled those previously measured in ideal culture conditions with a rate 
of 84.4 ± 1.0%. The permeability of both early- and late-stage models were assessed via dextran and 
insulin permeability assays and markable differences were observed. The vasculature in the late-stage 
model provided a significant additional barrier against the transport of insulin from the maternal to the 
fetal compartment. Additionally, the perfusion of the vascular channel allowed for more rapid molecular 
clearance, and thus increased perceived transport rates across the placental barrier.  These findings 
highlighted the importance of modeling different stages of placental development to provide a more 
multifaceted understanding of placental permeability. 

 
Chapter 4 expands upon the late-stage model introduced in Chapter 3, adapting it to accommodate 

drug safety assays. These assays demand dependable high-throughput models capable of generating 
consistent and reproducible data. We therefore transitioned from self-assembled vasculature to guided 
vasculature by creating a single tubular channel through the fibrin gel, connecting the adjacent two 
compartments. To do this, we first utilized PDMS soft lithography to create sacrificial gelatin channels 
which would be dissolved away after fibrin gel casting. The manufacturing process was then streamlined 
by transitioning to 3D printing, which reduced manufacturing time from 4 days to 30 minutes per plate. 
Two endothelial cell types were assessed to determine which produced vasculature channels that were 
more stable over the long term, and it was concluded that GFP-HUVECs suffered less from endothelial 
degradation in long term culture when compared to TERT-HUVECs. Additionally, the effects of 
compartmentalized media and of coculture with STs were evaluated. Results suggested that both STM 
and ST cells grant a protective effect which increased vascular barrier integrity and sustained the culture 
for longer term. As the final optimization step, pericytes were incorporated into the fibrin gel of this model 
at high and low concentrations. However, they did not seem to improve the vascular barrier and were 
even shown to increase its permeability, possibly by depleting the nutrients in the cell culture media and 
starving the HUVECs. The final model used for the drug barrier study consisted of GFP-HUVECs cultured 
in the vascular channel, without pericytes within the gel and with a differentiated monolayer of STs on 
the apical surface. Once this model was established, placental permeability assays with fluorescently 
labeled paclitaxel, vancomycin and IgG were performed and fetal/maternal ratios were calculated. 
Permeability to the drugs was evidenced to be size-, type- and concentration-dependent, similar to what 
has been seen in vivo.  
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Finally, in Chapter 5, we presented our design for a trophoblast invasion model consisting of a 

ǇŀǘǘŜǊƴŜŘ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ǇǊŜǾƛƻǳǎ ŎƘŀǇǘŜǊΩǎ !ƴƎƛƻtƭŀǘŜ ŘŜǾƛŎŜΦ ²Ŝ ŘŜǎƛƎƴŜŘ ŀ о5 ǇǊƛƴǘŜŘ ǎǘŀƳǇ ǘƻ 
introduce chorionic villous architecture into which we could seed invasive extravillous cytotrophoblasts 
(EVTs). In this model, the vascular channel represented maternal spiral arteries and the apical side of the 
gel represented the fetal compartment into which it is possible to seed EVT spheroids. We first confirmed 
that HUVECs and PSCs cell could be cultured in this model. Next, we adapted established EVT 
differentiation protocols to our PSC cultures and self-assembled them into spheroids, which were 
embedded into three types of gel matrices to study their invasiveness. We found that their invasion into 
the matrix was highest in fibrin + 10% Matrigel matrices and that further matrix optimization is required 
to obtain more highly invasive cultures. Finally, vascular permeability values of EVT and HUVEC AngioPlate 
cocultures demonstrated that further coculture media optimizations are also required to utilize this model 
in trophoblast invasion studies.  

 

6.2. RECOMMENDATIONS FOR FUTURE WORK 

6.2.1.  Incorporating stromal cells into barrier and invasion models 

 
Stromal cells serve a variety of functions within the body, including structural support of tissues, blood 

flow control, immune regulation, as well as angiogenic and transport mediation3,4. However, the function 
of these cells within the placenta is not yet well-understood. Some of the most abundant stromal cells 
present within the chorionic villi are fibroblasts and pericytes. Unfortunately, human placental fibroblasts 
were not yet commercially available and were not included in the models within this thesis. Instead, we 
introduced placental pericytes into our straight channel placental model with the hope of observing their 
support of the vascular barrier. However, we suspected that the pericytes were weakening the endothelial 
barrier due to their overgrowth, which led to the nutrient depletion in the media and the increase in vessel 
permeability. This can be addressed in future models by connecting the central AngioPlate compartment 
to the top and bottom adjacent wells via a microchannel above the gel. This would add an additional 200 
µL media reservoir which should be sufficient in maintaining the cultures with daily media changes. 
Furthermore, the observed pericyte overgrowth might be attributed to the influence of ST cells or specific 
differentiation factors present in the STM. This is particularly noteworthy since these cells, when 
previously co-cultured with HUVECs exclusively in EC medium in our laboratory, did not demonstrate 
comparable growth dynamics. Consequently, the effectiveness of this tri-culture model is critically 
dependent on the optimization of the co-culture media. 

 
Smooth muscle cells (SMCs) are coiled around the spiral arteries in the maternal decidua5,6 and 

undergo controlled apoptosis during spiral artery remodeling by EVTs. In fact, it has been shown that 
SMCs undergo apoptosis from the outermost layers of the vessel first7, even before the endothelial barrier 
is invaded by EVTs. The loss of smooth muscle cells is crucial to the widening of these vessels because it 
causes the loss of contractility of the vessel. Therefore, to truly recapitulate spiral artery remodeling, it 
would be necessary to incorporate SMCs into in vitro placental invasion models. This can be achieved in 
our model by the addition of SMCs into the fibrin gel. Harris et al. showed that SMC apoptosis can be 
initiated not only by the presence of primary trophoblasts, but by perfusion of trophoblast-conditioned 
medium8, suggesting that the placental cells secrete apoptotic factors. As a result, the culture model could 
be simplified by co-culturing ECs and SMCs without trophoblasts and simply applying trophoblast 
conditioned media to initiate the breakdown of the vessel. Either model would allow for the easy 
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visualization of SMC and EC apoptosis during spiral artery remodeling and offer insight into the interplay 
of these two cell types within the maternal decidua. 

 

6.2.2.  Incorporating oxygen gradient into placental models 

 
Studying the effects of oxygen in tissues has gained traction in the past few years, especially due to 

the realization that different organs are subjected to different oxygen tensions within the human body9. 
Healthy oxygen partial pressure (pO2) in arterial blood generally ranges from 80 to 100 mmHg10 
(corresponding to 10-14%). However, the partial pressure experienced by other organs varies 
significantly9, from the lungs being the highest at 104 mmHg in the alveoli11,12 due to their direct contact 
with ambient air, and to tissues such as bone marrow which experience oxygen levels of 44 mmHg13 or 
the eye such at 22 mmHg14. In vitro cell cultures are mostly maintained in incubators with 21% oxygen 
levels, however many in vitro cultures experience hypoxic conditions when grown under thick layers of 
culture media15. Thus, novel in situ oxygen measurement techniques have been necessary to accurately 
evaluate the effects of pO2 on engineered tissues. Many of these techniques have incorporated 
fluorescent oxygen sensors within or below biocompatible thin films which line the culture vessels to 
protect the cells from any cytotoxicity16,17. Visualizing oxygen gradients within mammalian cell culture has 
therefore become more attainable.  

 
In the context of the placenta, oxygenation plays an important role in the form of oxygen gradients 

which drive certain placental functions. The early-stage placenta develops in a mostly hypoxic 
environment and oxygen levels significantly increase with the progression of spiral artery remodeling 
which funnels oxygenated maternal blood into the tissue18. Interestingly, uteroplacental hypoxic gradients 
have been argued to be one of the driving factors in spiral artery remodeling due to the presence of a 
steep oxygen gradient from the hypoxic environment of the fetus to the comparatively oxygen-rich tissue 
of the maternal decidua18ς20. However, oxygen gradients are not only present in the maternal-fetal axis of 
the placenta. It has been shown that placental morphology varies along the lateral oxygen gradients from 
the center to the extremities of the disk-shaped organ21. Additionally, placental oxygen concentrations 
have been shown to play a role on fibrin matrix deposition. Although no morphological or proliferation 
changes were observed in hypoxic cultures of primary placental fibroblasts, these cells increased their 
fibronectin and collagen IV deposition with decreasing oxygen levels22, creating a fibrotic environment 
reminiscent of placental fibrosis23. An example of incorporating hypoxia in the models presented in this 
thesis would be to plug or seal some of the wells on the device to create an oxygen gradient across the 
compartments of the device.  Fibrin gel and cell seeding locations could then be adapted to obtain the 
desired EVT invasion direction. Modulating oxygen gradients within placental in vitro cultures would allow 
researchers to model both healthy and diseased placental changes influenced by hypoxia, and therefore 
better understand the pathogenesis of these diseases and permit the informed development of novel 
treatments. 

 

6.2.3.  Using sex-specific cells in placental and other organ models 

 
Sex refers to biological characteristics that are often categorized as male or female. These physical 

and physiological attributes include reproductive anatomy, production of sex hormones, gene expression, 
and sex chromosome type (XX vs. XY) (Government of Canada, https://cihr-irsc.gc.ca/e/48642.html). 
Biological sex, which differs from gender, is linked to innumerable physiological factors, such as immunity, 
lifespan, genetic makeup, and hormone levels (Figure 6.1). Despite this, there is a long history of bias 
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towards the male sex in experimental designs in biomedical research. For instance, the lack of diversity in 
early clinical trials created a bias in treatment methods that are more extensively validated for male 
patients. In contrast, female patients had no choice but to tolerate the potential higher risk that 
accompanies every new treatment 24. It was only in 1994 that the US implemented a federal law requiring 
clinical research funded by the National Institute of Health (NIH) to include female trial participants. This 
transition has shed light on the sexually dimorphic nature of the physiological response to treatments, 
such as vaccines, chemotherapy, and transplants. Unfortunately, this bias has now been extended to the 
more recent field of preclinical microphysiological modeling. Although the NIH had put forth 
recommendations in 2014 to balance sex in cell and animal models, this bias has continued to affect the 
design of preclinical studies which regularly involve the exclusive use of male rodents and cell types24,25. 
Further, cell sex in in vitro models often remains unspecified, impeding any subsequent analysis of sex-
specific cell functions. 

The vast majority of current organ models, except for those modeling reproduction, are designed 
without considering sex as a biological variable. These asexual models often neglect the sexual 
dimorphism observed in human organ morphogenesis, function, and disease, which are missed 
opportunities. By considering sex as a biological variable in 3D in vitro studies, we can better understand 
the differences in organ development, function, and disease between men and women, thus eventually 
designing more tailored therapies for patients suffering from various diseases.   The simplest method to 
incorporate sex into microphysiological models is by utilizing sex-specified cells. Although the placenta is 
a uniquely female organ, the trophoblast cells that form its chorionic villi are genetically derived from the 
fetus. As a result, it is possible to construct female and male in vitro placental models and explore 
differences in their morphogenesis and function which can then be correlated to the differences observed 
in clinical studies. Up until now, placental sexual dimorphism has been mostly observed in animal models 
and clinical studies26,27. Maternal diet during pregnancy26,28, hypoxia29, exposure to corticosteroids30ς32, 
and exposure to environmental chemicals33 have all been shown to result in gene expression or DNA 
methylation differences in the placentas of female and male pregnancies. However, most of these studies 
focus exclusively on gene expression patterns and have not yet shown many functional differences 
between sexes34. Most pregnancy complications, such hypertension, preterm birth and stillbirth, have 
been shown to be more highly associated with the male fetal sex35,36. Further, sex differences in fetal 
responses to nutrient availability37, obesity38 and gestational diabetes39 have been established. Given that 
the placenta is the main source of fetal nutrition and gases, and is selective in its transport, these observed 
differences may be due to sex-dependent differences in the placenta. It is our hope that with the 
development of novel in vitro placental models, placental functional assays, and with the increase in 
trophoblast stem cell availability, that sexual dimorphism in placental function could be explored in depth.  

 
Including both male and female primary cell types into an experimental design can be costly and 

would inevitably increase the scale of an experiment. For instance, if researchers are expected to include 
both male and female models in the study to avoid sex-specific bias, then sample sizes will effectively 
need to be doubled to allow for statistical testing. If the experimental objective is to not only avoid 
experimental bias due to sex differences but also statistically analyze the effect of sex, then more than 
three male and female cell sources will be needed, which will expand the experimental conditions and 
sample size by six times. However, most microfluidic-based organ-on-a-chip devices are designed for 
target validation studies and have labor- and time-intensive manufacturing and operational protocols, 
which is one reason why accounting for sex differences can be challenging. More research groups are 
starting to develop and commercialize high-throughput platforms to address these limitations on 
experimental throughputs40ς43.  These systems are often based on either 96- or 384-well formats that are 
scalable and compatible with lab automation for both tissue production (e.g., Robotic liquid handling 
system, etc.) and experimental readouts (e.g., plate reader and image cytometer, etc.). More notably, the 
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multi-chamber designs of these platforms allow for hydrostatic pressure-driven media perfusion via 
interconnecting microfluidic channels without the need for microfluidic flow-controlled pumps, which is 
the critical feature that improves experimental throughputs40,44ς46. Although organ-on-a-chip devices 
were originally designed and envisioned for target validation purposes, we anticipate the demand for high 
throughput platforms will continue to increase due to the need for multiplex experiments in biomedical 
research. However, it is also important to note that these advances in liquid handling robots and high 
throughput systems do not necessarily address the increased manual handling that accompanies the use 
of multiple male and female cell sources. Each cell line or primary cell will still need to be separately 
isolated, expanded, and maintained, which inevitably will drastically increase workload and logistic 
challenges. 
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Figure 6.1. The importance of implementing human sexual dimorphism in microphysiological models and techniques to do so. 

 
  






