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ABSTRACT 

Pregnancy is established once an invading blastocyst successfully implants into the lining of the 

uterus known as the endometrium. Cellular crosstalk between endometrial cells and trophoblast 

cells from the blastocyst coordinate the extent of invasion into the endometrium and defects in 

this crosstalk can lead to a spectrum of pregnancy conditions; however, implantation occurs 6-12 

days into pregnancy which provides a difficult challenge to studying this process in humans. 

Initial blastocyst implantation into the endometrium has never been observed in humans and 

what we currently know is inferred from rare histological specimens. With complex, three-

dimensional in vitro model systems, we have the unique opportunity to develop platforms to 

study this process in systems that replicate the in vivo tissue microenvironment. We 

demonstrated that methacrylamide-functionalized gelatin (GelMA) hydrogels are adaptable for 

studying dynamic endometrial processes, including vascular formation, hormone responsiveness, 

epithelial monolayer formation, and trophoblast invasion. We create and characterize a library of 

GelMA hydrogels with mechanical properties similar to the native endometrium and placenta, 

support the culture of an endometrial perivascular niche to study endometrial angiogenesis, 

provide biochemical cues to hormone-responsive cells (e.g., decidualization of endometrial 

stromal cells), establish epithelial monolayers overlaying GelMA hydrogels and have employed 

the GelMA platform for trophoblast invasion assays. These tools allow us to answer the 

following questions: How does cortisol influence endometrial function? How do biomolecular 

signals from stress influence trophoblast invasion? 
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CHAPTER 1: INTRODUCTION1 
 
1.1 Dissertation Overview 
 
The objective of this dissertation is to develop a biomaterial-based model of the endometrium to 

study aspects of endometrial function and trophoblast invasion. The endometrium is the lining of 

the uterus and site of blastocyst implantation during pregnancy. Despite the importance of the 

endometrium in the context of reproduction and female reproductive health, few models of the 

endometrium exist and those that do lack critical aspects of the complexity of the native 

endometrial microenvironment. The development of tissue engineering models of the 

endometrium suggests opportunities to create tunable model systems to probe questions relating 

to female reproductive health and pregnancy. Such model systems provide a framework to 

incorporate central elements associated with endometrial function, including recapitulation of 

tissue biophysical properties, stratification of an epithelium overlaying a perivascular 

component, and ability to replicate dynamic hormonal properties. Furthermore, such models may 

also be used in the context of trophoblast invasion in order to understand early pregnancy. 

Indeed, endometrial model platforms offer the potential to address questions relating to 

reproduction but also begin to develop a deeper understanding of female reproductive physiology 

on the cellular level. 

 

Chapter One of this dissertation provides context and motivation for the development of 

engineering tools for understanding reproductive physiology. Chapter Two introduces 

engineering techniques for developing endometrial and trophoblast model systems. Chapter 

 
1 This work will be submitted as a standalone review article. 
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Three explores the role of extracellular matrix biomolecules on endometrial epithelial cell 

attachment and cytokeratin 18 expression on methacrylamide-functionalized gelatin hydrogels. 

Chapter Four determines how endometrial stromal cell decidualization affects aspects of the 

endometrial perivascular niche, including vessel network complexity, soluble factor secretion, 

and matrix remodeling. Chapter Five describes the development of three-dimensional trophoblast 

motility assays and begins to probe how cues from the maternal-fetal interface influence motility. 

Chapter Six continues development of these motility models and asks how pregnancy-specific 

glycoproteins impact motility. Chapter Seven provides a conclusion for these works and poses 

future opportunities. 

 

1.2 Chapter Overview 
 

In this chapter, we describe the current climate of maternal health in the United States and 

introduce certain factors that impact maternal health, including psychosocial stress. We then 

describe the endometrium and its role in reproduction, subsequently discussing the role of 

trophoblast in this process. Next, we describe examples of three-dimensional models of the 

endometrium. 

 
1.3. Maternal Health in the United States 
 
Although the number of women who die from pregnancy-related complications has decreased 

from 1990 to 2015, the average annual decline in maternal mortality is only 2.3% (1). Today, 

global maternal mortality is 216 maternal deaths per 100,000 live births (2). In the U.S., 

pregnancy-related mortality rates have been steadily increasing (3), with pregnancy-related 

maternal deaths increasing from 7.2 to as high as 26.4 maternal deaths per 100,000 live births 



3 
 

from 1987 to 2015 (3, 4). The current maternal mortality rate in the U.S. (14 deaths per 100,000 

live births) is higher than the average maternal mortality rates in developed countries (12 deaths 

per 100,000 live births) (1). 

 
1.4. Racial Disparities in Maternal Health 
 
Although the reasons for high maternal mortality in the U.S. are largely unknown, racial 

disparity in pregnancy is a significant contributor (5-11). In the U.S. from 2006-2010, 

pregnancy-related deaths were 12.0 deaths per 100,000 live births for white women, 38.9 deaths 

per 100,000 black women, and 14.2 deaths per 100,000 live births for women of other races (12). 

The causes of racial disparities in pregnancy transcend socioeconomic status and education level 

and are largely unknown; however, recent research has suggested that high levels of 

psychosocial stress, defined as stress relating to interpersonal relations (e.g., discrimination, 

anxiety, depression), experienced by non-White women may contribute to these disparities (13-

20). The effects of stress on pregnancy outcomes may not be possible to study in humans or 

animals due to the complexity of the stress response; however, models of early implantation will 

allow us to study how stress affects pregnancy on a cellular level. 

 
1.5 Stress and Reproduction 
 
Glucocorticoids, such as cortisol, are steroid hormones produced in response to stress and are 

synthesized by the adrenal cortex in response to adrenocorticotropic hormone (ACTH) 

production from the pituitary gland (21). While ACTH cannot cross the placenta, maternal 

glucocorticoids, including cortisol, can cross the placenta and cause detrimental effects on the 

fetus (22). Placental hydroxysteroid 11β dehydrogenase 2 (11β-HSD2) is an enzyme responsible 

for converting cortisol into its inactive form, cortisone, and protects the fetus from high maternal 
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cortisol levels (23); however, increased maternal glucocorticoid levels can lead to increased fetal 

exposure and may alter the activity of 11β-HSD2 (22). Reduced activity of 11β-HSD2 has been 

implicated in prematurity in preeclampsia (24).  

 

Glucocorticoids have been shown to have a detrimental effect on embryo implantation, 

pregnancy outcomes, and fetal health (24-30). Glucocorticoids can regulate the hormonal actions 

of estrogen and progesterone in the uterus by blocking estrogen-mediated uterine growth and 

differentiation and embryo implantation (23). Previous studies have also demonstrated that there 

is an association between high cortisol levels and increased miscarriage risk (26), as well as 

insulin resistance, associated with hypertension and endothelial dysfunction typically seen in 

preeclampsia (24). Cortisol has previously been shown to reduce endothelial cell tube formation 

and trophoblast invasion in two-dimensional assays (25, 31, 32); however, much remains 

unknown regarding the effects of cortisol on early events in pregnancy. Defining how cortisol 

affects pregnancy may lead to improvements in maternal and fetal outcomes and also offers 

exciting potential to incorporate a new class of biomolecular signal into tissue engineering 

models of the endometrium and trophoblast invasion. One goal of this thesis is to develop 

endometrial models to allow study of the influence of cortisol on trophoblast invasion to better 

understand how cues pertaining to stress may relate to pregnancy disorders. 

 
1.6 The Endometrium 
 
As the lining of the uterus and site of blastocyst implantation, the endometrium is a dynamic 

tissue that undergoes rapid cycles of growth and breakdown over the course of the menstrual 

cycle (33). The endometrium consists of the luminal epithelium supported by an underlying 

stromal layer containing endometrial glands and vasculature (34). Through coordination by 
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steroidal sex hormones, both the luminal epithelium and underlying stroma undergo 

differentiation during the menstrual cycle to prepare for blastocyst implantation and trophoblast 

invasion (34). Endometrial preparation leading up to the 4-day window of receptivity is critical 

for successful establishment of pregnancy. A key stage of this process is the differentiation of the 

endometrial stroma, or decidualization, marked by the transformation of endometrial stromal 

cells into specialized decidual cells that are both morphologically and functionally distinct from 

undifferentiated stromal cells (34, 35). This process occurs in the presence of progesterone 

during the secretory phase of the menstrual cycle and continues if pregnancy occurs (34). 

Defective decidualization has been shown to result in pregnancy disorders such as the 

hypertensive pregnancy disorder preeclampsia (36, 37). In addition to stromal differentiation, the 

endometrial epithelium must also undergo changes to permit blastocyst adhesion and attachment; 

however, much remains unknown regarding what molecules mediate this process (38). 

Developing physiologically relevant models of the endometrium that can recapitulate aspects of 

endometrial receptivity, including stromal and epithelial function, may provide an important 

experimental platform to examine early-stage complications in pregnancy related to trophoblast 

invasion. 

 
 
1.7 Trophoblast Invasion 
 
Implantation failure is estimated to account for 75% of failed pregnancies and may also result in 

adverse effects over the course of the pregnancy leading to poor outcomes (39). Improved 

understanding of cellular mechanisms relating to implantation failure in humans is needed; 

however, studies of embryo implantation are largely intractable. Trophoblast cells that form the 

outer layer of the blastocyst have numerous roles in pregnancy, including anchoring the placenta, 
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secreting hormones, modulating decidual angiogenesis, and remodeling the maternal spiral 

arteries (40). Remodeling of spiral arteries by trophoblast cells, initiated by plugging of spiral 

arteries and subsequent dilation, is necessary for providing blood flow to the placenta to provide 

nutrients and oxygen to the developing fetus (40). Insufficient trophoblast invasion of the spiral 

arteries results in poor vascular remodeling, leading to placental and endothelial cell damage 

(41). Despite the importance of these early events for the establishment of a successful 

pregnancy, initial blastocyst adhesion to the endometrial epithelium has never been observed in 

humans and other integral processes have been observed only from single specimens (42). 

Understanding critical factors in pregnancy, including what drives trophoblast invasion and 

endometrial vascular remodeling, has significant value in improving our understanding of human 

reproduction; therefore, strategies to monitor mechanisms associated with early trophoblast 

invasion and vascular remodeling in the endometrium are urgently required to understand normal 

and pathological pregnancy. 

 
1.8 Three-Dimensional Model Systems 
 
Although animal models provide complexity of the in vivo environment, physiological 

differences in placentation between humans and animals call into question the relevance of such 

models for studying human pregnancy (43, 44). Another common strategy is to use human cell 

models (45); however, traditional two-dimensional (2D) cell models do not provide an 

opportunity to investigate the role of endometrial cell-cell interactions or the role of cell-

extracellular matrix interactions in three-dimension (3D). Few studies have investigated 

trophoblast invasion in 3D and for the studies that did, trophoblast interaction was monitored 

with maternal vasculature (46) or with the endometrial epithelium and stroma (47-49) but none 

investigated the roles of the vasculature, epithelium, and stroma together. Microphysiological 
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models have been recently shown to be a new avenue to investigate mechanistic processes 

associated with cell and matrix interactions with vascular structures (45, 50-52). Most 

commonly, these approaches use immortalized endothelial and stromal cell lines, combining 

them in a biomaterial matrix to facilitate the formation of vascular networks. More recently, 

some efforts have begun to use tissue-specific cell sources (45, 50-52). 

 

This thesis aims to adapt microphysiological systems to create endometrial-specific hydrogel 

models. This approach may reveal a powerful capability to study trophoblast invasion in the 

presence of the endometrial stroma, vasculature, and epithelium in combination. Such tissue 

engineering methods may allow us to rigorously define the degree of biomaterial complexity 

required to gain functional insight into processes associated with the influence of biomolecular 

signals, matrix biophysical cues, and heterotypic cell-cell interaction in trophoblast invasion. 

Such approaches have the potential to advance studies in female reproductive health, a 

significantly understudied and underfunded field (53). Future efforts that extend from the 

development of increasingly complex endometrial models will allow us to study other 

endometrial processes and diseases, including the menstrual cycle and endometriosis. To do this, 

we use an adaptable biomaterial platform that allows us to increase complexity by integrating 

additional signals from the native tissue microenvironment of the endometrium (matrix 

biophysical properties; inclusion of a hormone-responsive endometrial tri-culture; stress 

biomolecules). Extending beyond endometrial physiology, this approach may also provide 

insight into how stress molecules affect angiogenesis and invasion, processes relevant to diseases 

such as cancer where angiogenesis and invasion of tumor cells impact malignancy and disease 

progression. Three-dimensional, stratified endometrial models such as these described herein 
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provide platforms to dissect cell-cell interactions relevant to a wide range of diseases and cellular 

processes. 
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CHAPTER 2: A GELATIN HYDROGEL TO STUDY ENDOMETRIAL 
ANGIOGENESIS AND TROPHOBLAST INVASION2 

 
2.1 Chapter Overview 
 
The endometrium is the lining of the uterus and site of blastocyst implantation. Each menstrual 

cycle, the endometrium cycles through rapid phases of growth, remodeling, and breakdown. 

Significant vascular remodeling is also driven by trophoblast cells that form the outer layer of the 

blastocyst. Trophoblast invasion and remodeling enhance blood flow to the embryo ahead of 

placentation. Understanding mechanisms of endometrial vascular remodeling and trophoblast 

invasion would provide key insights into endometrial physiology and cellular interactions critical 

for establishment of pregnancy. The objective for this study was to develop a tissue engineering 

platform to investigate processes of endometrial angiogenesis and trophoblast invasion in a 3D 

environment. We report adaptation of a methacrylamide-functionalized gelatin hydrogel that 

presents matrix stiffness in the range of the native tissue, supports the formation of endometrial 

endothelial cell networks with human umbilical vein endothelial cells and human endometrial 

stromal cells as an artificial endometrial perivascular niche and the culture of an endometrial 

epithelial cell layer, enables culture of a hormone-responsive stromal compartment, and provides 

the capacity to monitor the kinetics of trophoblast invasion. With these studies, we provide a 

series of techniques that will instruct researchers in the development of endometrial models of 

increasing complexity. 

 

 
2 This chapter is adapted from the following publication: Zambuto SG, Clancy KBH, Harley BAC. A gelatin 
hydrogel to study endometrial angiogenesis and trophoblast invasion. Interface Focus. 2019;9(5). doi: 
10.1098/rsfs.2019.0016. 
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2.2 Introduction 
As the lining of the uterus and site of blastocyst implantation, the endometrium is a dynamic 

tissue that undergoes rapid cycles of growth and breakdown over the course of the menstrual 

cycle (33). The endometrium consists of the luminal epithelium supported by an underlying 

stromal layer containing endometrial glands and vasculature (34). Both the luminal epithelium 

and underlying stroma undergo differentiation during the menstrual cycle to prepare for 

blastocyst implantation and trophoblast invasion (34). Endometrial preparation leading up to the 

window of receptivity is critical for successful establishment of pregnancy. A key stage of this 

process is the differentiation of the endometrial stroma, or decidualization, marked by the 

transformation of endometrial stromal cells into specialized decidual cells that are both 

morphologically and functionally distinct from undifferentiated stromal cells (34, 35). This 

process occurs in the presence of progesterone during the secretory phase of the menstrual cycle 

and continues if pregnancy occurs (34). 

 

The endometrium is one of the only adult human tissues where non-pathological angiogenesis 

occurs regularly to rebuild the vascular bed (54, 55). Further, significant vascular remodeling is 

driven by trophoblast cells that form the outer layer of the blastocyst in order to enhance blood 

flow to the embryo ahead of placentation (40, 55, 56). Trophoblast cells play numerous roles 

during pregnancy, including adhesion of the blastocyst, invasion into the endometrium, 

anchoring the placenta, secreting hormones, modulating decidual angiogenesis, and remodeling 

the maternal uterine spiral arteries (40, 42). Mutations in trophoblast function can harm maternal 

and fetal health. For example, insufficient endometrial vascular remodeling by trophoblast cells 

is believed to be a risk factor for preeclampsia, a hypertensive pregnancy disorder characterized 

by high maternal blood pressure and the presence of proteins in urine (41, 57-59). Additionally, 
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excessive trophoblast invasion can lead to a spectrum of placental disorders, including placenta 

accreta, a condition in which the placenta attaches too deeply into the uterine wall (42). Despite 

the importance of these early events for the establishment of a successful pregnancy, initial 

blastocyst adhesion to the endometrial epithelium has never been observed in humans and other 

integral processes have been observed only from single specimens (42). Understanding critical 

factors in pregnancy, including what drives trophoblast invasion and endometrial vascular 

remodeling, has significant value in improving our understanding of human reproduction. 

Therefore, strategies to monitor mechanisms associated with early trophoblast invasion and 

vascular remodeling in the endometrium are required to understand normal and pathological 

pregnancy. 

 

Few models of the endometrium have the complexity necessary to recapitulate features of the 

endometrial microenvironment relevant to implantation and trophoblast invasion. These include 

biophysical properties, ability to monitor dynamic processes such as angiogenic events and 

trophoblast invasion, inclusion of a structure similar to the native tissue, and selective 

presentation of hormonal cues. Although animal models provide the complexity of the in vivo 

environment, physiological differences in placentation between humans and animals call into 

question the relevance of such models for studying human pregnancy (43, 44). For example, 

rodents lack the deep invasion of trophoblast cells into the endometrium that occurs in humans 

(43) and blastocyst location in the uterus and the lack of interstitial trophoblast cells differ 

between humans and non-human primates (44). While more common, traditional two-

dimensional (2D) culture models do not provide the flexibility to examine endometrial cell-cell 

interactions in three-dimensions (3D) as they occur in the body and although 3D models could 
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facilitate analysis of angiogenesis and trophoblast invasion, few studies to date have investigated 

trophoblast invasion in 3D. Further, while recent efforts have monitored trophoblast interaction 

with maternal vasculature (46) or the endometrial epithelium and stroma (47-49), none have 

developed a platform to examine the roles of the vasculature, epithelium, and stroma together. 

Biomaterial platforms can facilitate extended culture of cells in defined 3D microenvironments 

that present biophysical and biochemical properties inspired by the native tissue. Such tools are 

increasingly being considered to study a variety of processes relevant for endometrial 

physiology, including angiogenesis and invasion (52, 60-63). Advanced tissue engineering 

platforms offer the potential to enhance our understanding of core processes that influence 

endometrial vascular formation and trophoblast invasion through the development of 

increasingly complex models. 

 

In this project, we seek to develop tissue engineering platforms to explore the relationship 

between biophysical, biochemical, and cellular signals from the endometrium at the maternal-

fetal interface between endometrial cells and trophoblast cells. Design criteria for such a system 

require integration of: (i) a hydrogel environment containing matrix stiffness relevant to the in 

vivo environment; (ii) the ability to monitor endometrial angiogenesis via culture of an 

endometrial perivascular niche; (iii) spatial structure similar to the endometrium luminal 

epithelium; (iv) capacity to vary the temporal presentation of hormonal cues (e.g. estradiol and 

progesterone); and (v) capability to examine trophoblast invasion in 3D (Figure 1a-b). Here, we 

describe adaptation of endometrial biomaterial platforms to study endometrial angiogenesis and 

trophoblast invasion in 3D gelatin hydrogels that incorporate the key features listed above. We 

validated this model by quantifying endometrial angiogenesis metrics, stromal cell 



13 
 

decidualization status, and trophoblast invasion in gelatin hydrogels as well as analyzing various 

phenotypic markers pertaining to endometrial cell function. This model will provide critical 

insight into the cellular mechanisms of endometrial vascular remodeling and trophoblast 

invasion. 

 
2.3 Materials and Methods 
Hydrogel Fabrication and Characterization 

Methacrylamide-Functionalized Gelatin (GelMA) Synthesis 

GelMA was synthesized as described by Shirahama et al. (64). Briefly, gelatin (Sigma G2500) 

was dissolved in 10% (w/v) in carbonate buffer (Thermo Fisher 28382) at 50°C. Subsequently, 

0.04 mL/g gelatin methacrylic anhydride (Sigma-Aldrich 276685) was added dropwise while 

stirring. The reaction was allowed to proceed for 1 hour and then was stopped by adding 40 

mL/g gelatin of warm DI water. The pH of the reaction was adjusted to pH 6-7. The solution was 

transferred to dialysis membranes (12,000 - 14,000 molecular weight cutoff, Fisher Scientific 21-

152-8), dialyzed for one week against DI water to remove salts and excess methacrylic acid, and 

subsequently lyophilized. Methacrylate degree of functionalization (DOF) was quantified via 1H 

NMR as described previously by comparing the ratio of the integrated intensity of the aromatic 

region (7.24 ppm) to the integrated intensity of the double bond region (5.40 and 5.64 ppm) on 

MestReNova (Mestrelab Research) and was determined to be approximately 66% (65, 66). 

 

Hydrogel Fabrication 

5 wt% and 7 wt% hydrogels were prepared by dissolving lyophilized GelMA in phosphate 

buffered saline (PBS). After the addition of 0.1% w/v lithium acylphosphinate photoinitiator 

(LAP PI), prepolymer solution was cast into custom circular Teflon molds (1 mm height, 5 mm 
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diameter) and photopolymerized for 30 s under UV light (λ=365 nm, 5.69 mW/cm2, AccuCure 

Spot System ULM-3-365). 

 

Compression Testing 

Elastic modulus was determined by compression testing as described previously (65, 67). 

Hydrogels were hydrated for 2 hours in PBS at 37°C and then subjected to unconfined 

compression using an Instron 5943 mechanical tester with a 5N load cell. Hydrogels were 

compressed with a preload of 0.5 mm/min and an extension rate of 0.1 mm/min until 30% strain 

was reached. Elastic modulus was determined from the slope of the linear regime (0-10% strain) 

of the stress-strain curve. 

 

Mass Swelling Ratio 

5 wt% and 7 wt% hydrogels were hydrated in PBS at 37°C overnight. Swollen hydrogels were 

weighed, subsequently lyophilized to determine dry mass, and weighed once more. Mass 

swelling ratio was determined by calculating the ratio of wet polymer mass to dry polymer mass 

(68, 69). 

 

Cell Culture 

Cell Maintenance 

Human umbilical vein endothelial cells (HUVECs, Lonza C2517A, used experimentally before 

passage 6) were maintained in Endothelial Cell Growth Medium 2 (EGM) (PromoCell C-22211) 

supplemented with a SupplementPack (Promocell C-39211). Human endometrial stromal cells 

(HESCs, ATCC® CRL-4003, used experimentally before 6 passages after purchase), normal 
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primary human endometrial epithelial cells (EECs, LifeLine Cell Technology FC-0078, used 

experimentally before passage 6), and HTR-8/SVneo trophoblast cells (ATCC® CRL-3271, used 

experimentally before passage 6 after purchase) were maintained as per the manufacturer’s 

instructions. HUVEC, HESC, and HTR-8/SVneo growth media were supplemented with 1% 

penicillin/streptomycin (Thermo Fisher 15140122). All cells were cultured in 5% CO2 incubators 

at 37°C. 

 

HUVEC-HESC Co-cultures 

Endothelial cell networks were formed using previously described techniques by encapsulating 

HUVECs and HESCs in GelMA hydrogels in 2:1 and 5:1 ratios (HUVEC:HESC) with a total 

cell encapsulation density of 3 x 106 cells/mL (67, 70). Briefly, cells were resuspended in 

prepolymer solution, pipetted into Teflon molds, and polymerized under UV light. Hydrogels 

were maintained in 48 well plates for 7 days with daily media changes. Hydrogels were 

maintained in phenol red-free EGM (PromoCell C-22216) supplemented with a SupplementPack 

and 1% penicillin/streptomycin. The fetal calf serum was replaced with charcoal-stripped fetal 

bovine serum (Sigma-Aldrich F6765) to reduce sex steroid hormone concentrations. The 

vascular endothelial growth factor (VEGF) concentration in this medium was 0.5 ng/mL. 

 

HESC Decidualization 

Decidualization was induced by culturing HESCs in the presence of 1 μM medroxyprogesterone 

acetate (MPA; Sigma-Aldrich M1629) and 0.5 mM 8-Bromoadenosine 3’,5’-cyclic 

monophosphate (8-Br-cAMP; Sigma-Aldrich B5386) in EGM for 6 days (71-75). For assays of 

decidualization in conventional 2D culture, HESCs were seeded in 6 well tissue culture plates at 
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an initial seeding density of 36,000 cells/well. For assays of decidualization in 3D hydrogel 

culture, HESCs were embedded in 5 wt% GelMA hydrogels at a seeding density of 1 x 106 

cells/mL (approximately 20,000 cells/hydrogel). Decidualization was initiated when HESCs 

reached confluence for 2D culture and decidualization in hydrogels was initiated 1 day after 

seeding (n=3 samples for both 2D and 3D assays were imaged and analyzed). Endothelial cell 

growth medium (EGM) was employed as the base medium for all decidualization experiments as 

this medium was required for HUVEC-HESC co-culture experiments used to examine 

endothelial network formation (described above). Medium was replaced every 2 days and was 

collected for enzyme-linked immunosorbent assays (ELISAs) by centrifuging the media at 1,500 

rpm for 10 minutes, aliquoting the supernatant, and storing it at -80°C until use. Human Prolactin 

DuoSet ELISAs (R&D DY682) and Human IGFBP-1 (insulin-like growth factor binding protein 

1) DuoSet ELISAs (R&D DY871) were performed as per the manufacturer’s instructions. 

Samples were tested in duplicate and optical density measurements were taken at 450 nm and 

540 nm using a BioTek Synergy HT Plate Reader and Gen5 software (BioTek Instruments, Inc.). 

Optical density was determined by subtracting the optical density at 540 nm from the optical 

density at 450 nm, averaging sample duplicates, and subtracting the optical density of the 

average of duplicate blanks (reagent diluent). OriginPro 2018b (Origin Lab) was used to fit the 

standard curve to a four parameter logistic curve and optical density data was inputted into the 

equation to extrapolate sample concentration. Cumulative release of prolactin and IGFBP-1 was 

calculated by adding the total concentrations from previous time points. Control data are not 

shown because the prolactin and IGFBP-1 concentrations in these samples fell below the 

detection limit of the ELISA kits. 
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Epithelial Monolayer Formation 

EECs were grown to confluence, passaged, and seeded at a density of 1, 2, or 4 x 105 cells/cm2 

on 5 wt% GelMA hydrogels cast in ibidi μ-Slides Angiogenesis (76). Cells growing on 

hydrogels were imaged in brightfield daily for 7 days using a Leica DMI 4000 B microscope 

(Leica Microsystems). Cell medium was replaced daily. For cytokeratin 18 staining, cells were 

allowed to attach for 6 hours and then hydrogels were washed once with cell growth medium to 

remove any unattached cells. Cells were fixed 6 hours and 3 days after seeding and stored in PBS 

until staining and imaging. These time points were chosen so that cytokeratin 18 expression 

could be evaluated after seeding and half-way through the 7 day experiment before the epithelial 

layers began to lose stability. 

 

Trophoblast Invasion Assay 

A trophoblast invasion assay was developed by embedding individual spheroids into GelMA 

hydrogels and observing invasion of cells into the surrounding gel matrix (77, 78), adapting 

methods previously described by our lab to investigate cancer cell invasion (79-81). 2,000, 

4,000, 6,000, and 8,000 HTR-8/SVneo cells were seeded into round bottom plates (Corning 

4515) for 48 hours in CO2 incubators to create spheroids. Individual spheroids were pipetted 

onto prepolymer solution cast into Teflon molds. Prepolymer solution was polymerized under 

UV light. 8,000 cell spheroids were chosen for subsequent invasion assays due to ease of 

handling. Hydrogels embedded with spheroids were maintained in cell growth medium for 7 

days and imaged daily. Medium was replaced on Day 3. 
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Imaging Techniques 

Immunofluorescent Staining 

Immunofluorescent staining was used to visualize endothelial cell networks as described 

previously (67). Briefly, hydrogels were fixed in formalin (Sigma-Aldrich HT501128) and 

washed 3 times with PBS. All subsequent steps were performed at room temperature on a shaker 

unless otherwise noted. Cells were permeabilized for 15 minutes in a 0.5% Tween 20 (Fisher 

Scientific BP337) solution in PBS, blocked for 1 hour in a 2% bovine serum albumin (Sigma-

Aldrich A4503) and 0.1% Tween 20 solution in PBS. Hydrogels were incubated in a 1:100 

dilution mouse anti-human CD31 primary antibody (Agilent IS61030-2) overnight at 4°C. 

Hydrogels were subsequently washed in a 0.1% Tween 20 solution in PBS for 20 minutes 4 

times and incubated in a 1:500 dilution of goat anti-mouse secondary antibody (Thermo Fisher 

A-11001) while protected from light overnight at 4°C. Hydrogels were washed in a 0.1% Tween 

20 solution in PBS for 20 minutes 4 times, incubated for 30 minutes with a 1:2000 dilution of 

Hoechst (Thermo Fisher H3570) in PBS, and washed with the 0.1% Tween 20 solution in PBS. 

Samples were stored in 0.1% Tween 20 solution in PBS at 4°C until imaged. 

 

Immunofluorescent staining was also used to visualize cytokeratin 18 expression in EECs (76). 

The protocol described above was used with the exception of shortening wash steps in 0.1% 

Tween 20 solution in PBS to 5 minutes 3 times since cells were not encapsulated within the gel. 

Dilutions of antibodies were as follows: 1:250 dilution of rabbit anti-human cytokeratin 18 

primary antibody (Abcam ab52948) overnight at 4°C and 1:500 dilution of goat anti-rabbit 

secondary antibody (Thermo Fisher A-11008) overnight at 4°C. Samples were imaged using a 

DMi8 Yokogawa W1 spinning disk confocal microscope outfitted with a Hamamatsu EM-CCD 
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digital camera (Leica Microsystems). A total of three 50 μm z-stacks with a 5 μm step size were 

taken for each hydrogel. Maximum intensity projections of the images were created in Fiji. 

 

Analysis of Endothelial Network Complexity 

Endothelial cell network images were acquired using a DMi8 Yokogawa W1 spinning disk 

confocal microscope outfitted with a Hamamatsu EM-CCD digital camera (Leica 

Microsystems). A total of 6 250 μm z-stacks with a 10 μm step size were taken for each 

hydrogel. As described previously (67), TubeAnalyst (IRB Barcelona), a macro available for Fiji 

(82), was used to quantify total vessel length, total number of junctions, total number of 

branches, and average branch length in 3D z-stacks. Total number of junctions and branches and 

total vessel length were normalized to the image volume. TubeAnalyst results were visualized 

using Volume Viewer and were compared manually to maximum intensity projections of each 

image. Regions of the skeleton that corresponded to endothelial cell sheets or image artifacts 

were removed.  

 

Analysis of Trophoblast Invasion 

HTR-8/SVneo spheroids were imaged daily using a Leica DMI 4000 B microscope (Leica 

Microsystems). To quantify initial spheroid diameter at the day of embedding (day 0), each 

spheroid was manually traced using Fiji and measured using the measure tool. The perimeter 

values for each spheroid were measured a total of 3 times and averaged. The spheroids were 

assumed to be circular and radius and diameter were estimated using the equation for the 

perimeter of a circle. Initial spheroid area was calculated using the equation for the area of a 

circle. For total outgrowth area measurements, the area of each outgrowing spheroid was 
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measured via manual tracing on Fiji (78, 83). 3 area measurements were made for each spheroid 

and averaged. Fold change was calculated by comparing total spheroid outgrowth area at days 3 

and 7 to the initial spheroid area at day 0. 

 

Statistics  

Statistical analysis was performed using OriginPro 2018b (Origin Lab). Hydrogel elastic 

modulus and mass swelling ratio data were analyzed using a two-sample Student’s t-test. 

Endothelial cell network data were analyzed using a two-sample Student’s t-test (total vessel 

length/mm3 and average branch length) or two-sample Welch’s t-test (total number of junctions 

and branches/mm3). Decidualization ELISA data and spheroid outgrowth area were analyzed via 

one-way ANOVA. Outgrowth area fold change was analyzed via a paired t-test. Normality was 

determined via the Shapiro-Wilkes test. For t-test data, equality of variance was assessed using 

an F-test. If the sample variances were significantly different, Welch’s correction was applied.  

For ANOVA data, equality of variance was determined via Levene’s test. Compression testing 

experiments had n=18 hydrogels per condition. Mass swelling ratio was determined for n=6 

hydrogels of each condition. Analysis of endothelial cell networks was performed for n=3-6 

regions imaged per hydrogel for n=3 hydrogels per experimental group. For decidualization 

experiments, n=3 control and n=3 treated samples were imaged and analyzed via ELISA. For 

spheroid invasion, n=3-6 hydrogels were measured for diameter measurements. For spheroid 

area outgrowth, n=6 hydrogels were imaged and measured. Outlier identification and removal 

was performed only on endothelial cell network data for the 2:1 HUVEC:HESC ratio using 

Rosner’s generalized extreme Studentized deviate test in R, assuming 3 suspected outliers and 

α=0.05 (84). A total of two outliers were removed from the total number of junctions/mm3, one 
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outlier was removed from total number branches/mm3, and three outliers were removed from 

total vessel length/mm3 (Figure 8). Significance was set as p<0.05. Results are reported as mean 

± standard deviation unless otherwise noted. 

 
2.4 Results 
GelMA hydrogel biophysical properties and their relevance to the in vivo environment 

GelMA hydrogels demonstrated a range of mechanical properties that varied with weight 

percent. Hydrogel elastic moduli increased significantly (p=4.77x10-4) from 5 wt% (8.97 ± 4.17 

kPa) to 7 wt% (15.5 ± 5.83 kPa), respectively (Figure 2b). Hydrogel mass swelling ratios were 

also significantly different between groups (p=0.0096), decreasing from 33.0 ± 10.9 to 17.4 ± 4.9 

for 5 and 7 wt% variants, respectively (Figure 2c). 5 wt% hydrogels were used for all 

subsequent cell studies as its stiffness was in a similar range as the native endometrium (85, 86). 

 

Endometrial angiogenesis via culture of an endometrial perivascular niche 

As an artificial endometrial perivascular niche, we created co-cultures of HUVECs with HESCs 

that formed endothelial cell networks by 7 days. The endothelial cell to stromal cell ratio of cells 

encapsulated within the GelMA hydrogel influenced the complexity of resultant endothelial cell 

networks (Figure 3a-b). A 2:1 HUVEC:HESC ratio led to significantly (p=8.79x10-4) increased 

total number of branches/mm3 (204 ± 107) compared to a 5:1 HUVEC:HESC ratio (96 ± 42). 

Further, samples with a 2:1 HUVEC:HESC ratio had significantly (p=0.00149) increased total 

number of junctions/mm3 (65 ± 35 vs. 30 ± 15) as well as significantly (p=0.00167) increased 

total vessel length/mm3 (12.39 ± 5.18 mm vs. 7.13 ± 3.55 mm). Average branch length was not 

significantly different (p=0.946) between the 2:1 (0.0735 ± 0.0145 mm) and 5:1 (0.0732 ± 

0.0106 mm) groups. These results suggest that the ratio of endothelial to stromal cells affects 
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endothelial cell network complexity and the ratio can be optimized to better replicate endothelial 

cell networks in the endometrium. 

 

Endometrial epithelial cells overlaying GelMA hydrogels 

The formation of epithelial cell monolayers overlaying GelMA hydrogels was explored as a 

function of time and cell seeding density. Primary endometrial epithelial cells adhered to GelMA 

hydrogels by 6 hours after seeding and remained attached to the hydrogel surface for 7 days 

(Figure 4a). Although the cells remained attached to the hydrogel surface for 7 days, the cells 

began to aggregate toward the edge of the hydrogel over time, most noticeably in the highest 

initial cell seeding density (4 x 105 cells/cm2), which suggests that monolayer stability decreases 

over time in culture. Furthermore, the cells did not form a monolayer at any seeding density and 

instead formed cellular aggregates non-uniformly over the hydrogel surface. Minimal spreading 

was observed over time and the cells retained a round morphology. Cytokeratin 18 expression 

was also examined at 6 hours and 3 days in culture. Cytokeratin 18 is a keratin commonly 

expressed in epithelial tissues and anchors cytoskeletal structures to the underlying basement 

membrane (76). At 6 hours and 3 days after seeding, epithelial cells stained positive for 

cytokeratin 18 (Figure 4b), indicating cell anchoring to the hydrogel surface. Cytokeratin 18 

staining appeared more prevalently at the perimeter of the cells at 3 days in culture compared to 

6 hours after seeding where cytokeratin 18 staining appeared more diffuse. These results 

demonstrate the feasibility of creating and retaining epithelial cell cultures overlaying GelMA 

hydrogels and suggest that monolayer formation likely is dependent on a variety of factors, 

including cell seeding density and time in culture. 
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Presentation of hormonal cues and the decidual response of endometrial stromal cells 

HESC decidualization was monitored in conventional 2D cultures and 3D 5 wt% GelMA 

hydrogel cultures following exposure to 1 μM MPA and 0.5 mM 8-Br-cAMP. In both 

conventional 2D and 3D hydrogel cultures, HESCs showed characteristic rounded morphologies 

by 2 days that persisted for 6 days of hormonal stimulation (Figure 5a). In addition, the 

cumulative secretion of two decidual proteins, prolactin and IGFBP-1, increased significantly 

(p<0.05) over the course of 6 days of hormonal stimulation (Figure 5b) as indicated by one-way 

ANOVA analysis of ELISA data (Prolactin 2D: F(2,6)=389.9, p=4.45x10-7); Prolactin 3D: 

F(2,6)=10.3, p=0.011; IGFBP-1 2D: F(2,6)=88.6; p=3.51x10-5); IGFBP-1 3D: F(2,6)=75.9, 

p=5.49x10-5). Tukey post hoc comparisons indicated that prolactin cumulative secretion in 2D 

cultures significantly (p<0.05) differed between days 2 and 4 (p=4.66x10-4), days 2 and 6 

(p=3.60x10-7), and days 4 and 6 (p=3.26x10-6). In 3D hydrogel cultures, prolactin cumulative 

secretion increased significantly (p<0.05) between days 2 and 6 (p=0.00963), but not between 

days 2 and 4 and 4 and 6. In 2D cultures, IGFBP-1 cumulative secretion significantly (p<0.05) 

differed between days 2 and 4 (p=0.0029), days 2 and 6 (p=2.80x10-5), and days 4 and 6 

(p=7.02x10-4). In 3D hydrogel cultures, IGFBP-1 cumulative secretion significantly (p<0.05) 

differed between days 2 and 4 (p=7.14x10-4), days 2 and 6 (p=4.52x10-5), and days 4 and 6 

(p=0.0077). Unstimulated HESCs retained their elongated morphology over the course of 6 days 

in culture and did not express prolactin and IGFBP-1 proteins above the detection limits of the 

ELISA assays used to quantify secretion. Interestingly, prolactin secretion in cell culture medium 

measured at each timepoint increased over time in both 2D and 3D cultures. However, while 

IGFBP-1 secretion increased at each timepoint in 2D cultures, secretion levels decreased over 

time for 3D hydrogels cultures despite the overall increase in cumulative secretion. HESCs 
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maintained good viability over the course of the study, as indicated by live/dead staining, and no 

obvious differences were observed in viability for HESCs cultured in HESC growth medium or 

EGM (Figure 7). Taken together, these results demonstrate that decidualization of endometrial 

stromal cells can be induced via hormonal stimulation in 3D cultures in a manner consistent with 

the established 2D decidualization assays (71-75). 

 

Examination of trophoblast invasion in GelMA hydrogels   

A library of HTR-8/SVneo spheroids containing 2,000, 4,000, 6,000, or 8,000 cells/spheroid 

displayed spheroid diameters that increased with cell density (Table 1). 8,000 cell spheroids 

were selected for invasion assays in 5 wt% GelMA hydrogels due to ease of manipulability and 

imaging. Trophoblast invasion into the surrounding hydrogel matrix was monitored for up to 7 

days in vitro via serial imaging. A one-way ANOVA indicated that total outgrowth area 

increased significantly (p<0.05) over time (F(2,15)=33.7, p=2.81x10-6) (Figure 6b). Tukey post 

hoc comparisons indicated that mean outgrowth area increased significantly (p=2.88x10-6, day 0-

7; p=7.48x10-5, day 3-7) from day 0 (0.0834 ± 0.00682 mm2) or day 3 (0.353 ± 0.165 mm2) to 

day 7 (1.18 ± 0.385 mm2). No significant difference in outgrowth was observed between days 0 

and 3. Fold change in outgrowth area was subsequently calculated by comparing outgrowth areas 

on days 3 and 7 to initial spheroid area (Day 0, Figure 6c). Fold change in outgrowth area 

differed significantly (p=6.46x10-4) from day 3 (3.33 ± 2.23) to day 7 (13.4 ± 5.26). These results 

demonstrate the feasibility of monitoring trophoblast invasion in GelMA hydrogels over time. 
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2.5 Discussion 
 

The objective of this study was to develop a hydrogel platform to support future mechanistic 

investigations of endometrial angiogenesis and trophoblast invasion. We have described a gelatin 

hydrogel model system that provides: (i) mechanical properties similar to native tissue; (ii) a 

platform to monitor endometrial angiogenesis; (iii) support of the culture of an epithelial layer; 

(iv) capability to selectively induce endometrial stromal cell decidualization via hormonal cues; 

and (v) ability to perform quantitative trophoblast invasion assays. Such a platform is critical for 

enhancing our understanding of endometrial processes and trophoblast invasion metrics. 

 

GelMA is an attractive material for the study of endometrial angiogenesis and trophoblast 

invasion for multiple reasons. Gelatin is denatured collagen that retains Arg-Gly-Asp (RGD) cell 

binding motifs and matrix metalloproteinase (MMP)-sensitive degradation sites that ultimately 

allow for cell attachment and matrix remodeling (65, 69, 87, 88). The addition of 

methacrylamide groups allows gelatin to be UV-light polymerized and hence, stable at 37ºC and 

relatively homogeneous in terms of structure and composition (65, 69, 87, 88). Further, the 

biophysical properties of GelMA can be tuned to more closely mimic the properties of native 

tissue. In the body, the endometrium has a stiffness ranging from 5 to 12 kPa (85, 86). These 

biophysical properties informed our creation of a library of gelatin hydrogels for our model. The 

library we created for these studies had compressive moduli that fell within this stiffness range. 

We further characterized our library of hydrogels by quantifying the mass swelling ratio, an 

indication of the degree of crosslinking in the hydrogel (68, 88). Mass swelling ratio decreased 

with hydrogel polymer weight percent, indicating that crosslinking density increased with 

polymer weight percent, consistent with results from other studies (68, 69, 88). 
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The endometrium undergoes dynamic tissue changes over the course of the menstrual cycle and 

during pregnancy, including vascular remodeling and angiogenesis (34, 54-56, 89). The ability to 

study dynamic processes of endometrial angiogenesis would provide insight into endometrial 

function and vascular remodeling. Our lab (67, 70), along with other labs (90, 91), has 

successfully created endothelial cell networks in gelatin hydrogels by co-culturing endothelial 

cells with stromal cells. Here, as an artificial endometrial perivascular niche, HUVECs and 

HESCs were encapsulated in 5 wt% GelMA hydrogels. Encapsulating endothelial and stromal 

cells in gelatin hydrogels resulted in vessel-like endothelial cell network formation in 3D. The 

native endometrium contains a vessel length per branch point ranging from approximately 100 - 

200 μm over the course of the menstrual cycle (34, 54, 92). We report endothelial networks 

formed within the hydrogel that had average branch lengths of approximately 70 μm. While 

values reported here are similar to physiological levels, future efforts will exploit technologies 

we have previously reported to incorporate covalently-immobilized VEGF into the GelMA 

hydrogel to alter the complexity of perivascular networks to study of brain cancer cell invasion 

(67). Such techniques, as well as other methods to generate GelMA hydrogels containing spatial-

gradients in immobilized biomolecules (93), may provide the ability to further optimize or 

spatially manipulate average branch length within the range of 100 and 200 μm. Additionally, 

this adaptable platform offers the opportunity to demonstrate an endometrial perivascular niche 

with increasing complexity as we further define the endometrial tissue microenvironment in 

vitro. Although the perivascular niche has been defined in the context of tumor 

microenvironments and stem cell niches (94-96), there exists an opportunity to define the 

perivascular niche in the context of the endometrium. Endometrial stem/progenitor cells have 
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been considered to be a part of the endometrial perivascular niche (97-101). However, no studies 

to date have attempted to define the microenvironment of the endometrial perivascular niche in 

the context of other relevant cell types known to interact with endometrial vasculature, including 

endometrial stromal cells and trophoblasts. In this paper, we explored using HUVECs and 

HESCs in co-culture as a model of the endometrial perivascular niche. 

 

Blastocyst adhesion onto and invasion into the endometrium have never been observed in 

humans thus, our knowledge of these early stages of implantation come from rare, histological 

specimens (34). The establishment of an epithelial monolayer overlaying an endometrial 

perivascular niche would provide a tool important for studying trophoblast attachment and 

invasion. A benefit to the GelMA system described in this study is that gelatin natively presents 

cell binding motifs in its backbone, enabling us to add cells directly to the material without 

having to incorporate additional cell adhesion peptides (76). We observed that primary 

endometrial epithelial cells seeded onto GelMA hydrogels adhered to the hydrogel surface by 6 

hours and remained adhered for 7 days. We observed fast (6 hour) attachment of cells to 

hydrogels which resulted in the formation of cell clusters stacked on top of each other. The cells 

remained attached for 7 days in culture; however, the stability of the epithelial cultures decreased 

over time as indicated by cellular aggregation toward the edge of the hydrogels. Epithelial cells 

stained positive for cytokeratin 18 after seeding and after 3 days in culture, indicating that they 

were anchored to the hydrogel surface. Over time we expected to observe epithelial cell 

spreading along the surface of the hydrogel as well as the formation of a monolayer; however, 

we observed only minimal spreading of cells along the surface and most cells retained a round 

morphology for 7 days in culture. Previous studies have indicated that the crosslinking density, 
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basement membrane deposition, and donor-to-donor heterogeneity affect the ability of epithelial 

cells to form functional monolayers on gels (76). Higher crosslinking of the gel matrix may 

inhibit cells from accessing RGD cell binding motifs and MMP-sensitive degradation sites which 

may affect their ability to move along the gel surface (76). Future studies should consider how 

specific features (e.g. degree of functionalization, polymer weight percent, swelling ratio) of the 

biomaterial affect the ability of epithelial cells to form functional monolayers. Furthermore, the 

addition of a basement membrane layer onto the hydrogel may increase the uniformity of cell 

seeding along the hydrogel surface. The basement membrane of the endometrium includes 

extracellular matrix components such as laminin, type IV collagen, fibronectin, and heparan 

sulfate proteoglycans (76, 102-104). The addition of these matrix components onto the gel 

surface may facilitate epithelial cell surface adhesion and promote cellular deposition of 

additional basement membrane (76). Finally, Cook et al. report differences in epithelial 

monolayer formation from donor-derived epithelial cells (76). The cell seeding density required 

for epithelial monolayer formation varied donor-to-donor and lower densities (1.5 x 105 

cells/cm2) were ineffective at forming monolayers and resulted in incomplete coverage of the 

hydrogel surface (76). In this paper, we observed incomplete coverage of our hydrogel surface at 

lower cell seeding densities (1 – 2 x 105 cells/cm2) and some sparsely covered regions at a high 

cell seeding density (4 x 105 cells/cm2) as well. This suggests that the cell seeding density 

necessary for monolayer formation must be optimized for this donor and might require an even 

higher initial cell seeding density. Future in-depth characterization of epithelial monolayers 

include immunostaining for characteristic markers of epithelial sheets, including E-cadherin, and 

detailed studies of monolayer functionality, including transepithelial electrical resistance 

measurements (76, 105, 106). 
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Models of trophoblast invasion will require an endometrial model that recapitulates the 

endometrial microenvironment during the window of receptivity. Endometrial stromal cell 

decidualization, modulated by steroidal sex hormones and cyclic AMP, must occur for human 

embryo implantation (34, 35). Decidualized endometrial stromal cells show a characteristic 

morphological rounding as well as a characteristic increase in prolactin and IGFBP-1 secretion 

(34, 35). We demonstrated that the GelMA hydrogel is capable of supporting endometrial 

stromal cell differentiation for at least 6 days in response to hormonal cues of 1 μM MPA and 0.5 

mM 8-Br-cAMP. This decidualization protocol has been used extensively in literature primarily 

for 2D cultures (71-73, 76), though some success has been reported inducing stromal 

differentiation with hormonal cues in 3D environments formed from thermally gelled collagen or 

crosslinked polyethylene glycol macromers (49, 71, 76, 107, 108). In our study, stromal cells 

encapsulated in GelMA hydrogels maintained a decidual phenotype for 6 days in culture, as 

indicated by their rounded morphology as well as increased secretion of characteristic decidual 

markers prolactin and IGFBP-1. Further characterization and establishment of hormone 

responsive hydrogel endometrial models would provide critical insights into endometrial 

function over the course of the entire menstrual cycle. 

 

Monitoring early processes of trophoblast invasion in pregnancy is essential for understanding 

what drives successful embryo implantation and pregnancy pathologies associated with 

mutations in implantation. Although trophoblast invasion and endometrial remodeling are critical 

for the establishment of a successful pregnancy, much is still unknown regarding what drives 

trophoblast invasion (40, 109). Our goal was to demonstrate a 3D trophoblast invasion assay 



30 
 

developed using a GelMA hydrogel platform. As existing models of invasion in 2D lack the 

complexity necessary to provide insights into cellular crosstalk and interactions in native 3D 

environments, 3D models of trophoblast invasion are becoming increasingly a focus for 

development (47-49, 110, 111). Here, we seeded 8,000 HTR-8/SVneo cell spheroids into GelMA 

hydrogels and quantified their invasiveness over the course of 7 days. HTR-8/SVneo cells 

invaded the GelMA hydrogel matrix over the course of 7 days of culture without exogenous 

stimulation from various biochemical cues. Studies of this nature provide insight into trophoblast 

invasion in 3D and allow us to develop invasion assays of increased complexity. We will 

incorporate promotors (e.g. human chorionic gonadotrophin) and inhibitors (e.g. the 

transforming growth factor β family) into the cultures and quantify changes in invasion distance 

in future studies (112-115). We also intend to explore trophoblast invasion as a function of 

endometrial stromal cell decidualization status and the presence of an endometrial epithelium. 

We expect that trophoblast adhesion to the epithelium and invasion into the underlying stroma 

requires hormonal preparation. The proposed model has the potential to investigate processes of 

trophoblast invasion as it relates to hormonal activation of endometrial cells. A limitation of this 

first-generation model is the exclusion of the endometrial epithelium and perivascular niche in 

trophoblast invasion assays. For future work, we intend to incorporate these key features into a 

3D invasion platform to determine how each of these factors alone and in combination affect 

trophoblast adhesion and invasion. Additionally, with continued development of advanced image 

processing techniques to quantify invasive phenotype of cell cohorts in three-dimensions (116-

118), we expect future efforts will be able to parse full three-dimensional invasion metrics.  
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Finally, the efforts reported here used established cell lines, with the exception of the primary 

endometrial epithelial cells derived from healthy female donors and HUVECs. The use of cell 

lines for the establishment of this model reduced the cost of the cell sources and provided 

reproducibility in our studies. Although cell lines provide reproducibility and insight into 

biological function, primary cells derived from donors would provide the most accurate 

depiction of endometrial function. HUVECs were used as an endothelial cell source because 

HUVECs are one of the most widely used cell sources for microphysiological angiogenesis 

models (119-121). Interestingly, when using HUVECs in co-culture with endometrial stromal 

cells we observed less endothelial network formation compared to studies using HUVECs in co-

culture with stromal cells derived from other tissues, such as normal lung fibroblasts (67). This 

suggests that cellular crosstalk between HUVECs and HESCs might affect endothelial network 

complexity. Other labs have demonstrated that although a stromal component featuring stromal 

cells or other support cells (pericytes, astrocytes, etc.) is necessary for the establishment of stable 

endothelial networks, specific stromal features, including their tissue source, expression of 

soluble factors, and mechanical activity, can inhibit or promote vascularization (122-124). While 

increasing local presentation of VEGF within the GelMA hydrogel could increase the extent of 

the endothelial cell network formation, there is also potential to utilize endometrial-specific 

endothelial cells to create a tissue-specific model of endometrial angiogenesis and alter stromal 

cell decidualization status to determine the effects of stromal differentiation on endothelial 

network complexity.  
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2.6 Conclusions 
 

We report a gelatin hydrogel platform that replicates features of the endometrial 

microenvironment in GelMA hydrogels. Studies of this nature provide insight into endometrial 

function and will enable us to study other relevant diseases and processes that occur in the 

endometrium and during pregnancy. Such tissue engineering methods allow us to rigorously 

define the degree of biomaterial complexity required to gain functional insight into processes 

associated with the influence of biomolecular signals, matrix biophysical cues, and heterotypic 

cell-cell interaction in endometrial physiology and trophoblast invasion. The 3D endometrial 

platform described here poses the ability to alter endometrial-relevant features, notably: (i) 

matrix stiffness, (ii) endometrial angiogenesis, (iii) hormonal stimulation of endometrial stromal 

cells (e.g. decidualization), (iv) epithelial cell culture overlaying hydrogels, and (v) trophoblast 

invasion through a matrix. With these studies, we provide a series of techniques to facilitate 

future development of endometrial models of increasing complexity. Development of such 

endometrial models will be transformative for studies pertaining to reproductive health. 

 
2.7 Table 
 
Table 1. Average HTR-8/SVneo spheroid diameter. 

Spheroid Density Mean Diameter (μm) Standard Deviation (μm) n 
2,000 231.8 20.0 3 
4,000 278.6 10.7 3 
6,000 305.2 15.8 3 
8,000 325.6 13.2 6 
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2.8 Figures 
 

 
Figure 1. Development of a gelatin hydrogel model to recapitulate elements of the endometrial 

microenvironment to investigate trophoblast invasion. (a) In vivo endometrial microenvironment. 

(b) Key features to be incorporated into a gelatin hydrogel platform: endometrial perivascular 

niche, endometrial epithelium, hormonal stimulation, and trophoblast invasion. 
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Figure 2. Mechanical and swelling properties of GelMA hydrogels. (a) Schematic of gelatin 

macromer, GelMA synthesis, and hydrogel formation. (b) Elastic moduli of 5 wt% and 7 wt% 

GelMA hydrogels (n=18). (c) Mass swelling ratio of 5 wt% and 7 wt% hydrogels (n=6). Data 

presented as mean ± standard deviation. ***: significant compared to 5 wt% (p<0.001). LAP PI: 

Lithium acylphosphinate photoinitiator. 
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Figure 3. (a) Representative maximum intensity projection images of endothelial cell networks 

(green, CD31+) and corresponding skeletonized images of networks (red) in hydrogels with 2:1 

and 5:1 HUVEC:HESC cell seeding ratios after 7 days in culture. Images were artificially 

brightened for this figure to better display cells but not for analysis of network architecture. 

White arrows: image artifacts or endothelial sheets removed from analysis. Scale bar: 250 μm. 

(b) Endothelial cell network metrics: total number of branches/mm3, total number of 

junctions/mm3, average branch length (mm), and total vessel length/mm3. These metrics were 

calculated from original z-stack images of 6 regions of interest per hydrogel (n=3). Data 

presented as mean ± standard deviation. **: significant compared to 2:1 group (p<0.01). ***: 

significant compared to 2:1 group (p<0.001). 
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Figure 4. Primary endometrial epithelial cells seeded onto 5 wt% gelatin hydrogels cast in ibidi 

μ-Slides Angiogenesis. Cells were seeded onto hydrogels at an initial seeding density of 1, 2, or 

4 x 105 cells/cm2. (a) Representative bright field image of epithelial cells at days 1, 3, 5, and 7 in 

culture. (b) Representative maximum intensity projection images of epithelial cells stained with 

cytokeratin 18 (CK18) and Hoechst (nuclei) 6 hours and 3 days after seeding. Scale bars: 200 

μm. 
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Figure 5. Endometrial stromal cell differentiation induced in 2D monolayers or for cells 

encapsulated in 5 wt% GelMA hydrogels via addition of 1 μM medroxyprogesterone acetate 

(MPA) and 0.5 mM 8-Bromo-cAMP at day 0. Medium was collected and replaced every two 

days for ELISA analysis. (a) Representative bright field images of control and treated cells in 2D 

or 3D hydrogel conditions at day 6 of exposure to decidualization factors. Scale bars: 200 μm. 

(b) Cumulative prolactin and IGFBP-1 concentrations for 2D and 3D cultures over 6 days. Data 

presented as mean ± standard deviation, n=3. **: significant (p<0.01); ***: significant 

(p<0.001). 
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Figure 6. Kinetics of trophoblast invasion within a 5 wt% GelMA hydrogel. (a) Representative 

brightfield images of HTR-8/SVneo trophoblast spheroid invasion at days 0, 3, and 7. Scale bars: 

250 μm. (b) Average outgrowth area of 8,000 HTR-8/SVneo cell spheroids at day 0, day 3, and 

day 7. Data presented as individual data points traced over time. (c) Fold change in spheroid 

outgrowth area at days 3 and 7. Data presented as individual data points traced over time, n=6. 

***: significant (p<0.001). 
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Figure  7. Representative live and dead images for 2D and 3D control and decidualized HESCs 

at day 6. HESCs were cultured in growth medium (HESC medium) or co-culture medium 

(EGM). (a-d) 2D samples on tissue culture wells: (a) Control HESCs cultured in HESC medium. 

(b) Control HESCs cultured in EGM. (c) Treated HESCs cultured in HESC medium. (d) Treated 

HESCs cultured in EGM medium. (e-h) HESCs seeded in hydrogels: (e) Control HESCs in a 

hydrogel cultured in HESC medium. (f) Control HESCs in a hydrogel cultured in EGM. (g) 

Treated HESCs in a hydrogel cultured in HESC medium. (h) Treated HESCs in a hydrogel 

cultured in EGM. Scale bars: 100 μm. 
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Figure 8. Boxplots of image analysis metrics for 2:1 HUVEC:HESC ratio samples. (a) All data 

including outliers. (b) Data with outliers removed. Outliers were identified and removed using 

Rosner’s generalized extreme Studentized deviate test assuming 3 suspected outliers and with α 

set to 0.05. Outliers removed for total # of branches/mm3: k=1. Outliers removed for total # of 

junctions/mm3: k=2. Outliers removed for total vessel length/mm3: k=3. ☐: mean. 
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CHAPTER 3: THE ROLE OF EXTRACELLULAR MATRIX BIOMOLECULES ON 
ENDOMETRIAL EPITHELIAL CELL ATTACHMENT AND CYTOKERATIN 18 

EXPRESSION ON GELATIN HYDROGELS3 
 
3.1 Chapter Overview 
 
The endometrium undergoes profound changes in tissue architecture and composition, both 

during the menstrual cycle as well as in the context of pregnancy. Dynamic remodeling 

processes of the endometrial extracellular matrix (ECM) are a major element of endometrial 

homeostasis, including changes across the menstrual cycle. A critical element of this tissue 

microenvironment is the endometrial basement membrane, a specialized layer of proteins that 

separates the endometrial epithelium from the underlying endometrial ECM. Bioengineering 

models of the endometrial microenvironment that present an appropriate endometrial ECM and 

basement membrane may provide an improved environment to study endometrial epithelial cell 

(EEC) function. Here, we exploit a tiered approach using two-dimensional high throughput 

microarrays and three-dimensional gelatin hydrogels to define patterns of EEC attachment and 

cytokeratin 18 (CK18) expression in response to combinations of endometrial basement 

membrane proteins. We identify combinations (collagen IV + tenascin C; collagen I + collagen 

III; hyaluronic acid + tenascin C; collagen V; collagen V + hyaluronic acid; collagen III; 

collagen I) that facilitate increased EEC attachment, increased CK18 intensity, or both. We also 

identify significant EEC mediated remodeling of the GelMA matrix environment via analysis of 

nascent protein deposition. Together, we report efforts to tailor the localization of basement 

membrane-associated proteins and proteoglycans in order to investigate tissue engineered models 

of the endometrial microenvironment. 

 
 

3 This chapter is partially adapted from the following publication: Zambuto SG, Jain I, Clancy KBH, Underhill GH, 
Harley BAC. The role of extracellular matrix biomolecules on endometrial epithelial cell attachment and cytokeratin 
18 expression on gelatin hydrogels. In revision. 
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3.2 Introduction 
 
The endometrium is the lining of the uterus (34). The endometrium is stratified, with an 

epithelium overlaying a highly vascularized stromal compartment (34). The luminal epithelium 

is the location of critical cell-cell dialogue between endometrial cells and an implanting 

blastocyst (34). The luminal epithelium also remodels during each menstrual cycle phase to 

become more receptive to a potential pregnancy (34). A basement membrane layer connects the 

epithelial and stromal layers; although an expanding group of extracellular matrix and adhesion 

molecules have been identified as part of the basement membrane, much remains unknown 

regarding the dynamic remodeling processes that occur at its intersection with the endometrial 

epithelium (34, 38). The study of many of these processes is intractable in vivo due to our 

inability to study early pregnancy in humans and due to significant differences between 

pregnancy in humans and the most common animal models (39, 44, 125). In vitro endometrial 

model systems provide a framework to investigate physiological processes underlying 

endometrial activity. Two-dimensional models of the endometrial epithelium fail to recapitulate 

the native 3D tissue structure. Further, many existing endometrial epithelial models do not 

incorporate a basement membrane layer despite its importance in endometrial function and 

pregnancy (48, 49, 76). A critical opportunity exists to develop engineered systems to examine 

the role of ECM biomolecules on the dynamic nature of the endometrial epithelium and its 

basement membrane. Such a platform would provide an important framework to investigate the 

role of the basement membrane on endometrial epithelial cell attachment and phenotype. 

 

First generation models of the endometrial basement microenvironment have included a range of 

conventional hydrogel models, notably MatrigelTM, fibrin, alginate, and hyaluronic gels. 
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MatrigelTM, a commonly used ECM mixture used to mimic the basement membrane, consists of 

a mixture of thousands of proteins, primarily type IV collagen, laminin, and nidogen, derived 

from Engelbrecht-Holm Swarm (EHS) murine sarcoma cells (126). However, lot variability and 

a heterogeneous protein composition, along with an inability to decouple biophysical and 

biochemical properties, render it difficult to examine matrix-templated endometrial cell activity 

(126-128). Despite the diversity of proteins explicitly linked to the endometrium, the majority of 

prior studies use generic basement membrane constituents such as fibronectin or collagen IV and 

laminin (76) and have not explored a wider range of combinations. As a result, we propose a 

systematic examination of combinations of known biomolecules within the endometrium to 

determine the roles they may play on epithelial cellular behavior.  

 

We previously described a first generation stratified endometrial culture formed via seeding of 

primary endometrial epithelial cell (EEC) cultures on methacrylamide-functionalized gelatin 

(GelMA) hydrogels (129). Because gelatin contains RGD cell binding motifs (65), EECs 

attached to the GelMA hydrogel surface without any additional basement membrane layer; 

however, we observed that cells formed non-uniform layers on the gels that lost stability over 

time. Strategies to immobilize supplemental basement membrane proteins onto defined 

endometrial hydrogel formulations may allow for the inclusion of defined basement membrane 

layer analogs the provide the ability to locally control ligand density and protein/proteoglycan 

combinations to more faithfully replicate endometrial basement membrane function. Recent 

advances with microbial transglutaminase (mTg) suggest a route to enzymatically crosslink a 

layer of ECM proteins onto a gel surface (130), offering a strategy to decouple endometrial 

basement membrane properties from those of the underlying endometrial ECM-inspired hydrogel 
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environment. Furthermore, mTg is water-soluble, inexpensive, biocompatible, and stable long 

term which renders it an attractive method for producing coated GelMA hydrogels for long term 

cell culture (130).  

 

The endometrial extracellular matrix exhibits dynamic changes in tissue composition and 

architecture during homeostasis, pregnancy, and in response to endometrial-associated 

pathologies (34). Previous studies have identified a wide range of ECM-associated proteins and 

proteoglycans in the endometrium and decidua whose expression changes markedly across the 

menstrual cycle or in response to steroidal sex hormones (34). For our study, we systematically 

investigated the influence of combinations of 10 extracellular matrix proteins and proteoglycans 

present in the endometrium on endometrial epithelial cell activity: collagens I, III, IV, V, 

decorin, fibronectin, hyaluronic acid, laminin, lumican, tenascin C. These biomolecules were 

chosen because of their functional significance in structural remodeling, tissue biomechanics, 

cell adhesion, cell proliferation, tissue differentiation, as well as other cellular processes crucial 

to endometrial remodeling during the menstrual cycle and pregnancy (34). Collagen I is most 

prevalent in the endometrium throughout the menstrual cycle as well as during pregnancy (34, 

131) while collagen III is present during all menstrual cycle phases but less abundant than 

collagen I during the first trimester of pregnancy (34, 131). Collagen IV is present during the 

menstrual cycle (131) while collagen V increases during decidualization (34). Fibronectin is 

highly abundant in the endometrium and decidual ECM (34) while tenascin C is more localized 

near stromal cells surrounding proliferating or developing endometrium epithelia (34) and 

decorin is present in decidual ECM (34). Although primarily studied in the context of murine 

models, lumican is localized within the uterine stroma during pregnancy and may potentially be 
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important in human pregnancy as well (34). Laminin is present in the decidua and mediates 

trophoblast attachment and spreading (34) while hyaluronic acid likely influences elevated 

hydration during the mid-proliferative and mid-secretory phases in the human endometrium (34). 

The basement membrane plays an important role in mucosal barrier tissues, particularly the 

endometrium (34, 104, 126). In humans, the decidual basement membrane consists of laminin, 

collagens type IV, VII, XVII, and heparan sulfate proteoglycans (34). Because of the dynamic 

nature of the endometrial ECM and basement membrane, tissue engineering models offer a 

unique opportunity to examine the role of endometrial ECM and basement membrane factors in 

endometrial cell activity, remodeling, and processes associated with trophoblast invasion and 

placentation.  

 

We report a tissue engineering approach to examine benchmarks of endometrial epithelial cell 

activity (e.g., cell attachment, phenotypic markers of attachment). We describe a high throughput 

microarray-based approach to investigate shifts in EEC attachment and epithelial maturation in 

response to 55 single and pairwise combinations of 10 ECM proteins and proteoglycans found in 

the endometrium ECM (collagens I, III, IV, V, decorin, fibronectin, hyaluronic acid, laminin, 

lumican, tenascin C). We track the degree of cell attachment as well as a biomarker of epithelial 

monolayer maturation (expression of cytokeratin 18, CK18) responsible for anchoring the 

endometrial epithelial cell cytoskeleton to the basement membrane (76). We identified ECM 

combinations that promote both high and moderate levels of cell attachment and CK18 intensity, 

combinations that promoted high cell attachment and median CK18 intensity, and combinations 

that promote median cell attachment and high CK18 intensity. We subsequently used microbial 

transglutaminase to immobilize a down-selected set of ECM combinations on three-dimensional 



46 
 

methacrylamide-functionalized gelatin (GelMA) hydrogels. We subsequently evaluate patterns 

of attachment, CK18 expression, and nascent protein deposition by EECs on GelMA hydrogels. 

This project describes a pipeline for creating and characterizing model basement membrane 

constructs as part of a larger tissue engineered strategy to replicate the stratified endometrium. 

 
3.3 Materials and Methods 
Cell Culture and Maintenance 

We cultured primary human endometrial epithelial cells (EECs; LifeLine Cell Technology FC-

0078) as per the manufacturer’s instructions and used them experimentally at two passages from 

receipt. Cells were cultured in phenol red-free medium (LifeLine Cell Technology) and in 5% 

CO2 incubators at 37°C. Cells were routinely tested for mycoplasma contamination using the 

MycoAlertTM Mycoplasma Detection Kit (Lonza). 

 

Microarray Fabrication and Experimentation 

Microarray Fabrication 

We prepared polyacrylamide (PA) hydrogels following previous protocols (132-134). Briefly, 

25×75 mm glass microscope slides were washed with 0.25% v/v Triton X-100 in dH2O and 

placed on an orbital shaker for 30 minutes. After rinsing with dH2O, slides were immersed in 

acetone and methanol for 30 minutes each on an orbital shaker. This was followed by etching the 

glass slide by immersing them 0.2 N NaOH for 1 hour on an orbital shaker and then rinsing with 

dH2O. The slides were then air-dried and placed on a hot plate at 110°C until dry. For 

silanization, the cleaned slides were immersed in 2% v/v 3-(trimethoxysilyl)propyl methacrylate 

in ethanol and placed on the shaker for 30 minutes, followed by a wash in ethanol for 5 minutes. 

The silanized slides were air-dried, and again placed on the hot plate at 110°C until dry. For 
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fabrication of hydrogels with specific elastic moduli, prepolymer solution with 6% acrylamide 

(Sigma-Aldrich A3553-100G) and 0.45% bis-acrylamide (Sigma-Aldrich M7279-25G) was 

prepared to achieve elastic moduli of 6 kPa. The prepolymer solution was then mixed with 

Irgacure 2959 (BASF, Corp.) solution (20% w/v in methanol) at a final volumetric ratio of 9:1 

(prepolymer:Irgacure). This working solution was then deposited onto slides (100 µL/slide) and 

covered with 22×60 mm cover glasses. The sandwiched working solution was transferred to a 

UV oven and exposed to 365 nm UV A for 10 min (240E3 µJ). After removing the cover 

glasses, the slides were immersed in dH2O at room temperature for 3 days in order to remove 

excess reagents from the hydrogel substrates. Before microarray fabrication, hydrogel substrates 

were thoroughly dehydrated on a hot plate for ≥15 minutes at 50°C. Microarrays were fabricated 

as described previously (135-137). Extracellular matrix proteins for arraying were diluted in 

2×growth factor buffer (38% v/v glycerol in 1× phosphate-buffered saline (PBS), 10.55 mg/mL 

sodium acetate, 3.72 mg/mL EDTA, 10 mg/mL CHAPS) to a final concentration of 250 μg/mL 

and loaded in a 384-well V-bottom microplate. List of all the ECM venders and part numbers 

can be found in Table 1. A robotic benchtop microarrayer (OmniGrid Micro, Digilab) loaded 

with SMPC Stealth microarray pins (ArrayIt) was used to microprint ECM combinations from 

the 384 microplate to polyacrylamide hydrogel substrate, resulting in ∼600 µm diameter arrayed 

domains. Fabricated arrays were stored at room temperature and 65% RH overnight and left to 

dry under ambient conditions in the dark.  

 

Microarray Cell Culture 

We sterilized microarrays using a 1% penicillin/streptomycin (Thermo Fisher) solution for 20 

minutes under UV light. EECs were then passaged and seeded at a density of 500,000 cells per 
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microarray in 4 mL cell growth medium. After seeding, microarrays were shaken by hand every 

30 minutes for 2 hours and then rinsed with cell growth medium 6 hours after seeding. 

Microarrays were cultured in slide plates for 24 hours after seeding and cultured in 5% CO2 

incubators at 37°C. Three independent biological replicates were cultured and analyzed for these 

experiments with at least three technical replicates per experiment. 

 

Microarray Staining 

We fixed microarray cultures 24 hours after seeding using 4 mL of formalin (Sigma-Aldrich) 

followed by three PBS washes. Cultures were stored in PBS at 4°C until use. Microarrays were 

permeabilized in a 0.5% Tween20 (Fisher Scientific) solution for 15 minutes followed by three 5 

minute washes in (PBST). Samples were blocked for 1 hour at room temperature in a 2% Abdil 

solution (bovine serum albumin; Sigma Aldrich, Tween20, PBS) and subsequently incubated in 

primary antibody (cytokeratin 18; 1:250; Abcam ab52948) overnight at 4°C. Samples were then 

washed three times with PBST and then cultured in secondary antibody (Alexafluor 488 goat 

anti-rabbit; 1:500; Thermo Fisher A-11008) overnight at 4°C. Three 5 minute PBST washes 

were performed and then slides were mounted with DAPI Fluoromount (Southern Biotechnology 

Associates, Inc.). 

 

Microarray Imaging 

We imaged the microarrays using Axioscan.Z1 Slide Scanner and 10X objective. A wide tile 

region was defined for the whole array region which was then stitched offline using Zen and 

exported into TIFF Images for each individual channel. 
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Microarray Image Analysis 

We converted images of entire arrays to individual 8-bit TIFF files per channel (i.e., red, green, 

blue, and gray) by Fiji (ImageJ version 1.52p) (82). CellProfiler (version 4.0.0) was used obtain 

per cell measurement for each channel (138). The images were cropped in MATLAB (version 

R2018b) to separate each array in a single image. Positional information for each array was 

automatically calculated using their relative position from the positional dextran-rhodamine 

markers. Nuclei were identified using the DAPI channel image using IdentifyPrimaryObject 

module and cell boundary was identified using the CK18 stain around these nuclei using 

IdentifySecondaryObject module. The MeasureObjectIntensity module was used to quantify 

single-cell intensity. The data were exported to CSV files that were then imported in RStudio for 

data visualization. 

 

Methacrylamide-Functionalized Gelatin (GelMA) Hydrogel Experimentation 

Synthesis and Fabrication of GelMA Hydrogels 

GelMA was synthesized as described previously and was found to have a degree of 

functionalization of 57%, determined via 1H-NMR (65, 139). Prior to hydrogel fabrication, 

lyophilized GelMA was sterilized under UV light for 30 minutes. To fabricate hydrogels, a 

solution was created consisting of lyophilized GelMA (5 wt%) combined with 1% fluorescent 

beads (Fluospheres Polystyrene Microspheres 1.0 μm orange fluorescent beads; 1x1010 

beads/mL; Invitrogen) and dissolved at 37°C in phosphate buffered saline (PBS; Lonza 17-

516F). Microspheres were used to visualize hydrogels during imaging. 0.1% w/v lithium 

acylphosphinate (LAP) was added to this solution as a photoinitiator. 10 μL of the prepolymer 

solution was added to each well of Ibidi μ-Slides Angiogenesis Glass Bottom and was 
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polymerized under UV light (λ=365 nm, 7.14 mW cm-2; AccuCure Spot System ULM-3-365) for 

30 s. 

 

Extracellular Matrix Coating of GelMA Hydrogels 

We used microbial transglutaminase (mTg; Zedira T001, Lot 0920aT001) to coat polymerized 

GelMA hydrogels with extracellular matrix (ECM) proteins (130, 140, 141). A 1:1 ratio of 0.5 

mg/mL mTg and 10 μg/mL ECM protein were combined and 20 μL of this solution was pipetted 

onto hydrogels. If two ECM proteins were used to coat gels, they were combined in a 1:1 ratio. 

Coated hydrogels were incubated for 1 hour in 5% CO2 incubators at 37°C. A quick wash was 

performed using 20 μL of PBS. Information regarding ECM protein vendors and part numbers 

can be found in Table 1. 

 

Visualization of ECM Coated Hydrogels 

We evaluated the effectiveness of mTg-based matrix immobilization for Laminin-coated GelMA 

hydrogels. Immediately following laminin coating, hydrogels were blocked for 1 hour in 30 μL 

of a 2% Abdil solution (bovine serum albumin, Tween20, PBS). Samples were then stained with 

anti-laminin primary antibody (1:200, 30 μL; Abcam ab11575) at 4°C overnight. Three PBS 

washes were performed followed by incubation with secondary antibody (1:500, 30 μL; 

Alexafluor 488 goat anti-rabbit Thermo Fisher A-11008) for 2 hours at room temperature. Three 

additional PBS washes were performed and samples were stored in PBS at 4°C until imaged. 

Samples were imaged using a DMi8 Yokogawa W1 spinning disc confocal microscope outfitted 

with a Hamamatsu EM-CCD digital camera (Leica Microsystems). Two fluorescent Z-stacks 
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were taken per gel using the 10x objective, 10 μm step size, and 50-100 slices (3 hydrogels per 

condition). Maximum intensity image projections were created using FIJI. 

 

Endometrial Epithelial Cell Hydrogel Cultures 

Endometrial Epithelial Cell Hydrogels 

We fabricated and coated hydrogels as described above, with EECs subsequently seeded at 

200,000 cells/cm2 onto the hydrogel surface. EECs were allowed to adhere to the hydrogels for 1 

hour and were subsequently washed with 50 μL cell medium to remove unattached cells. 

Hydrogels were cultured for 3 days in 5% CO2 incubators at 37°C and culture medium was 

replaced daily. 

 

Immunofluorescent Staining 

Hydrogels were fixed on day 3 of culture using 4 mL of formalin (Sigma-Aldrich) followed by 

three PBS washes. Hydrogels were permeabilized in a 0.5% Tween20 (Fisher Scientific) solution 

for 15 minutes followed by three 5 minute washes in (PBST). Samples were blocked for 1 hour 

at room temperature in a 2% Abdil solution (bovine serum albumin; Sigma Aldrich, Tween20, 

PBS) and subsequently incubated in primary antibody (cytokeratin 18; 1:250; Abcam ab52948) 

overnight at 4°C. Hydrogels were washed 4 x 20 minutes with PBST and then cultured in 

secondary antibody (Alexafluor 488 goat anti-rabbit; 1:500; Thermo Fisher A-11008) overnight 

at 4°C. Hydrogels were washed 4 x 20 minutes with PBST and then incubated in Phalloidin-

iFluor 633 Reagent (Abcam ab176758) as per the manufacturer’s instructions for 90 minutes at 

room temperature. Cells were rinsed in PBS 4 x 20 minutes and then incubated in Hoechst 
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(1:2000; Thermo Fisher) for 30 minutes. One PBS wash was performed and samples were stored 

in PBS until imaged. 

 

Hydrogel Confocal Imaging 

We imaged hydrogels using a Zeiss LSM 710 Confocal Microscope and 10X objective. One 

image was taken per hydrogel (n=3 hydrogels) in a random region of interest. Maximum 

intensity image projections used for analysis were generated using ZEN (black edition; Zeiss). 

 

Image Analysis 

We used CellProfiler (version 4.0.0) to analyze CK18 intensity from maximum intensity 

projection images of cells seeded onto hydrogels (138). Nuclei were identified using the DAPI 

channel image using IdentifyPrimaryObject module and cell boundary was identified using the 

CK18 stain around these nuclei using IdentifySecondaryObject module. The 

MeasureObjectIntensity module was used to quantify single-cell intensity. The data were 

exported to CSV files that were then imported in RStudio for data visualization. 

 

Nascent Protein Deposition 

Nascent Protein Staining 

Following the protocols developed by Loebel et al. (142, 143), we performed metabolic labeling 

to visualize nascent protein deposition. Briefly, epithelial hydrogel cultures were cultured as 

described above. On day 3 of culture, hydrogels were washed once with Hanks’ Balanced Salt 

Solution (HBSS) and incubated in HBSS for 30 minutes to deplete the cells of any remaining 

methionine. The HBSS was removed and cells were then incubated at 37°C in HBSS containing 
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the methionine analog azidohomoalanine (Click-iT AHA; Invitrogen, C10102; 100 μM) for 1 

hour. Following incubation, two HBSS washes were performed and hydrogels were then 

incubated in AFDye 488 DBCO (Click Chemistry Tools, 1278-1; 30 μM) for 40 minutes at 

37°C, washed three times with PBS, fixed for 15 minutes followed by three PBS washes, and 

stored at 4°C in PBS until staining. Hydrogels were incubated in CellMaskTM Deep Red Plasma 

Membrane Stain (1:1000; Invitrogen, C10046) for 40 minutes at 37°C followed by three PBS 

washes. Samples were then incubated in Hoechst at room temperature for 30 minutes (1:2000) 

followed by one PBS wash. Samples were stored at 4°C in PBS until imaged.  

 

Nascent Protein Intensity Quantification 

We used CellProfiler to analyze nascent protein intensity from maximum intensity projection 

images. Hydrogels were imaged using a Zeiss LSM 710 Confocal Microscope and 10X 

objective. One image was taken per hydrogel (n=3 hydrogels) in a random region of interest. 

Maximum intensity image projections used for analysis were generated using ZEN (black 

edition; Zeiss). These images were uploaded to CellProfiler and analyzed as described above. 

 

Statistics 

We used RStudio for our statistical analyses. Normality was determined using the Shapiro-

Wilkes test and homoscedasticity was determined via Bartlett’s test for normal data or Levene’s 

test for non-normal data. Data were analyzed using a one-way analysis of variance (ANOVA) 

and Tukey post hoc test (normal, homoscedastic), Welch’s ANOVA and Games-Howell post hoc 

test (normal, heteroscedastic), Kruskall-Wallis ANOVA and Dunn’s post hoc test (non-normal, 

homoscedastic), or Welch’s Heteroscedastic F Test with Trimmed Means and Winsorized 
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Variances and Games-Howell post hoc test (non-normal, heteroscedastic). Significance was 

defined as p<0.05 and data are presented as box plots unless otherwise described. 

 
3.4 Results 
 
High throughput microarray analysis reveals differential epithelial cell attachment and CK18 

expression in response to endometrial ECM biomolecule combinations 

Epithelial cell attachment and CK18 expression was quantified in response to 55 single and 

pairwise combinations of 10 ECM proteins and proteoglycans microarrayed onto slides (Fig. 

9A). EECs were analyzed 24 hours after seeding onto arrays to assess cell behavior at early 

culture timepoints. From this experiment, we observed differential attachment and CK18 

expression in EECs based on the ECM proteins on which the cells were cultured. For subsequent 

analysis, we chose combinations of ECM biomolecules with the highest number of cells attached 

(Fig. 9B,C; Collagen IV + Tenascin C; Collagen I + Collagen III), or the highest value for CK18 

intensity (Fig. 1D,E; Hyaluronic Acid + Tenascin C; Collagen V). We also selected 

combinations with median (~15th position out of 55 rank ordered samples) levels of cell 

attachment and CK18 intensity (Fig. 1B-F; Collagen I + Hyaluronic Acid; Collagen V + 

Hyaluronic Acid) as well as combinations that displayed high cell attachment but median CK18 

intensity (Fig. 1B-F; Collagen 1) or high CK18 intensity but median cell attachment (Fig. 9B-F; 

Collagen III). 

 

GelMA hydrogels can be coated with ECM biomolecules using microbial transglutaminase  

Microbial transglutaminase (mTg) was used to coat GelMA hydrogels with 

proteins/proteoglycan combinations identified via high throughput screen to subsequently 

investigate EEC attachment and CK18 expression on GelMA hydrogels with functionalized 
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basement membrane layers (Fig. 10A). To confirm biomolecule attachment, GelMA hydrogels 

were functionalized with laminin, a commonly used ECM protein for cell attachment. 

Immunofluorescent staining showed that while simple addition of laminin to GelMA hydrogels 

without mTG resulted in limited laminin adhesion, laminin adhered to GelMA hydrogels via 

mTg produced a strong laminin signal (Fig. 10B).  

 

Epithelial cells cultured on ECM biomolecule combinations show variation in cell attachment 

and CK18 intensity 

We subsequently assessed EEC attachment and CK18 expression on GelMA hydrogels coated 

with mTg-immobilized ECM proteins and proteoglycans to evaluate whether combinations 

down-selected from the microarray experiments would facilitate improved EEC attachment or 

CK18 expression. EEC attachment and CK18 expression were evaluated relative to control 

GelMA hydrogels as well as GelMA hydrogels coated with fibronectin or collagen IV + laminin 

factors previously used in the literature as endometrial basement membrane mimics (76). We 

first examined cell attachment at CK18 expression using hits with highest cell adhesion in 2D 

microarray experiments (C4+TC: Collagen IV + Tenascin C; C1+C3: Collagen 1 + Collagen 3). 

Although overall analysis of the number of adhered cells suggested significant differences 

between conditions (Welch’s ANOVA, p=0.018), post hoc analysis showed no differences 

between experimental (Collagen IV + Tenascin C; Collagen I + Collagen III) and controls (Fig. 

11A). CK18 intensity was not found to differ between groups (Fig. 11B; One-way ANOVA, 

p=0.88). We then examined the role of ECM combinations that resulted in the highest CK18 

intensity in 2D microarray experiments (HA+TC: Hyaluronic Acid + Tenascin C; C5: Collagen 

V), finding no differences in the number of cells attached (Fig. 12A; One-way ANOVA, p=0.77) 
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or in CK18 intensity (Fig. 12B; One-way ANOVA, p=0.31) on functionalized GelMA hydrogels. 

Finally, comparing ECM combinations with median cell attachment and CK18 intensity in 2D 

microarray experiments (C1+HA: Collagen I + Hyaluronic Acid; C5+HA: Collagen V + 

Hyaluronic Acid), high cell attachment and median CK18 intensity (C1: Collagen I), or median 

cell attachment and high CK18 intensity (C3: Collagen III), we observed no significant 

differences in cell attachment (Fig. 13A; Welch’s ANOVA, p=0.17). However, CK18 intensity 

was statistically significantly different between groups (Fig. 13B; Welch’s ANOVA, p=4.8x10-

4), with post hoc analysis revealing significantly increased CK18 intensity in collagen I versus 

fibronectin coatings. 

 

Epithelial cells deposit nascent proteins onto GelMA hydrogels 

We evaluated the potential for EECS to significantly remodel their basement membrane 

environment on 3D GelMA hydrogels, examining nascent protein deposition in response to ECM 

combinations that increased cell attachment in microarray experiments (C4+TC: Collagen IV + 

Tenascin C; C1+C3: Collagen I + Collagen III). Within 1 hour, EECs deposited observable 

levels of nascent proteins onto hydrogels in all conditions (Fig. 14A), with analysis of the 

intensity of nascent protein deposition revealed no difference between groups (Fig. 14B; One-

way ANOVA, p=0.24). 

 

3.5 Discussion 
 

Dynamic changes in the endometrial ECM plays a key role in homeostasis, pregnancy, and 

endometrial-associated pathologies (34). Previous studies have identified a wide range of ECM-

associated proteins and proteoglycans in the endometrium and decidua whose expression 
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changes markedly across the menstrual cycle or in response to steroidal sex hormones (34). 

Nevertheless, developing a deeper understanding of the role of the endometrial basement 

membrane and extracellular matrix on endometrial epithelial cell behavior may provide critical 

information on cell attachment phenotype (e.g., cytokeratin expression). Understanding 

endometrial epithelial cell attachment behavior to the basement membrane would also provide 

crucial information on how trophectoderm signaling and alterations to the basement membrane 

may facilitate blastocyst adhesion, disruption, breach, and resealing of the endometrial 

epithelium. Our goal was to identify ECM combinations that facilitate improved endometrial 

epithelial cell attachment and CK18 expression in order to support the development of tissue 

engineering systems that more appropriately mimic the endometrial ECM. 

 

We have previously described overlaid cultures of endometrial epithelial cells on GelMA 

hydrogels (139); however, we observed instability of the epithelial cultures over time and 

inability of the cultures to form a confluent monolayer. We hypothesized that an appropriate 

basement membrane layer on the surface of the GelMA hydrogel may be required to form a 

consistent, confluent monolayer. To determine whether a broader set of ECM biomolecule 

combinations inspired by the composition of the native endometrium may impact the stability of 

the epithelial layers, we performed high throughput experiments using microarrays to assess the 

effect of 55 single and pairwise combinations of 10 ECM biomolecules found in the 

endometrium (collagens I, III, IV, V, decorin, fibronectin, hyaluronic acid, laminin, lumican, and 

tenascin C) on endometrial epithelial cell attachment and CK18 expression.  
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We found collagen IV + tenascin C and collagen I + collagen III combinations resulted in the 

highest number of EECs attached while hyaluronic acid + tenascin C and collagen V had the 

highest values for CK18 intensity. Further, collagen I + hyaluronic acid and collagen V + 

hyaluronic acid had values for cell attachment and CK18 intensity around the 15th position from 

the highest values, while collagen I promoted high cell attachment and median CK18 intensity, 

while collagen III promoted median cell attachment and high CK18 intensity. These results 

identified combinations of key ECM proteins and proteoglycans found in the endometrium that 

affect EEC attachment and CK18 expression. For example, collagens I, III, and V are all present 

in the endometrium but collagen I is most prevalent during the proliferative and secretory phases, 

collagen III is present during all phases, and collagen V increases during decidualization (34). 

Tenascin C is present near stromal cells surrounding proliferating or developing endometrial 

epithelia (34). Logically, tenascin C would be relevant to these studies because EECs would 

likely be proliferating and developing in these cultures. Finally, hyaluronic acid may influence 

hydration of the tissue during the mid-proliferative and mid-secretory phases (34). Interestingly, 

our microarray data did not identify fibronectin or collagen IV + laminin as combinations that 

resulted in high cell attachment or CK18 expression, despite many studies utilizing these as 

basement membrane mimics based on their prevalence in the endometrial basement membrane 

(34, 76). Future efforts looking at a larger screen of metrics of EEC bioactivity may be required 

to understand the role of these biomolecules on endometrial epithelial cell activity. 

 

We used these data to identify a set of biomolecules to immobilize on the surface of three-

dimensional GelMA hydrogels to assess epithelial cell attachment and CK18 expression. We 

adapted a recently reported microbial transglutaminase (mTg) biomolecule immobilization 
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strategy (130) to covalently bind biomolecules to GelMA hydrogels.  This approach enables 

attachment of ECM combinations using a relatively simple protocol with immobilized 

biomolecules showing extended stability (28 days) in culture (130). We then quantified cell 

attachment and CK18 intensity on GelMA hydrogels coated with a range of endometrial-inspired 

matrix biomolecules. While the number of cells per island and CK18 expression levels varied for 

each set of selected ECM biomolecules, the statistical significance of the data was variable. 

Compared to controls (GelMA only, Fibronectin, Collagen IV + Laminin), matrix hits for 

adhesion Collagen IV + Tenascin C and Collagen I + Collagen III) had statistically different 

number of cells per island but not CK18 intensity. For combinations resulting in the highest 

CK18 intensity in microarray experiments (Hyaluronic Acid + Tenascin C and Collagen V), the 

numbers of cells attached and the CK18 intensity were not statistically significantly different 

between groups. Finally, for ECM combinations around the 15th position from the highest values 

of cell attachment and CK18 intensity (Collagen I + Hyaluronic Acid and Collagen V + 

Hyaluronic Acid), high cell attachment and median CK18 intensity (Collagen I), and median cell 

attachment and high CK18 intensity (Collagen III), we determined that the cells attached did not 

statistically differ between groups but, CK18 intensity was statistically significantly different 

between groups. Post hoc analysis revealed statistical significance between CK18 intensity 

between the fibronectin and collagen I conditions. These data demonstrated that there is variation 

in cell response based on ECM coating and that CK18 expression, a marker of endometrial cell 

phenotype, was more strongly affected that overall numbers of attached cells. Taken together, 

these data suggest that careful selection of basement membrane ECM combinations must be 

considered for tissue engineering constructs under development to replicate the stratified 

endometrium. 
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Finally, we demonstrated functional metrics of EEC-mediated remodeling of the engineered 

basement membrane environment by quantifying nascent protein deposition by EECs on GelMA 

hydrogels. We observed rapid (~1 h) protein deposition, demonstrating EECs rapidly deposit 

their own ECM onto the surface on which they are cultured and continue to deposit proteins 

throughout their culture period regardless of the ECM biomolecules on which they are growing. 

These results suggest significant opportunities to examine variations in the specific proteins 

being deposited as well as shifts in matrix deposition as a function of initial basement membrane 

content. Extending on our previous use of the GelMA hydrogel platform to evaluate endometrial 

stromal models (129), these findings suggest opportunities to evaluate crosstalk between 

endometrial epithelial layers and underlying endometrial perivascular models as well as the 

opportunity to evaluate the role of external stimuli such as steroidal sex hormones in a fully 

stratified endometrial culture platform. We also recognize some limitations and future 

opportunities for these studies. The cells used in these studies are primary endometrial epithelial 

cells derived from a single donor. What matrix the EECs prefer may have donor-to-donor 

variability and may depend on the menstrual cycle phase during which the cells were collected as 

well as donor-to-donor cell preferences. For example, Cook et al. previously identified 

differences in epithelial cell behavior that was dependent on cell donors (76).  These results 

suggest that the basement membrane and ECM biomolecule combinations may vary between 

individuals and underlie the need for an adaptable tissue engineering approach such as the 2D 

microarray to 3D biomaterial pipeline described here, to help identify how this variability affects 

uterine function and health. Future studies that incorporate cells from multiple donors collected 
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at various points in the menstrual cycle may provide insight in donor-to-donor and cycle-

dependent variability in cell response to different ECM components.  

 
3.6 Conclusions 
 

The endometrium is a highly dynamic tissue that suggests the need for a dynamic model system 

to replicate processes of growth, remodeling, and breakdown in order to properly recapitulate 

endometrial physiology. The ability to create an endometrial basement membrane mimic within 

a tissue engineered construct would provide opportunities to develop complex platforms that 

mimic not just a single menstrual cycle phase but also various points in the menstrual cycle. 

Here, we demonstrate differential response of EECs to ECM biomolecule combinations using a 

coordinated set of high-throughput two-dimensional microarrays and three-dimensional matrix-

functionalized GelMA hydrogels. We report an approach to coat GelMA hydrogels with 

combinations of ECM proteins and proteoglycan to investigate the role of engineered basement 

membrane composition on endometrial epithelial cell attachment and phenotypic markers via 

immunostaining as well as evaluate endometrial epithelial cell mediated matrix remodeling via 

nascent protein deposition. Together, these results suggest an approach to replicate features of a 

stratified endometrial model, notably epithelial cell adhesion and remodeling via combinations of 

immobilized ECM biomolecules that can be tuned to match the changing endometrial 

microenvironment. 
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3.7 Table 
 
Table 2. Microarray Biomolecule Information. 
Biomolecule Vendor Catalog Number Stock Concentration 
Collagen 1 EMD Millipore 08-115MI 1 mg/mL 
Collagen 3 EMD Millipore CC054 1 mg/mL 
Collagen 4 Abcam ab7536 1 mg/mL 
Collagen 5 Abcam ab7530 1 mg/mL 
Fibronectin EMD Millipore FC010-10MG 1 mg/mL 
Decorin R&D Systems 143-DE-100 0.5 mg/mL 
Lumican ACROBiosystems LUM-H5227-100ug 0.5 mg/mL 
Laminin EMD Millipore CC095 1 mg/mL 
Hyaluronic Acid Lifecore Biomedical HA60k-1 1 mg/mL 
Tenascin C R&D Systems 3358-TC-050 0.5 mg/mL 
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3.8 Figures 

 
Figure 9. High throughout microarrays demonstrate differences in adhesion and 

cytokeratin 18 (CK18) intensity. Single and pairwise combinations of extracellular matrix  
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Figure 9 (cont), (ECM) biomolecules were arrayed onto polyacrylamide gels to determine 

adhesion patterns of primary endometrial epithelial cells. Epithelial cells were seeded at a density 

of 500,000 cells per microarray and cultured for 24 hours prior to fixation and staining. (A) 

Experimental summary. Created with BioRender.com. (B) Average number of cells per island on 

various ECM combinations. Red, dotted box: highest cells per island. Blue boxes: median values 

of CK18 and adhesion. Data expressed as average ± standard deviation. (C) Heat map of cell 

adhesion based on ECM combinations. (D) Average CK18 intensity on various ECM 

combinations. Red, dotted box: highest CK18 intensity. Blue boxes: median values of CK18 and 

adhesion. Data expressed as average ± standard deviation. (E) Heat map of CK18 intensity based 

on ECM combinations. (F) Scatterplot of average cell adhesion values vs. average CK18 

intensity based on ECM combinations. 

Key: C1: Collagen 1; C2: Collagen 2; C3: Collagen 3; C4: Collagen 4; C5: Collagen 5; D: 

Decorin; FN: Fibronectin; HA: Hyaluronic Acid; LN: Laminin; LU: Lumican; TC: Tenascin C. 
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Figure 10. Methacrylamide-functionalized gelatin (GelMA) hydrogels are coated with 

extracellular matrix (ECM) biomolecules using microbial transglutaminase (mTg). (A) 

Experimental procedure for coating hydrogels. ECM biomolecules (10 μg/mL) and mTg (0.5 

mg/mL) were mixed in a 1:1 ratio and pipetted onto GelMA hydrogels to coat the hydrogel 

surface. Created with BioRender.com. (B) GelMA hydrogels coated with laminin (LN) by 

adsorption or using the mTg protocol demonstrate significantly increased protein attachment 

using mTg. Green: laminin. Scale bar: 200 μm. 
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Figure 11. Cell attachment and cytokeratin 18 (CK18) intensity on methacrylamide-

functionalized gelatin (GelMA) hydrogels coated with extracellular matrix combinations 

with highest adhesion in microarray experiments (C4+TC: Collagen IV + Tenascin C and 

C1+C3: Collagen 1 + Collagen 3). Control conditions consist of GelMA with no coating 

(GelMA) and coating conditions from literature (FN: Fibronectin and C4+LN: Collagen IV + 

Laminin). Data consists of n=3 hydrogels per condition (1 ROI per gel) with 1 maximum 

intensity confocal image analyzed per hydrogel. Data presented in box plots with blue squares 

representing the mean. (A) Average number of cells per ROI for each condition. Cells per ROI 

showed significant (Welch’s ANOVA: p=0.018) differences between groups. (B) Average CK18 

intensity of cells on hydrogels for each condition. CK18 intensity showed no differences between 

groups (One-way ANOVA: p=0.88). 
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Figure 12. Cell attachment and cytokeratin 18 (CK18) intensity on methacrylamide-

functionalized gelatin (GelMA) hydrogels coated with extracellular matrix combinations 

with highest CK18 intensity in microarray experiments (HA+TC: Hyaluronic Acid + 

Tenascin C and C5: Collagen 5). Control conditions consist of GelMA with no coating 

(GelMA) and coating conditions from literature (FN: Fibronectin and C4+LN: Collagen IV 

+ Laminin). Data consists of n=3 hydrogels per condition (1 ROI per gel) with 1 maximum 

intensity confocal image analyzed per hydrogel. Data presented in box plots with blue squares 

representing the mean. (A) Average number of cells per ROI for each condition. Cells per ROI 

showed no differences between groups (Welch’s ANOVA: p=0.77). (B) Average CK18 intensity 

of cells on hydrogels for each condition. CK18 intensity showed no differences between groups 

(One-way ANOVA: p=0.31). 
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Figure 13. Cell attachment and cytokeratin 18 (CK18) intensity on methacrylamide-

functionalized gelatin (GelMA) hydrogels coated with extracellular matrix combinations 

with median adhesion and CK18 intensity (C1+HA: Collagen I + Hyaluronic Acid and 

C5+HA: Collagen V + Hyaluronic Acid), high cell adhesion and median CK18 intensity 

(C1: Collagen I), and median cell adhesion and high CK18 intensity (C3: Collagen III) in 

microarray experiments. Control conditions consist of GelMA with no coating (GelMA) and 

coating conditions from literature (FN: Fibronectin and C4+LN: Collagen IV + Laminin). Data 

consists of n=3 hydrogels per condition (1 ROI per gel) with 1 maximum intensity confocal 

image analyzed per hydrogel. Data presented in box plots with blue squares representing the 

mean. (A) Average number of cells per ROI for each condition. Cells per ROI showed no 

differences between groups (Welch’s ANOVA: p=0.17). (B) Average CK18 intensity of cells on 

hydrogels for each condition. CK18 intensity showed statistically significant differences between 

groups (Welch’s ANOVA: p=4.8x10-4) with post hoc analysis demonstrating that CK18 intensity 

was significantly increased for collagen I vs fibronectin conditions. 
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Figure 14. Primary endometrial epithelial cells deposit nascent proteins onto 

methacrylamide-functionalized gelatin (GelMA) hydrogels. (A) Nascent protein deposition 

after 1 hour on extracellular matrix (ECM) combinations highest adhesion in microarray 

experiments (C4+TC: Collagen IV + Tenascin C and C1+C3: Collagen 1 + Collagen 3). Control 

conditions consist of GelMA with no coating (GelMA) and coating conditions from literature  
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Figure 14 (cont), (FN: Fibronectin and C4+LN: Collagen IV + Laminin). Green: nascent 

proteins; Red: cell membranes; Blue: nuclei. Scale: 100 μm. (B) Nascent protein intensity for 

each condition (no significant differences; One-way ANOVA: p=0.24). Data consists of n=3 

hydrogels per condition (1 ROI per gel) with 1 maximum intensity confocal image analyzed per 

hydrogel. Data presented in box plots with blue squares representing the mean. 
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CHAPTER 4: DECIDUALIZATION STATUS MODULATES ENDOMETRIAL 
PERIVASCULAR NICHE COMPLEXITY IN GELATIN HYDROGELS4 

 
4.1 Chapter Overview 
 

To support tissue regrowth during the menstrual cycle as well as significant remodeling during 

placentation, the lining of the uterus undergoes rapid cycles of vascular growth, remodeling, and 

breakdown. Steroidal sex hormones progesterone and estrogen play a central role in modulating 

processes of endometrial angiogenesis and vascular remodeling by directly regulating an 

endometrial differentiation process known as decidualization. During decidualization, vessels 

sprout and lengthen, surface area of spiral arterioles increases, uterine glands undergo secretory 

transformation, and specialized uterine natural killer cells increase in number (144). 

Decidualization in the endometrium is critical for blastocyst implantation and defects in this 

process have been linked to a variety of pregnancy disorders such as preeclampsia, fetal growth 

restriction, and infertility. For example, in the hypertensive pregnancy disorder preeclampsia, 

studies have demonstrated that in patients with severe preeclampsia, defects in decidualization 

subsequently led to impaired trophoblast invasion (37). However, much remains unknown 

regarding the role of steroidal sex hormones on endometrial angiogenesis. Here, we develop and 

characterize models of an artificial endometrial perivascular niche embedded in GelMA 

hydrogels and culture them in the absence and presence of decidualization hormone cocktails. 

We quantify metrics of vessel network complexity, analyze soluble factor secretion of 

perivascular cultures, and assess matrix remodeling in the context of hormonal stimulation. We 

subsequently use these models to assess the role of secreted factors generated by decidualized 

 
4 This chapter is partially adapted from the following publication: Zambuto SG, Theriault H, Jain I, Crosby C, 
Pintescu, IP, Chiou, N, Zoldan J, Clancy KBH, Underhill GH, Harley BAC. Decidualization status modulates 
endometrial perivascular niche complexity in gelatin hydrogels. In preparation. 
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perivascular structures on trophoblast motility. Finally, we demonstrate an artificial endometrial 

triculture consisting of a stratified epithelial monolayer overlaying embedded perivascular 

networks. This artificial perivascular niche replicates aspects replicates aspect of the in vivo 

perivascular environment but shows potential to investigate dynamic changes in endometrial 

angiogenesis in response to a variety of endometrial states. 

 
4.2 Introduction 
To support tissue regrowth during the menstrual cycle and significant remodeling during 

pregnancy, the lining of the uterus undergoes rapid cycles of vascular growth, remodeling, and 

breakdown. This tissue known as the endometrium is one of the only adult human tissues to 

undergo non-pathological angiogenesis (55). Angiogenesis is defined as the development of new 

vessels from existing blood vessels via elongation, intussusception, or sprouting by endothelial 

cells (55, 145). During the menstrual cycle, angiogenesis occurs during three distinct phases: the 

proliferative phase, the secretory phase, and the menstrual phase (55, 144). The proliferative 

phase is characterized by initiation of vessel growth (55, 144) and the secretory phase is 

characterized by branching, lengthening, and vessel maturation (55, 144). Menstruation then 

induces vessel degeneration and endometrial shedding (144). After menstruation, angiogenic 

processes work to repair the superficial layer of the basal endometrium in preparation for the 

subsequent menstrual cycle (55). Rapid angiogenesis also occurs immediately after trophoblast 

implantation but ahead of the formation of a placenta during pregnancy due to significant 

demands to support a growing placenta and fetus (144). Angiogenesis is critical for successful 

pregnancy because adequate blood flow, placental perfusion, and vascular responsiveness to the 

growing fetus are all necessary to support the placenta and fetus (144).  
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Steroidal sex hormones progesterone and estrogen modulate endometrial angiogenesis as well as 

vascular remodeling (144). Progesterone controls vessel elongation, growth and coiling of spiral 

arterioles, and maturation of the subepithelial capillary plexus whereas estrogen plays a key role 

in concert with the VEGF (vascular endothelial growth factor) family to control vascular 

remodeling (144). Steroidal sex hormones also orchestrate an endometrial differentiation process 

known as decidualization. Decidualization is the process by which the endometrium prepares for 

a potential pregnancy by thickening and enhancing the tissue matrix for the incoming blastocyst 

(144). During decidualization, vessels sprout and lengthen, surface area of spiral arterioles 

increases, uterine glands undergo secretory transformation, and specialized uterine natural killer 

cells increase in number (144). Successful endometrial decidualization enables the endometrium 

to enter a period of receptivity that occurs during the late secretory phase of the menstrual cycle 

and lasts approximately four days (144). During this window, the blastocyst will attach to the 

endometrial epithelium and subsequently invade the underlying stroma and vasculature (144). 

Crosstalk between endometrial cells and trophoblast cells from the invading blastocyst are 

believed to modulate processes of invasion and also dynamic remodeling of the tissue 

microenvironment including vascular networks (144). Decidualization in the endometrium is 

critical for blastocyst implantation and defects in this process have been linked to a variety of 

pregnancy disorders such as preeclampsia, fetal growth restriction, and infertility (144). For 

example, in the hypertensive pregnancy disorder preeclampsia, studies have demonstrated that in 

patients with severe preeclampsia, defects in decidualization subsequently led to impaired 

trophoblast invasion (37). However, much remains unknown regarding the role of steroidal sex 

hormones on endometrial angiogenesis and vice versa. 
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Few models of the endometrial vasculature exist. Most models of the endometrial vasculature 

either cannot recapitulate tissue biophysical properties (stiffness), do not use relevant human cell 

types in heterogenous cell cultures, or cannot be cultured long term for 20+ days (46, 146-149). 

Creation of tissue engineered vasculature models have demonstrated promising results in 

mimicking vasculature in vitro. For example, Offendu et al. and Haase et al. have demonstrated 

perfusable vasculature in microphysiological microfluidic devices for quantifying transportation 

though the endothelium and flow-mediated vessel remodeling (150-152). Such model systems 

have also been used to study pregnancy-related vascular disorders, including placental 

vasculopathies (151). Engineered vasculature models are unique tools that provide high 

throughput, tunable platforms for studying vessel function. Specifically, biomaterial-based 

platforms allow for three-dimensional culture of heterogeneous cell populations in systems that 

can also recapitulate tissue biophysical properties and have the potential for transplantation in the 

long-term future. Gelatin is an attractive platform for these types of studies for a variety of 

reasons. As a natural polymer derived from collagen, it contains cell adhesion and degradation 

sites which allow for matrix remodeling by cells and functionalization of gelatin by adding 

methacrylate groups to its amine-containing side groups results in the synthesis of 

methacrylamide-functionalized gelatin, GelMA, which offers enhanced mechanical features that 

can be tuned to mimic in vivo biophysical properties (90). Previous studies from our group and 

others have demonstrated that vessel networks can be cultured in GelMA hydrogels by 

encapsulating co-cultures of endothelial and stromal cells (67, 90). 

 

Here, we develop and characterize models of an artificial endometrial perivascular niche 

embedded in GelMA hydrogels and cultured in the absence and presence of decidualization 
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hormone cocktails. We quantify shifts in vessel network complexity, analyze soluble factor 

secretion of perivascular cultures, and assess matrix remodeling via basement membrane protein 

deposition and tight junction formation. Subsequently, we assess the role of trophoblast cell 

secreted factors on perivascular network remodeling as well as the role of perivascular secreted 

factors on trophoblast motility. Finally, we demonstrate a three-dimensional, stratified model of 

the endometrium consisting of an epithelial culture overlaying an embedded perivascular niche. 

This artificial perivascular niche replicates aspect of the in vivo perivascular environment and 

suggests a platform to study endometrial angiogenesis in a variety of endometrial states. 

 

4.3 Materials and Methods 
 

Cell Culture and Maintenance 

Human Endometrial Microvascular Endothelial Cell Culture 

Human endometrial microvascular endothelial cells (HEMEC; ScienCell #7010) were 

maintained as per the manufacturer’s instructions in phenol red-free Endothelial Cell Medium 

(ECM; ScienCell #1001-prf) supplemented with an endothelial cell growth supplement 

(ScienCell #1052), 5% charcoal-stripped fetal bovine serum (Sigma-Aldrich F6765), and 1% 

penicillin/streptomycin (ThermoFisher 15140122). Charcoal-stripped fetal bovine serum was 

used to reduce the steroid hormone concentrations in the cell medium. HEMECs were cultured 

on bovine plasma fibronectin (ScienCell #8248) coated vessels. HEMECs were used 

experimentally no more than 5 passages from purchase. HEMECs were cultured in 5% CO2 

incubators at 37°C. Routine mycoplasma testing was performed using a MycoAlertTM 

Mycoplasma Detection Kit (Lonza). Cell ancestry information (e.g., racial and ethnic 
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background, age, gender identity) was not provided by the vendor although the cell ancestry may 

affect cellular behavior and response (153, 154). 

 

Human Endometrial Stromal Cell Culture 

Human endometrial stromal cells (HESC; ATCC® CRL-4003) were maintained as per the 

manufacturer’s instructions in custom phenol red-free DMEM/F-12 (based on Sigma #D 2906) 

supplemented with 1% ITS+ Premix (Corning 354352), 500 ng/mL puromycin (Millipore Sigma 

P8833), 10% charcoal stripped fetal bovine serum (Sigma-Aldrich F6765), and 1% 

penicillin/streptomycin. HESC were used experimentally no more than 5 passages from 

purchase. HESC were cultured in 5% CO2 incubators at 37°C. Routine mycoplasma testing was 

performed using a MycoAlertTM Mycoplasma Detection Kit (Lonza). Cell ancestry information 

(e.g., racial and ethnic background, age, gender identity) was not provided by the vendor 

although the cell ancestry may affect cellular behavior and response (153, 154). 

 

Primary Human Endometrial Epithelial Cell Culture 

We cultured primary human endometrial epithelial cells (EECs; LifeLine Cell Technology FC- 

0078; Lot 03839; Caucasian Female Donor, 33 y.o., uterine prolapse) as per the manufacturer’s 

instructions in phenol red-free medium (LifeLine Cell Technology) and in 5% CO2 incubators at 

37°C. EECs were used experimentally at two passages from receipt. Cells were routinely tested 

for mycoplasma contamination using the MycoAlertTM Mycoplasma Detection Kit (Lonza).  

 

2D Culture of Human Endometrial Microvascular Endothelial Cells 
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HEMEC cells were seeded into individual wells of a 6 well plate and cultured until confluent. 

Cells were then fixed in formalin (Sigma-Aldrich), permeabilized for 15 minutes in 0.5% 

Tween20 (Fisher Scientific BP337), washed 3x5 minutes with 0.1% Tween20 solution (PBST), 

blocked with 2% Abdil (2% bovine serum albumin; Sigma Aldrich A4503 + 0.1% Tween20) for 

1 hour, and stained with primary antibodies (1:200 CD31; Dako IS610 or 2.5 μg/mL von 

Willebrand Factor viii; Invitrogen MA5-14029) overnight at 4°C. 5x5 minute PBST washes were 

performed followed by staining with secondary antibody (1:500 Alexafluor 488 goat anti-mouse; 

Thermo Fisher A-11001) overnight at 4°C. 5x5 minute PBST washes were performed followed 

by staining with Hoechst (1:2000; Thermo Fisher H3570) for 10 minutes at room temperature. 

One final PBST wash was performed and cells were stored in PBST until imaged. Wells were 

imaged using a Leica DMI 4000 B Microscope (Leica Microsystems). 

 

Matrigel Tube Formation Assay 

100 μL of phenol red-free Matrigel (1.35 mg protein/well; Corning 356237) was pipetted into 

each well of a 96 well plate and polymerized in the incubator. 10,000 HEMECs were added per 

well (n=8 wells). Each well was imaged at 6 hours and 12 hours after seeding using a Leica DMI 

4000 B Microscope (Leica Microsystems). 

 

Synthesis and Fabrication of Methacrylamide-Functionalized Gelatin (GelMA) Hydrogels 

GelMA was synthesized, dialyzed, lyophilized, and was found to have a degree of 

functionalization of 57%, determined via 1H-NMR (65, 139, 155). Prior to cell culture 

experiments, lyophilized GelMA was sterilized for 30 minutes under UV light. Hydrogels were 

fabricated using a solution consisting of lyophilized GelMA (5 wt%) dissolved at 37°C in 
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phosphate buffered saline (PBS; Lonza 17-516F) and combined with 0.1% w/v lithium 

acylphosphinate (LAP) as a photoinitiator. Hydrogels were polymerized under UV light (λ=365 

nm, 7.14 mW cm-2; AccuCure Spot System ULM-3-365) for 30 s. 

 

Endometrial Perivascular Niche Hydrogel Co-Cultures 

Co-culture Fabrication and Maintenance 

HEMEC and HESC were passaged and encapsulated in GelMA hydrogels at 1:1, 1:2, and 2:1 

endothelial:stromal cell ratios. The concentration of endothelial cells was kept consistent with 

each ratio at 500,000 HEMEC/mL and the concentration of stromal cells was calculated from 

this value and the ratios. Hydrogels were cultured in 48 well plates for 7 days and maintained in 

ECM with or without additional growth factors (± 100 ng/mL recombinant human VEGF165; 

PeproTech 100-20) and hormones. The medium for hydrogel samples was replaced every 3 days 

(800 μL/well). The endogenous VEGF concentration in ECM was reported to be 2 ng/mL by the 

vendor (ScienCell). All experiments except those in Fig. 2, 3, and 4 used charcoal-stripped fetal 

bovine serum (Sigma-Aldrich F6765) instead of regular fetal bovine serum to decrease 

endogenous hormones in the base medium. 

 

Co-culture Decidualization 

Decidualization of endometrial stromal cells was induced by culturing hydrogels in the presence 

of the following decidualization hormone cocktails: 1 μM medroxyprogesterone acetate (MPA; 

Sigma-Aldrich M1629) + 0.5 mM 8-bromodenosine 3’,5’-cyclic monophosphate (8-Br-cAMP; 

Sigma-Aldrich B5386) or 0.5 mM dibutyryl cyclic AMP (dcAMP; Millipore Sigma 28745) + 

estradiol (E2; Sigma-Aldrich E2758) + progesterone (P4; Sigma-Aldrich P8783). Control 
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samples had no hormones added to the medium. Medium was replaced every 3 days, collected at 

days 3 and 6, and stored at -80°C. 

 

Characterization of Perivascular Niche Cultures 

Immunofluorescent Staining 

On day 7 of culture, hydrogel samples were fixed with formalin (Sigma-Aldrich) and washed 

three times with PBS. Hydrogels were permeabilized for 15 minutes in a 0.5% Tween20 (Fisher 

Scientific BP337) solution and washed 3x5 minutes in 0.1% Tween20 solution (PBST). Samples 

were blocked for 1 hour at room temperature in a 2% Abdil solution (2% bovine serum albumin; 

Sigma Aldrich A4503 + 0.1% Tween20) and subsequently incubated in primary antibody 

solution (1:200 CD31 Dako IS610 + 1:200 CD10 Invitrogen PA5-85875 or 1:200 anti-laminin 

Abcam ab11575 or 5 μg/mL ZO-1 Invitrogen #61-7300) overnight at 4°C. 4x20 minutes washes 

with PBST were performed and then cultured in secondary antibody (1:500 Alexafluor 555 goat 

anti-rabbit Thermo Fisher A-21428 and/or 1:500 Alexafluor 488 goat anti-mouse Thermo Fisher 

A-11001) overnight at 4°C. Hydrogels were washed 4x20 minutes with PBST and then 

incubated for 30 minutes in Hoechst (1:2000; Thermo Fisher H3570). Samples were washed a 

final time in PBST and were stored in PBST until imaged.  

 

Microscopy Techniques 

Hydrogels were imaged using glass bottom confocal (In Vitro Scientific, D29-20-1-N) dishes on 

a DMi8 Yokogawa W1 spinning disc confocal microscope outfitted with a Hamamatsu EM-CCD 

digital camera (Leica Microsystems). Three 100 μm z-stacks with a 5 μm step size were taken 

for each hydrogel for 3 regions of interest (ROI) except for time course experiments and 
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laminin/ZO-1 stained hydrogels (n=2-3 hydrogels; n=2 ROI per hydrogel). For day 14 and day 

21 hydrogels, 1 ROI was imaged which captured roughly 80-100% of the entire gel area. 

Fluorescent images were artificially brightened for figures but not for analysis. 

 

Image Analysis 

Images were analyzed using a computational pipeline consisting of a FIJI macro and custom 

MATLAB algorithm (156). This pipeline allows for 3D quantification of vessel networks across 

image z-stacks. Briefly, individual images of each z-stack were blurred, filtered, and binarized 

using a FIJI macro. Then, the binarized images were analyzed using a custom MATLAB 

algorithm that quantified total branches + endpoints, branch points, number of vessels, and total 

network length from skeletonized images. Using Microsoft Excel, we then calculated the total 

network length / mm3, average branch length (network length / number of vessels), number of 

branches, and number of vessels for each sample. 

 

To compute the degree of overlap between CD31 signal and laminin/ZO-1 signal, CD31 and 

laminin/ZO-1 Z-stacks were binarized using the same FIJI macro listed above. Compressed 

copies of the Z-stacks were also created to match the size of the binarized images. Average pixel 

intensity was generated for both stains and the degree of overlap was then calculated by 

multiplying the binarized matrix of vessels by the binarized matrix of the proteins (Unpublished 

method from Victoria Barnhouse et al. in preparation). 
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Cytokine Array 

A Proteome Profiler Human Angiogenesis Array (R&D Systems ARY007) was used to 

determine relative levels of 55 angiogenesis-related proteins. Medium was collected at days 3 

and 6 of culture, stored at -80°C until use, and pooled for analysis. 500 μL of medium was used 

for each day (1 mL total per cytokine array; n=3 samples per condition). The array was run as 

per the manufacturer’s instructions and imaged (4 minute exposure) using an Amersham 

ImageQuant 800 Fluor system (Cytiva). Pixel density of each array spot was quantified using 

FIJI. The negative control spot averages were subtracted from the pixel density of each sample 

and then pixel density of each sample was normalized to the pixel density of positive control 

spots. 

 

STRING Analysis 

Statistical analysis was performed to determine which of the 55 angiogenesis-related proteins 

were statistically significantly different between groups. The resultant analysis revealed 14 

significant proteins. These 14 proteins were entered into the STRING (Search Tool for the 

Retrieval of Interacting Genes/Proteins) Database to determine known and predicted protein-

protein interactions (157-159). A network summary view was created using a medium 

confidence minimum required interaction score (0.400). 

 

Trophoblast and Perivascular Niche Interactions 

Perivascular Hydrogel Conditioned Media Effects on Trophoblast Motility 

Control and decidualized perivascular hydrogels were cultured as described above. Media were 

collected during media changes on days 3 and 6 of culture, filtered, and stored at -20°C until use. 
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Unconditioned ECM was also collected for use as a control. Conditioned media from days 3 and 

6 were pooled prior to adding to spheroid cultures. Spheroid motility assays were performed as 

described previously by our group (129, 139, 155). For these studies, we used Swan 71 cells 

derived from a 7-week first trimester placenta; however, no additional donor information was 

provided (160). Swan71 at passage one from receipt were cultured in growth medium consisting 

of phenol red-free DMEM (SCS Cell Media Facility, UIUC) supplemented with 10% charcoal-

stripped fetal bovine serum, 1% penicillin/streptomycin, and 500 ng/mL puromycin. Once 

passaged for experiments, the cells were cultured in phenol red-free DMEM, 2% charcoal-

stripped fetal bovine serum, and 1% penicillin/streptomycin (Swan71 motility medium). Cells 

were cultured in flasks until 80-90% confluence and added to round bottom plates (Corning 

4515; 4,000 cells/well) for at least 48 hours on a shaker (60 rpm) in the incubator until spheroids 

formed. Individual spheroids were encapsulated in GelMA hydrogels and maintained in 800 μL 

of medium (Swan71 motility medium, 50:50 Swan71 motility medium:ECM, or 50:50 Swan71 

motility medium:PVN-conditioned medium) for 3 days. Each encapsulated spheroid was imaged 

daily on a Leica DMI 4000 B microscope (Leica Microsystems). Total outgrowth area was 

calculated using the measure tool in FIJI by averaging three traced measurements of the 

outgrowth area. Fold change was calculated by normalizing outgrowth area to initial spheroid 

area (day 0). 

 

Trophoblast Conditioned Media Effects on Perivascular Hydrogels 

Swan71 at passage one from receipt were cultured in growth medium consisting of phenol red-

free DMEM (SCS Cell Media Facility, UIUC) supplemented with 10% charcoal-stripped fetal 

bovine serum, 1% penicillin/streptomycin, and 500 ng/mL puromycin. Swan71 cells were 
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cultured in a T75 culture flask and medium was collected at confluence, syringe filtered, and 

stored at -20°C until use. Unconditioned growth medium was also collected for use as a control. 

Co-culture hydrogels were fabricated and cultured as described above in ECM (control), a 50:50 

ratio of ECM to unconditioned Swan71 growth medium (media control), or 50:50 ratio ECM to 

Swan71 conditioned medium. Hydrogels were stained, imaged, and analyzed as described above. 

 

Triculture of Endometrial Endothelial, Stromal, and Epithelial Cells. 

Perivascular hydrogel cultures were prepared as described above and cast into Ibidi μ-Slides 

Angiogenesis (10 μL prepolymer solution; Ibidi 81506). Polymerized gels were then coated with 

Collagen 1 (EMD Millipore 08-115MI) and Collagen 3 (EMD Millipore CC054) using microbial 

transglutaminase (mTg; Zedira T001) (140, 141, 161). A 1:1 ratio of 0.5 mg/mL mTg and 10 

μg/mL ECM protein (1:1 ratio Collagen 1 and Collagen 3) were combined and 20 μL of this 

solution was pipetted onto hydrogels. Coated hydrogels were incubated for 1 hour in 5% CO2 

incubators at 37°C. A quick wash was performed using 20 μL of PBS. After the wash step, we 

seeded 200,000 EEC/cm2 onto hydrogels. We cultured tricultures for 7 days and subsequently 

stained them with CD31 and phalloidin (7 μL per 1000 μL solution) or cytokeratin 18 (CK18; 

1:250, Cell Signaling 24E10) using the protocol described above. We then took Z-stack images 

of each gel from the top of the gel as far down as we could visualize. We took 1 Z-stack per gel 

(n=2 gels per condition). 

 

Statistics  

OriginLab 2021b and RStudio were used for statistical analyses. Normality was determined via 

Shapiro-Wilkes and homoscedasticity was determined via Levene’s test. Data were analyzed 
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using a one-way analysis of variance (ANOVA) and Tukey post hoc test (normal, 

homoscedastic), Welch’s ANOVA and Games-Howell post hoc test (normal, heteroscedastic), 

Kruskall-Wallis ANOVA and Dunn’s post hoc test (non-normal, homoscedastic), or Welch’s 

Heteroscedastic F Test with Trimmed Means and Winsorized Variances and Games-Howell post 

hoc test (non-normal, heteroscedastic). Significance was set as p<0.05 and data are presented as 

mean ± standard deviation unless otherwise described.  Each quantitative experiment used n=3-6 

hydrogels unless otherwise noted. Plots were generated using OriginLab. 

 
4.4 Results 
 

Human endometrial microvascular endothelial cells (HEMEC) demonstrate angiogenic 

potential. 

We first assessed characteristic phenotypic markers of endothelial cells and the ability of 

HEMEC to form vessel structures. HEMEC plated on 2D plates expressed CD31 (Fig. 16A) and 

von Willebrand factor (Fig. 16B). HEMECs plated on Matrigel formed tubes transiently that then 

fell apart in less than 24 hours (Fig. 16C). Taken together, these results demonstrate that 

HEMECs express characteristic endothelial cell markers and they have the potential to form 

vessel-like structures in culture. 

 

Endometrial perivascular niche hydrogels can be cultured long term. 

To assess longevity and stability of endometrial perivascular niche cultures (PVNs), we cultured 

PVNs created using 3 different endothelial to stromal cell ratios for 28 days. All conditions 

contained a constant number of endothelial cells (500,000 cells/mL) but varied in the amount of 

added stromal cells in 2:1, 1:1, and 1:2 endothelial:stromal ratios (250,000 cells/mL, 500,000 
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cells/mL, or 1,000,000 cells/mL, respectively). Notably, the ability to form stable perivascular 

models was tightly tied to the ratio of perivascular cells. For the 1:1 endothelial:stromal cell 

ratio, total network length, branches, and vessels all increased from days 7 to 14 but branch 

length decreased (Fig. 17B-E) and by day 21, all 1:1 hydrogels had disintegrated. Increasing the 

number of stromal cells (1:2 ratio) did not improve perivascular niche stability. For the 1:2 

endothelial:stromal cell ratio, total network length, branches, and vessels all increased from days 

7 to 14 but then decreased from days 14 to 21 (Fig. 17B-E). Branch length decreased between 

days 7 and 14 but increased between days 14 and 21. The 2:1 endothelial:stromal ratio contained 

the least amount of stromal cells but was most stable over time. The 2:1 endothelial:stromal ratio 

showed increasing metrics of total network length, branches, and vessels from days 7 to 21 while 

branch length appeared to remain consistent across all days with only a slight decrease over time 

(Fig. 17B-E). Unfortunately, none of the cultures remained stable through 28 days: hydrogels for 

all 3 variants were completely disintegrated. 

 

Ratio of endothelial to stromal cells affects vessel complexity more so than addition of VEGF.  

Soluble VEGF was added to culture media to determine if additional exogenous proangiogenic 

factors would affect vessel complexity. We observed no significant differences in trends of 

metrics of perivascular network complexity as a result of VEGF inclusion (Fig. 18B-E), so we 

concluded that the endometrial PVNs do not need supplementation with additional 

proangiogenic factors. Based on these results and the results of the time course experiment, we 

selected the 2:1 ratio for all subsequent experiments because this condition resulted in the most 

consistent, stable networks over time. 
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PVN cultures deposit laminin and express tight junction marker ZO-1.  

We then assessed metrics of basement membrane protein deposition and expression of tight 

junction proteins. Immunofluorescent staining demonstrated laminin, a common basement 

membrane protein, deposition by both cell types (Fig. 19B). Additionally, we confirmed ZO-1 

expression with immunofluorescent staining, indicating tight junction expression in our cultures 

(Fig. 19C). We then quantified the degree of overlap between vessels (CD31+) and laminin/ZO-

1 (Fig. 19D-E). Laminin and CD31 had a 31.3% average overlap. ZO-1 had a 26.9% overlap. 

These results suggest that laminin and ZO-1 are expressed in close proximity to the endometrial 

perivascular networks formed within gelatin hydrogels. 

 

Endometrial stromal cell decidualization status modulates endometrial PVN complexity. 

We subsequently examined decidualization processes within the engineering endometrial 

perivascular networks using two common decidualization protocols. The first used the synthetic 

progestin medroxyprogesterone acetate (MPA) while the other used progesterone (P4). Shifts in 

perivascular network parameters in response to decidualization factors were compared to each 

other as well as to the control condition (no decidualization hormones). Total network length, 

branches, and vessels were greater for the MPA decidualization condition compared to control 

(Fig. 20B-E). Branch length was lower compared to the control for the MPA and P4 groups (Fig. 

20D). Total number of vessels increased for both decidualization conditions, with the MPA 

decidualization condition having the largest total number of vessels (Fig. 20E). Total network 

length and branches were not different between control and P4 decidualization conditions (Fig. 

20B-C). Total network length and average branch length were not different between MPA and 

P4 groups but total branches were increased in the MPA group compared to the P4 group (Fig. 
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20B-E). Taken together, these results suggest decidualization status as well as choice of 

decidualization hormone cocktail strongly influence vessel network complexity in gelatin 

hydrogels. 

 

Decidualization status strongly influences endometrial PVN secretome. 

We subsequently used a cytokine array was used to detect qualitative differences in secretion by 

perivascular cultures across the three conditions (control, decidualized-MPA, decidualized-P4). 

We quantified the average mean pixel density of cytokine spots and normalized it to the positive 

control spots (Fig. 21B). We compared secretion of characteristic decidual markers prolactin and 

IGFBP-1 (insulin-like growth factor binding protein 1) in decidualized conditions compared to 

control (Fig. 21C). We observed an increase in prolactin and IGFBP-1 in decidualized conditions 

compared to control, strongly indicating that the stromal cells were decidualized in the presence 

of decidualization hormones. Subsequently, we performed statistical analysis across the 55 

proteins to assess which were statistically significantly different across groups. We identified 14 

proteins with significantly different levels: activin A, angiogenin, angiopoietin-1, amphiregulin, 

endoglin, endostatin/collagen XVIII, endothelin-1, FGF-1 (FGF acidic), IGFBP-2, Pentraxin 3 

(PTX3), PDGF-AA, Platelet Factor 4 (PF4), Prolactin, and Serpin F1 (Fig. 21D; Table 1). P-

values for statistical analysis can be found in Supplemental Information Figure 2. We then used 

STRING to generate a network summary of predicted protein associations between the 14 

proteins (Fig. 21E). The STRING network contained 14 nodes, 25 edges, 3.57 average node 

degree with an average local clustering coefficient of 0.495 and PPI enrichment p-value < 

1.0x10-16. STRING analysis demonstrated numerous interactions between these factors, except 

for PF4, Prolactin, and Amphiregulin. Gene ontology analysis from STRING suggests that these 
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cytokines play numerous roles, notably in blood vessel development and branching, regulation of 

endothelial cell proliferation, and branch elongation of an epithelium. The molecular functions of 

these cytokines include activin, growth factor, and glycosaminoglycan binding and receptor 

ligand activity. Most of these cytokines are associated with the basement membrane, ECM, 

extracellular space, and cytoplasmic vesicles.  

 

Perivascular niche secreted factors influence trophoblast invasion, but trophoblast secreted 

factors do not affect vessel network complexity. 

We then examined whether reciprocal crosstalk between endometrial perivascular cells and 

trophoblast cells influences cell activity. We first examined how perivascular niche secreted 

factors affect trophoblast motility. We then assessed whether and how trophoblast secreted 

factors influenced perivascular niche complexity. We quantified Swan71 trophoblast outgrowth 

area for 3 days after treatment with conditioned media from control and decidualized 

perivascular niche hydrogel cultures (Fig. 22). We found that outgrowth area after encapsulation 

had no difference between groups (Fig. 22B); however, by day 3, we observed significant 

(p=3.8x10-5) differences across groups for outgrowth area and fold change in outgrowth area 

compared to day 0 (Fig. 22C). Dunn’s post hoc analysis revealed four significant differences 

between outgrowth area groups: conditioned media (control-not decidualized) and conditioned 

media (MPA-decidualized) (p=4.35x10-5), conditioned media (control-not decidualized) and 

control (p=0.016), conditioned media (MPA-decidualized) and conditioned media (P4-

decidualized) (p=0.036), and conditioned media (MPA-decidualized) and media control 

(p=0.011). Fold change was then calculated by normalizing initial spheroid outgrowth area to 
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outgrowth area on day 3. This trend was also observed in fold change in outgrowth area, with 

p=3.69x10-5, p=0.016, p=0.046, and p=0.011, respectively. 

 

Next, we quantified metrics of vessel network complexity in the presence an absence of 

conditioned medium from Swan71 trophoblast cells (Fig. 23). We observed no differences in 

total network length/mm3, total number of branches, and total number of vessels in the presence 

of conditioned media from Swan71 cells (Fig. 23B,C,E); however, branch length was decreased 

between the media control (50:50 media ratio) and control (Swan71 invasion media) conditions 

(Fig. 23D), likely due to increased serum content that was not depleted by cells. 

 

Demonstration of a stratified endometrial epithelial culture overlaying a perivascular niche 

Finally, we fabricated an endometrial triculture model to replicate the stratified structure of the in 

vivo endometrium by overlaying primary endometrial epithelial cells over the embedded 

perivascular culture (Fig. 24). This resulted in a model consisting of two stratified components: 

an epithelial culture and an embedded perivascular culture. Using Volume Viewer in FIJI, we 

observed an epithelial layer overlaying our perivascular compartment (Fig. 24B). Then, to assess 

epithelial cell morphology and phenotype, we stained our cultures with CK18 which is also a 

marker of epithelial cell attachment (Fig. 24C). We observed regions of epithelial monolayers 

that positively express CK18 which demonstrates that the epithelial cells are attached to the gel.  
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4.5 Discussion 
 

Understanding endometrial angiogenesis is important for a variety of reasons. Angiogenesis and 

vessel remodeling in the endometrium occurs during the menstrual cycle as the tissue is rebuilt 

and differentiates to prepare for potential pregnancy. Subsequently, if successful implantation 

occurs, trophoblast cells from the blastocyst will remodel the existing vasculature to provide 

blood flow to the growing fetus and placenta. Here, we demonstrate the creation of a three-

dimensional artificial endometrial perivascular niche embedded in gelatin hydrogels. We 

demonstrate hormone-responsiveness of the perivascular cultures in the presence of 

decidualization hormones and quantify variation in network complexity and soluble factor 

secretion across conditions. We then use these cultures to determine how crosstalk between the 

perivascular niche and trophoblast cells affect trophoblast motility and network complexity. 

Finally, we demonstrate the creation of an endometrial model consisting of primary endometrial 

epithelial cells overlaying the perivascular cultures. Taken together, we have defined elements of 

a stratified endometrial model system that offers significant potential to gain mechanistic insight 

into endometrial remodeling and changes in endometrial vascular networks in response to 

decidualization factors. 

 

Most existing in vitro models of vasculature utilize human umbilical vein endothelial cells 

(HUVECs) as their endothelial cell source due to their wide availability, capacity to be passaged 

numerous times, and excellent ability to form vessels in vitro (162). However, HUVECs are 

derived from umbilical cords and are not tissue-specific which calls into question the use of such 

cells for the development of tissue-specific vasculature models. Here, we utilize HEMECs as an 

endothelial cell source to create an endometrial-specific model of the endometrial perivascular 
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niche. We also used HESCs as an endometrial stromal cell source. The addition of a stromal 

population to endothelial cells encourages and supports formation of endothelial networks for 

long-term culture (163-165). Without stromal cells, endothelial cells form endothelial structures 

that last only transiently and fall apart over time, consistent with our results from our tube 

formation assay. To determine the best ratio of endothelial to stromal cells for our perivascular 

cultures, we tested 3 ratios of cells (1:1, 1:2, and 2:1). From these experiments, we determined 

that a 2:1 ratio of endothelial to stromal cells was best because this ratio allowed for 20+ days of 

perivascular culture and was most consistent over time. Our studies suggest that less stromal 

cells are conducive to perivascular stability over time. Our observations suggest that this is 

because stromal cells are highly contractile and contract the gel matrix over time. More stromal 

cells result in more gel contraction which tends to increasingly shrink gels over time and lead to 

disintegration. 

 

We then demonstrate that endometrial perivascular cultures do not need exogenous pro-

angiogenic factors (VEGF) added to media to promote network formation. Further, these cultures 

express markers of vessel network maturity such as basement membrane protein deposition and 

tight junction markers. Our artificial perivascular cultures demonstrate some similarities to the 

native endometrium. The average vessel length per branch point was determined to be 

approximately 100-200 μm across the menstrual cycle and this value varies depending on cycle 

phase (92). Although our average branch values were less than these in vivo values, we observed 

significant differences in network complexity with the addition of hormones. This indicates that 

perivascular cultures formed in vitro from endometrial derived endothelial and stromal cells are 

hormone responsive. Given emerging literature seeking to better define population variation in 
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hormone concentration across the menstrual cycle, an engineered endometrial perivascular 

network may provide the opportunity to quantify shifts in vessel complexity in response to 

exogenous hormone signals representative of discrete menstrual cycle phases. Future work to 

assess lumen formation and patent vessels would allow for the creation of perfusable networks to 

assess molecule transport and vessel perfusion in the context of pregnancy. 

 

We subsequently sought to determine how decidualization status of stromal cells affects the 

perivascular niche. Decidualization is necessary and critical to prepare the endometrium for a 

potential pregnancy (144). Recapitulating such a process may be important for an endometrial 

model system used to study implantation events. For these studies, we chose two decidualization 

protocols commonly used in the literature (72, 107, 108, 166-168). One employs the synthetic 

progestin medroxyprogesterone acetate (MPA) and the other uses progesterone (P4). Across our 

studies, we observed differences in the effects of these two protocols in our perivascular cultures, 

notably the effects of the P4-decidualized condition did not seem to increase total network 

length/mm3, total vessels, and total branches as much as the MPA-decidualized condition and we 

also observed differences in the soluble factor secretion between these decidualization conditions 

as well. This indicates that the mode of decidualization affects network complexity and soluble 

factor secretion so choice of decidualization protocol may impact cellular behavior. Analysis of 

our perivascular cultures in the absence and presence of decidualization hormones revealed an 

increasing trend for total network length/mm3, total number of branches, and total number of 

vessels with the addition of hormones; however, the mode of decidualization affected these 

results. On the other hand, branch length significantly decreased with the addition of hormones. 

Observations from human specimens demonstrate that the endometrial spiral arterioles grow, 
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lengthen, and coil during the secretory phase of the menstrual cycle (phase when decidualization 

occurs) (55). These data are consistent with our observations, further demonstrating that this 

model system captures endometrial physiologic responses in vitro.  

 

Next, we analyzed the secretome of our control and decidualized cultures to determine 

differences in secreted factors. Our analysis of the perivascular secreted factors detected 14 

cytokines with statistically significant differences between the conditions: Activin A (Gene ID 

3624), Amphiregulin (AR; Gene ID 374), Angiogenin (ANG; Gene ID 283), Angiopoeitin-1 

(Ang-1; Gene ID 284), Endoglin (ENG; CD105; Gene ID 2022), Endostatin/Collagen XVIII 

(Gene ID 80781), Endothelin-1 (ET-1; Gene ID 1906), FGF acidic (FGF-1; Gene ID 2246), 

IGFBP-2 (Gene ID 3485), PDGF-AA (Gene ID 5154), Pentraxin 3 (PTX3; TSG-14; Gene ID 

5806), Platelet Factor 4 (PF4; CXCL4; Gene ID 5196), Prolactin (Gene ID 5617), and Serpin F1 

(PEDF; Gene ID 5176). These 14 proteins can be broadly characterized into proteins associated 

with angiogenesis, vessel stabilization, and vessel maturation (Angiogenin, Angiopoietin-1, 

Endostatin/Collagen XVIII, FGF-1, PDGF, PTX3, Serpin F1), proteins relevant to endometrial 

function and receptivity (Amphiregulin, Endoglin, Endothelin-1, IGFBP-2, PF4), proteins 

relevant to decidualization and stromal cells (Activin A, Angiogenin, PDGF, Prolactin). 

 

Angiogenin, Angiopoietin-1, Endostatin/Collagen XVIII, FGF-1, PDGF, PTX3, and Serpin F1 

are related to angiogenesis, vessel stabilization, and vessel maturation. Angiogenin is a heparin-

binding protein found to induce angiogenesis (169). In the context of endometrial function, 

Western Blot analysis indicated that angiogenin expression is enhanced in the decidualized 

endometrium (169). Endometrial stromal cells treated with progesterone did not show 
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differences in angiogenin concentrations until after 14 days of culture which may explain why 

we did not observed increased angiogenin levels compared to the control after only 6 days of 

culture (169). Dibutyryl cAMP was also found to increase angiogenin concentrations but the 

shorter timeframe for our experiments could explain why we did not see a significant increase in 

our samples (169). Ang-1 plays a role in maintaining vessel integrity and vascular remodeling 

(145). In concert with VEGF-A, Ang-1 increases vessel diameter and vascular network 

maturation (145). Low levels of Ang-1 are found in endometrial stromal fibroblasts and this 

decreases over the menstrual cycle (170). We observed a significant decrease in Ang-1 in one of 

the decidualization conditions compared to control. Although the second condition did not show 

a significant decrease, it did appear to be slightly lower than the control values. Endostatin is an 

inhibitor of angiogenesis but plays a role in maturation and stabilization of endothelial tubes 

(171). We observed slight increases in endostatin in decidualized cultures compared to the 

control which could indicated maturation and stabilization of cultures in the presence of 

hormones. FGF-1 is part of the fibroblast growth factor family and is a heparin-binding protein 

shown to promote angiogenesis (170, 172). FGF-1 is found in the endometrium but is more 

prevalent in endometrial epithelial cells compared to endometrial stromal cells (170). FGF-1 was 

increased in decidualized samples. Insulin-like growth factors (IGFs) are regulated in part by 

their binding proteins (IGFBPs) (173). PDGF-AA (the AA isoform of platelet-derived growth 

factor) is a growth factor shown to have roles in cell proliferation, angiogenesis, inflammation, 

and tissue repair (174). In the endometrium, PDGF is likely produced by endometrial stromal 

cells and also induces their proliferation, motility, and contractility (174). PDGF-AA was 

increased in decidualized samples which could indicate greater proliferation or motility of cells. 

PTX3 plays roles in immune response, angiogenesis, and extracellular matrix remodeling (175). 
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PTX3 has also been shown to play a key role in female fertility, specifically in mice studies 

(175). Studies have demonstrated that Ptx3 null mutant mice had severe defects, including 

defective decidualization, that led to infertility (175). Furthermore, PTX3 expression was 

observed to be higher in the decidua in proximity to trophoblast and PTX3 expression was shown 

to be upregulated by trophoblast conditioned medium (175). This suggests that PTX3 is likely 

important in stromal cell decidualization and implantation, although the mechanisms surrounding 

this remain unknown in humans. We observed decreased secretion of PTX3 in decidualized 

samples. Finally, Serpin F1 is part of the serine protease inhibitor (serpin) family but only 

structurally, not functionally (176). Serpin F1 is antiangiogenic and is shown to be increased by 

progesterone and decreased by estradiol (176). This contrasts with our results which showed that 

the E2+P4+dcAMP decidualization condition had significantly more Serpin F1 compared to 

control and MPA+8-Br-cAMP conditions.  

 

Amphiregulin, Endoglin, Endothelin-1, IGFBP-2, PF4 are proteins relevant to endometrial 

function and receptivity. Amphiregulin is a member of the epidermal growth factor (EGF) family 

and has a role in uterine receptivity and blastocyst attachment (177). Amphiregulin has been 

found in the luminal epithelium at the site of blastocyst apposition and its expression is 

correlated with an increase in progesterone levels and blastocyst attachment (177). Our data also 

demonstrate this trend, with significantly increased levels of Amphiregulin in decidualized 

cultures. Endoglin is a TGFβ receptor and is expressed in uterine endothelial and stromal cells 

(178). In mice, endoglin expression was shown to increase during the receptive phase of the 

menstrual cycle (178). We did not observe this trend in our cultures. Endothelins have vascular 

effects including vasoconstriction and also play a role in myometrial contraction (144, 179). 
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These roles are crucial for menstruation as well as pregnancy. Endothelin was increased in 

decidualized samples. IGFBP-2 in particular has been shown to be localized to the endometrial 

stroma and more abundant in the secretory phase according to Northern Blot analysis of 

endometrial mRNA (180). These observations contrast with our observations. We observed 

significantly more IGFBP-2 levels in control samples compared to the decidualized samples. 

CXCL4 is part of the CXC family and plays a role in chemotaxis of neutrophils and monocytes 

as well as inducing differentiation of peripheral blood monocytes (181). P4, also called CXCL4, 

inhibits endothelial cell proliferation and has been detected at high concentrations at regions of 

vascular injury, suggesting it may have a role in repair (181). In the endometrium, CXCL4 

mRNA was detected in human biopsy samples through the menstrual cycle and 

immunohistochemistry data showed increased staining intensity during the secretory and 

menstrual phases (181). CXCL4 is regulated by progesterone withdrawal which suggests it likely 

has a role in endometrial repair following menses (181). Our results were consistent with these 

data: CXCL4 secretion was increased in decidualized samples.  

 

Activin A, Angiogenin, PDGF, Prolactin are proteins relevant to decidualization and stromal 

cells. Activin A is a member of the TGFβ family and has been found to play roles in tissue 

remodeling and stimulation of follicle-stimulating hormone (FSH) (182). Activin A is produced 

in high concentrations by decidualized stromal cells and interacts with matrix metalloproteinases 

(MMPs) to promote matrix remodeling in the decidual response (182, 183). Our data were 

consistent with these previous observations: we observed significantly increased levels of 

Activin A in decidualized perivascular hydrogels compared to control.  
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Although much of our data are consistent with the literature, differences could be due to donor 

variability or the use of cell lines instead of primary cells (76, 153, 154). For example, previous 

data using endometrial epithelial cells noted donor to donor differences in epithelial cell behavior  

so we would suspect to see potential differences in the use of donor-derived HEMECs as well 

(76). This could be further explored using additional cells from more donors. Furthermore, 

signaling from other cells in the endometrium (e.g., epithelial cells, natural killer cells, immune 

cells, etc.) could alter the secretome of stromal and endothelial cells which could account for 

some of these differences (97, 145, 184, 185). Expanded studies using additional endometrial 

cell types could begin to probe these differences and glean additional insights into the secretome 

of other endometrial cells. 

 

We then assessed crosstalk between the endometrial perivascular niche and Swan 71 trophoblast 

cells. The conditioned media control condition (conditioned media from non-decidualized 

perivascular cultures) increased trophoblast motility the most compared to the other conditions. 

Interestingly, the two decidualization conditions (MPA- and P4-decidualized) induced 

differential responses regarding trophoblast motility. Interestingly, the P4-decidualized condition 

medium showed an increase in trophoblast motility compared to the control (Swan71 invasion 

medium); however, the MPA-decidualized condition did not and showed less outgrowth area 

compared to the control. Although conditioned media (MPA- and P4-decidualized) from 

decidualized perivascular networks only induced a moderate increase in trophoblast motility, this 

only represents a single condition of hormone stimulation targeting initial decidualization events. 

There is a significant opportunity for future efforts to examine how trophoblast motility change 

in response to a more complex, dynamic secretome based on hormone concentrations 
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representative of greater shifts across the menstrual cycle. Notably, treatment of perivascular 

cultures with Swan71 trophoblast conditioned medium did not change the majority of markers 

used to assess vessel complexity; however, we did observe decreased branch length in the media 

control condition (50:50 ratio Swan71 invasion medium and ECM medium) compared to the 

control condition (Swan71 invasion medium). This could be because the Swan71 unconditioned 

growth medium contains less proangiogenic factors compared to ECM. 

 

Finally, we demonstrate the creation of an endometrial triculture consisting of an endometrial 

epithelial layer overlaying the embedded perivascular system. Our work herein demonstrates an 

endometrial model of increased complexity compared to existing models that incorporates three 

endometrial cell types in one model system. We chose collagen I and collagen III as the 

basement membrane layer because our previous work demonstrated that this combination of 

ECM biomolecules resulted in the best epithelial cell attachment (161). Our model expands upon 

existing stratified endometrial model systems because we have added additional complexity by 

not only including stromal cells but also endothelial cells to create an embedded vascular culture 

instead of only an embedded stroma (76). Future work consists of quantification of vessel 

network metrics for the triculture and further hormonal work to determine how decidualization 

affects not only the perivascular compartment but also the epithelial layer. 

 

Future opportunities for these studies include development an endometrial perivascular niche 

using primary endometrial stromal cells. HESCs are the most widely used cell line for 

endometrial stromal cells; however, as hTERT-immortalized cells, they may not mimic 

endometrial stromal cells as closely as primary cells could. The use of patient-derived cells could 
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ameliorate this challenge and provide additional insights into endometrial perivascular function. 

Additionally, we report data from only one point in the menstrual cycle. We aim to quantify 

metrics of network formation across the entire menstrual cycle to assess cyclic vessel formation 

and remodeling. Furthermore, studies in humans have shown variation in menstrual cycle length 

and hormone profiles (33, 186). To capture patient variation in our model system, our future 

studies will incorporate different hormone profiles. 

 
4.6 Conclusions 
 

Here, we describe the creation of an artificial endometrial perivascular niche embedded in 

GelMA hydrogels. Engineered endometrial perivascular cultures display hormone-

responsiveness in our cultures, including variation in network complexity and secretion of 

soluble factors. Perivascular network conditioned medium increased trophoblast motility in 

spheroid motility assays; however, trophoblast conditioned medium showed limited effect on 

perivascular niche complexity. Finally, we create a stratified endometrial model consisting of an 

endometrial epithelium overlaying an embedded perivascular niche. Tissue engineering models 

such as these not only provide novel platforms for assessing endometrial function but also allow 

us to probe questions regarding implantation that are currently impossible to answer in humans 

due to ethical constraints, challenging time points, and lack of imaging modalities. With the 

creation of these platforms, we hope to provide researchers with novel technologies that can 

further the field of female reproductive health. 
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4.7 Table 
 

Table 3. Relevance of cytokines to endometrial function.  

Protein Relevance References 
Activin A Expressed in decidualized 

stromal cells 
(182, 183) 

Amphiregulin Role in receptivity and 
blastocyst attachment 

(177) 

Angiogenin Angiogenesis; 
Decidualization 

(169) 

Angiopoetin-1 Maintains vessel integrity and 
vascular remodeling 

(145, 170) 

Endoglin Endometrial receptivity (178) 
Endostatin/Collagen XVIII Maturation and stabilization 

of vessels 
(171) 

Endothelin-1 Vasoconstriction; Myometrial 
contraction 

(144, 179) 

FGF-1 Angiogenesis (170, 172) 
IGFBP-2 Found in stroma; Abundant in 

secretory phase 
(173, 180) 

PDGF Angiogenesis; Stromal cell 
motility and proliferation 

(174) 

Pentraxin 3 Angiogenesis; Matrix 
Remodeling; Inflammation; 

Decidualization 

(175) 

Platelet Factor 4 Repair following menses (181) 
Prolactin Decidualization (35) 
Serpin F1 Regulation of angiogenesis (176) 
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4.8 Figures 

 
Figure 15. Development and characterization of an artificial endometrial perivascular 

niche model. Encapsulated endometrial endothelial and stromal cells are co-cultured in 

methacrylamide-functionalized gelatin hydrogels for 7 days and are subsequently analyzed for 

vessel network complexity, soluble factor secretion, and matrix remodeling. Created with 

Biorender.com. 
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Figure 16. Angiogeneic potential of human endometrial microvascular endothelial cells 

(HEMEC). HEMEC cultured on well plates express characteristic endothelial cell markers such 

as (A) CD31 (cluster of differentiation 31) and (B) von Willebrand factor. (C) HEMEC 

demonstrate the ability to form tubes on Matrigel that form transiently and fall apart in less than 

24 hours. Scale bar: 100 μm. 
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Figure 17. 28-day culture of an artificial endometrial perivascular niche. (A) Experimental 

summary. (B) Quantification of total vessel length per mm3 , (C) total number of branches, (D) 

average branch length, and (E) total number of vessels at days 7, 14, and 21 (n=6 hydrogels per 

condition; 3 ROI imaged per gel and averaged) of varying endothelial to stromal cell ratios.  
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Figure 17 (cont), Groups with different letters are statistically significantly different from each 

other. Data presented as mean ± standard deviation. Created with Biorender.com. 
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Figure 18. Optimization of an artificial endometrial perivascular niche. (A) Experimental 

summary. (B) Quantification of total vessel length per mm3 , (C) total number of branches, (D) 

average branch length, and (E) total number of vessels for control and vascular endothelial 

growth factor (VEGF) samples  (n=6 hydrogels per condition; 3 ROI imaged per gel and 

averaged) of varying endothelial to stromal cell ratios. Groups with different letters are  
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Figure 18 (cont), statistically significantly different from each other. Data presented as mean ± 

standard deviation. Created with Biorender.com. 

 

Figure 19. Characterization of extracellular matrix deposition and tight junction 

expression in perivascular cultures. (A) Experimental summary. Maximum intensity  
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Figure 19 (cont), projections of Z-stacks of artificial endometrial perivascular niche hydrogel 

cultures stained for CD31 (HEMEC-endothelial cells) and (B) laminin (C) and ZO-1. Green-

CD31; Red-Laminin or ZO-1; Blue-Nuclei. Percent overlap was calculated between CD31 signal 

and (D) laminin and (E) ZO-1. n=2-3 hydrogels per condition. Data presented as mean ± 

standard deviation. 2 ROI imaged per gel. Scale bars: 100 μm. Images artificially brightened for 

visualization using FIJI. Created with Biorender.com. 
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Figure 20. Stromal cell decidualization in an artificial endometrial perivascular niche. (A) 

Experimental summary. (B) Quantification of total vessel length per mm3 , (C) total number of 

branches, (D) average branch length, and (E) total number of vessels for control and decidualized 

samples (n=6 hydrogels per condition; 3 ROI imaged per gel and averaged). Two decidualization 

conditions were tested. Control condition contained no added decidualization hormones. Groups 

with different letters are statistically significantly different from each other. Data presented as  
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Figure 20 (cont), mean ± standard deviation. MPA: medroxyprogesterone acetate, Br-cAMP: 

bromoadenosine cyclic AMP, E2: estradiol, P4: progesterone, dcAMP: dibutyryl cyclic AMP. 

Created with Biorender.com. 

 

Figure 21. Cytokine secretion across control and decidualized artificial perivascular niche 

samples. (A) Experimental summary. (B) Cytokine array normalized mean pixel density results. 

(C) Normalized mean pixel density for characteristic decidual proteins Prolactin and IGFBP-1  
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Figure 21 (cont), across groups. (D) Normalized mean pixel density for statistically significantly 

different cytokines across groups. Groups with different letters are statistically significantly 

different from each other. Data presented as mean ± standard deviation. MPA: 

medroxyprogesterone acetate, Br-cAMP: bromoadenosine cyclic AMP, E2: estradiol, P4: 

progesterone, dcAMP: dibutyryl cyclic AMP. N=3 hydrogels per condition. (E) STRING 

analysis of statistically significantly different cytokines in homo sapiens. Red line-fusion 

evidence. Green line-neighborhood evidence. Blue line-concurrence evidence. Purple line-

experimental evidence. Yellow line-textmining evidence. Light blue line-database evidence. 

Black line-coexpression evidence. COL18A1-Collagen alpha-1 (XVIII). ANGPT1-Angiopoetin-

1. FGF1-Fibroblast growth factor 1. AREG-Amphiregulin. PTX3-Pentaxin-related protein 3. 

EDN1-Endothelin-1. ENG-Endoglin. ANG-Angiogenin. PRL-Prolactin. ACVR2B-Activin 

receptor type-2B. PF4V1-Platelet factor 4 variant. IGFBP-2-Insulin-like growth factor binding 

protein 2. FGF1-Fibroblast growth factor 1. SERPINF1-Pigment epithelium derived factor. 

Created with Biorender.com. 
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Figure 22. The effects of perivascular conditioned media on trophoblast motility. (A) 

Experimental summary. (B) Quantification of total outgrowth area (mm2)  and (C) fold change in 

outgrowth area at Day 3 compared to Day 0 (encapsulation). Groups with different letters are 

statistically significantly different from each other. Data presented as mean ± standard deviation. 

CM: Conditioned Media, MPA: medroxyprogesterone acetate, P4: progesterone. Created with 

Biorender.com. 
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Figure 23. Effects of Swan71 trophoblast conditioned medium on endometrial perivascular 

niche complexity. (A) Experimental summary. (B) Quantification of total vessel length per 

mm3, (C) total number of branches, (D) average branch length, and (E) total number of vessels 

for control, media control, and conditioned media samples (n=6 hydrogels per condition; 3 ROI 

imaged per gel and averaged). Groups with different letters are statistically significantly different 

from each other. Data presented as mean ± standard deviation. Created with Biorender.com. 
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Figure 24. Fabrication of a stratified endometrial model. (A) Experimental summary. (B) 

FIJI Volume Viewer maximum intensity projection showing phalloidin-stained cells with EEC 

layer overlaying perivascular compartment. (C) Maximum intensity projections of Z-stacks of 

triculture hydrogel cultures stained for cytokeratin 18 (CK18). Scale bars: 100 μm. Created with 

Biorender.com. 
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CHAPTER 5: TUNING TROPHOBLAST MOTILITY IN A GELATIN HYDROGEL VIA 
SOLUBLE CUES FROM THE MATERNAL-FETAL INTERFACE5 

 
5.1 Chapter Overview 
 
Trophoblast cells play multiple critical roles in pregnancy, notably modulating blastocyst 

attachment to the endometrium as well as invading into and actively remodeling the 

endometrium to facilitate biotransport needs of the growing embryo. Despite the importance of 

trophoblast invasion for processes essential at early stages of pregnancy, much remains unknown 

regarding the balance of signaling molecules that may influence trophoblast invasion into the 

endometrium. The goal of this study was to use three-dimensional trophoblast spheroid motility 

assays to examine the effect of cues from the maternal-fetal interface on trophoblast motility. We 

report use of a methacrylamide-functionalized gelatin (GelMA) hydrogel to support quantitative 

analysis of trophoblast outgrowth area and cell viability. We show this multidimensional model 

of trophoblast motility can resolve quantifiable differences in outgrowth area and viability in the 

presence of a known invasion promoter, epidermal growth factor, and a known invasion 

inhibitor, transforming growth factor β1. We then investigate the sensitivity of trophoblast 

motility to cortisol, a hormone associated with exogenous stressors. Together, this approach 

provides a toolset to investigate the coordinated action of physiological and pathophysiological 

processes on early stages of trophoblast invasion. 

 

 

 
5 This chapter is adapted from the following publication: Zambuto SG, Clancy KBH, Harley BAC. Tuning 
Trophoblast Motility in a Gelatin Hydrogel via Soluble Cues from the Maternal-Fetal Interface. Tissue Eng Part A. 
2020;27(15-16):1064-73. Epub 2020/11/21. doi: 10.1089/ten.tea.2020.0097. PubMed PMID: 33216701. 
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5.2 Introduction 
 
Pregnancy is a complex biological process that involves molecular dialogue between trophoblast 

cells from the invading blastocyst and cells from the target of implantation, the endometrium. 

This dialogue coordinates the extent of trophoblast invasion into the endometrium. Although 

variations in trophoblast invasion are believed to impact the success of a pregnancy (39, 40, 42, 

187), much remains unknown regarding pathological signaling processes that drive trophoblast 

invasion into the endometrium. Implantation occurs when the blastocyst establishes a stable 

connection with the endometrium (39, 42). In order for implantation to occur, the endometrium 

must undergo preparation via hormonal priming and enter what is known as the implantation 

window, a short 4-day window during the mid-secretory phase of a 28-day menstrual cycle (42, 

188). Human implantation is thought to occur in three phases: apposition, adhesion, and invasion 

(39, 188). Apposition is defined as initial, unstable attachment of the blastocyst to the 

endometrial luminal epithelium (42, 188). Adhesion initiates physical interactions between 

trophoblast cells from the blastocyst and endometrial epithelium (42, 188). Finally, invasion 

occurs when trophoblast cells breach the endometrial epithelium and subsequently invade into 

the underlying stroma (42, 188). Perturbations in the implantation processes can result in a 

variety of pregnancy disorders. Implantation failure accounts for approximately 75% of failed 

pregnancies and represents a significant challenge to fertility (39, 42). Implantation failure is not 

clinically recognized as a pregnancy and defective implantation likely causes adverse effects that 

compound over the course of the pregnancy. These defects can result in poor pregnancy 

outcomes, including the hypertensive pregnancy disorder preeclampsia, intrauterine growth 

restriction, and recurrent pregnancy loss (39). Because implantation involves a highly 

coordinated molecular dialogue between endometrial cells and trophoblast cells, developing a 
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deeper understanding of the biological mechanisms surrounding implantation may provide 

critical insights into pregnancy and pregnancy disorders. 

 

Implantation has never been observed in humans due to ethical concerns regarding studying 

pregnancy in humans as well as a lack of tools to study this process in the body (42, 189, 190). 

The blastocyst is fully embedded in the endometrial stroma by approximately 10 days post-

conception which provides a unique challenge to obtaining direct mechanistic evidence 

regarding what influences trophoblast invasion into the endometrium (42). Rare histological 

specimens have allowed us to glean some information on implantation in human specimens; 

however, only a limited number of samples exist and these specimens cannot provide 

information on implantation in real time (42, 189). Additionally, inferring mechanistic processes 

from animal models may not be accurate due to significant differences between human and 

animal pregnancy, even amongst humans and non-human primates (190). Although we can use 

two-dimensional assays, including wound healing assays and Boyden chamber assays, to probe 

biological mechanisms of implantation, these traditional types of invasion assays cannot 

recapitulate the complexity necessary to capture dynamic processes associated with trophoblast 

invasion such as matrix remodeling. Tissue engineered models allow for mechanistic studies 

using rare populations of cells cultured for extended periods of time in three-dimensional 

environments. Such models can replicate relevant biophysical properties inspired by the native 

tissue, including matrix stiffness, extracellular matrix composition, and three-dimensional 

architecture. Advanced tissue engineered platforms have increasingly been utilized to study 

trophoblast invasion and migration in three-dimensional biomaterial platforms (85, 110, 111, 

191); however, some limitations still remain with existing models. The use of three-dimensional 
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bioprinting (85, 191) and microfluidic technology (110) allows for tracking migration of 

trophoblast cells toward soluble factor gradients within biomaterials but these models quantify 

migration in dissociated cells and hence, do not recapitulate the native spherical structure of an 

invading blastocyst. Existing models that utilize embryos (111) utilize Matrigel which contains a 

heterogeneous combination of extracellular matrix proteins and exhibits significant lot to lot 

variability (127, 192). Further, these models did not quantify trophoblast invasion from the 

embryo. Adaptation of tissue engineered platforms of increasing complexity can address these 

issues by employing homogeneous, well-characterized materials and replicating native tissue 

structure and they can provide additional tools to study core processes associated with 

trophoblast invasion as they relate to pregnancy and pregnancy disorders. 

 

The overall objective of this study was to use methacrylamide-functionalized gelatin (GelMA) 

hydrogels and advanced trophoblast spheroid motility assays to quantify trophoblast motility and 

cell viability in the presence of cues from the maternal-fetal interface. We show this 

multidimensional model can quantify trophoblast spheroid outgrowth area and viability using 

known promoters (epidermal growth factor; EGF) and inhibitors (transforming growth factor β1; 

TGFβ1) of trophoblast motility to demonstrate the relevance of our platform for such studies. 

EGF is a decidual factor which has been shown to stimulate trophoblast migration (85, 193, 194). 

Transforming growth factor β superfamily members are expressed in the endometrium, with 

TGFβ1 present in endometrial epithelial and stromal cells (115). Production and secretion of 

TGFβ by epithelial cells during the secretory phase suggest that it may play a role in 

implantation (115). Next, we investigate the effects of cortisol, a steroid hormone produced in 

response to stressors, on trophoblast motility and quantify trophoblast spheroid outgrowth area 
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and viability. Cortisol is a steroid hormone that increases as part of the physiological stress 

response. The overlap between the hypothalamic-pituitary-adrenal and hypothalamic-pituitary-

ovarian axes make cortisol highly relevant to reproductive function and thus a variety of 

processes of pregnancy (26, 195). Psychosocial stressors during pregnancy can arise from 

poverty, intimate partner violence, lack of social support, and structural and interpersonal racism, 

have been associated with increased risk for certain pregnancy disorders, such as preterm birth, 

low birth weight, and preeclampsia (13, 28, 196, 197). Nonetheless, poorly understood processes 

of how psychosocial stressors affects early events in pregnancy such as trophoblast motility 

motivate our use of a tissue engineered platform to investigate the role of soluble cues from the 

maternal-fetal interface on trophoblast invasion. 

 
5.3 Materials and Methods 
Hydrogel Fabrication and Characterization 

Methacrylamide-Functionalized Gelatin (GelMA) Synthesis and Hydrogel Fabrication 

Methacrylamide-functionalized gelatin with 57% degree of functionalization, determined by 1H-

NMR, was synthesized as described previously using the one-pot method developed by 

Shirahama et al. (64, 129). Lyophilized GelMA (129) was dissolved in phosphate buffered saline 

(PBS; Lonza, 17-516F) at 37°C to make 5 wt% polymer solutions. 0.1% w/v lithium 

acylphosphinate (LAP) was used as a photoinitiator (93). Unless otherwise noted, 20 μL 

prepolymer solution was pipetted onto custom circular Teflon molds (5 mm diameter, 1 mm 

height). Hydrogels were polymerized under UV light (λ=365 nm, 7.14 mW cm-2; AccuCure Spot 

System ULM-3-365) for 30 seconds.  
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Hydrogel Characterization 

Hydrogel Young’s modulus was determined via compression testing using an Instron 5943 

mechanical tester with a 5N load cell (198). Hydrogel disks (10 mm diameter, 2 mm height, 100 

μL prepolymer solution), fabricated to have approximately the same height as those made using 

the smaller molds, were submerged in PBS and allowed to swell for 2 hours at 37°C. Samples 

were compressed at a rate of 0.1 mm/min and moduli were quantified from the linear region of 

the stress-strain curve using a custom MATLAB code that calculates modulus from the linear 

regime at a load of 0.003 N and offset of 2.5% strain to ensure contact with the hydrogel surface 

(Figure 29). To calculate mass swelling ratio, hydrogels were fabricated using the smaller molds 

and were hydrated in PBS overnight at 37°C. Swollen hydrogels were weighed, lyophilized, and 

weighed once more to determine dry mass. Mass swelling ratio was calculated using the ratio of 

wet polymer mass to dry polymer mass as previously described (129). 

 

HTR-8/SVneo Spheroid Invasion Assays 

HTR-8/SVneo Cell Maintenance 

HTR-8/SVneo trophoblast cells (ATCC® CRL-3271, used experimentally before passage 6 after 

purchase) were maintained as per the manufacturer’s instructions in phenol red-free RPMI-1640 

supplemented with 5% charcoal-stripped fetal bovine serum (Sigma-Aldrich, F6765) and 1% 

penicillin/streptomycin (Thermo Fisher, 15140122). All cultures were grown in 5% CO2 

incubators at 37°C. Routine mycoplasma testing was performed every 6 months to ensure cell 

quality using the MycoAlertTM Mycoplasma Detection Kit (Lonza). 
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Spheroid Motility Assays 

Spheroid motility assays were performed as previously described by our group (129, 199). 4,000 

HTR-8/SVneo cells were added to round bottom plates (Corning, 4515) and placed on a shaker 

for 48 hours to form spheroids. 4,000 cells/spheroid was selected because this generated 

spheroids with diameters similar to that of an invading blastocyst which ranges from 

approximately 100 – 200 μm (Figure 30) (200). Individual spheroids were pipetted onto the 

Teflon hydrogel molds. Prepolymer solution was added to the mold and spheroids were gently 

moved to the center of the mold using a pipette tip. Spheroids were moved to ensure they were 

fully embedded in the hydrogel (e.g., not on top of the hydrogel or attached to the glass slide) 

because otherwise, they would fall out of the hydrogel. Hydrogels were then polymerized and 

added to 48 well plates containing 500 μL of cell medium per well. Once all spheroids were 

encapsulated, spheroids were imaged and medium was replaced with 800 μL of medium with or 

without (control) biomolecules per well. Medium was not changed at any other times during the 

experiment unless otherwise noted. Spheroids and encapsulated spheroids were cultured in 

phenol red-free RPMI-1640 supplemented with 2% charcoal-stripped fetal bovine serum, 1% 

penicillin/streptomycin, and relevant biomolecules if applicable. No differences in cell growth or 

morphology were found for cells cultured in medium with 2% fetal bovine serum (Figure 31). 

Recombinant human transforming growth factor β1 (TGFβ1; R&D Systems, 240-B) and 

recombinant human epidermal growth factor (EGF; Sigma-Aldrich, E9644) were added to the 

medium at a concentration of 5 ng/mL. Cortisol (Sigma-Aldrich, H0888) was added to the 

medium at concentrations of 5, 20, 75, and 150 ng/mL. Control samples were incubated with no 

added biomolecules. Spheroids were imaged daily using a Leica DMI 4000 B microscope (Leica 

Microsystems). Total outgrowth area was calculated using the Measure tool in Fiji. Spheroids 
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were manually traced three times and outgrowth area was determined from the average of these 

three measurements. Image insets were created using the Zoom in Images and Stacks macro for 

ImageJ. 

 

Viability Assay 

The CellTiter-Glo® 3D Cell Viability Assay (Promega) was used to quantify spheroid viability 

on day 3. Samples were equilibrated to room temperature for at least 30 minutes prior to running 

the assay. A stock solution of 1:1 cell medium and CellTiter-Glo® was prepared, medium was 

removed from each sample well, and 400 μL of the stock solution was added to each sample. 

Samples were protected from light and incubated for 1 hour on a shaker at room temperature. 

100 μL triplicates were added to an opaque plate and luminescence was read immediately using a 

plate reader (BioTek Synergy HT Plate Reader and Gen5 software; BioTek Instruments, Inc.). A 

blank was prepared using stock solution. Relative luminescence for each sample was calculated 

by subtracting the average luminescence value from the blank wells from the average 

luminescence values of each sample. 

 

Imaging Techniques 

Spheroid Staining 

Spheroids were encapsulated in hydrogels and grown for 1 or 3 days. Samples were fixed in 4% 

formaldehyde in PBS for 15 minutes followed by 3 PBS washes. The following solutions were 

prepared: Permeabilizing Solution (0.1% Tween 20 (Fisher Scientific, BP337) in PBS) and 

Working Solution (1 μL Phalloidin-iFluor 488 Reagent (Abcam, ab176753) per 1 mL 1% bovine 

serum albumin (Sigma-Aldrich, A4503) in PBS). All subsequent steps were performed at room 
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temperature on a shaker. Samples were permeabilized in Permeabilizing Solution for 15 minutes. 

After permeabilization, 300 μL of Working Solution was added per well and samples were 

protected from light and incubated for 90 minutes. Staining was followed by 4x20 minute PBS 

washes. Samples were then stained with Hoechst (1:2000 in PBS; Thermo Fisher, H3570) for 30 

minutes followed by a PBS wash. Samples were stored in PBS at 4°C until imaged. One Z-stack 

per spheroid was taken using a Zeiss LSM 710 Confocal Microscope. Maximum intensity 

projection images were generated using ZEN (blue edition; Zeiss) and Median filtering was used 

to smoothen images. 

 

Two-Dimensional Immunofluorescent Staining 

To determine glucocorticoid receptor expression in HTR-8/SVneo cells, HTR-8/SVneo cells 

were seeded on 6-well plates at a density of 3 x 104 cells/cm2 and cultured in cell growth medium 

supplemented with 2% charcoal-stripped fetal bovine serum and 1% penicillin/streptomycin until 

approximately 80% confluence. Cells were fixed using 4% formaldehyde for 15 minutes 

followed by three PBS washes. Cells were permeabilized in 0.5% Tween 20 in PBS for 15 

minutes followed by 3x5 minute washes in 0.1% Tween 20 solution in PBS, blocked in blocking 

solution (2% bovine serum albumin and 0.1% Tween 20 solution in PBS) for 1 hour at room 

temperature, and incubated in primary antibody solution (Abcam ab3578 rabbit polyclonal anti-

glucocorticoid receptor antibody; 1:20) diluted in blocking solution overnight at 4°C. Following 

the overnight incubation, 5x5 minute washes in 0.1% Tween 20 solution in PBS were performed 

and samples were incubated in secondary antibody solution (Thermo Fisher A-21428 Goat Anti-

Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody AlexaFluor 555; 1:500) diluted in 

blocking solution overnight 4°C while protected from light. 5x5 minute washes in 0.1% Tween 
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20 solution in PBS were performed followed by a 30-minute stain with Phalloidin-iFluor 488 

Reagent diluted in Working Solution. 3x5 minute PBS washes were performed followed by a 10-

minute Hoechst (1:2000) stain and a quick wash with 0.1% Tween 20 solution in PBS. Samples 

were stored in 0.1% Tween 20 solution in PBS at 4°C until imaged. Two images per well (n=3 

wells each condition) were imaged using identical image settings on a DMi8 Yokogawa W1 

spinning disk confocal microscope outfitted with a Hamamatsu EM-CCD digital camera (Leica 

Microsystems). Images were pseudo-colored and overlaid using Fiji. 

 

Statistics  

OriginPro 2019 (Origin Lab) and RStudio were used for statistical analysis. Normality was 

determined using the Shapiro-Wilkes test and homoscedasticity (equality of variance) was 

determined using Levene’s test. For all quantitative data, n=4-6 spheroids were analyzed per 

sample group. For each experiment, outgrowth area was compared between groups on the same 

day. Normal, homoscedastic data was analyzed using a one-way ANOVA followed by post hoc 

Tukey Test. For data that violated the assumption of normality but maintained homoscedasticity, 

the Kruskal-Wallis Test was used to analyze data followed by Dunn’s post hoc test. For normal, 

heteroscedastic data, Welch’s ANOVA was used to analyze data followed by the Games-Howell 

post hoc test. For non-normal, heteroscedastic data, Welch’s Heteroscedastic F Test with 

Trimmed Means and Winsorized Variances was used to analyze data followed by Games-Howell 

post hoc test. Significance was set as p<0.05. Outgrowth area results are reported as mean ± 

standard deviation and cell viability data are reported as box plots. 
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5.4 Results 
 

The development of three-dimensional trophoblast spheroid motility assays allows for 

quantitative motility analysis 

We cultured HTR-8/SVneo trophoblast spheroids in hydrogels with mechanical properties 

(Elastic modulus: 1.8±0.5 kPa; Mass Swelling Ratio: 46.5±6.4) similar to that of native tissue 

(Fig. 25), which was found to be approximately 1.25 kPa for the decidua basalis and 0.171 kPa 

for the decidua parietalis (201). We cultured spheroids for up to 3 days and observed cell 

migration into the surrounding hydrogel matrix over time (Fig. 26). These assays provide a 

platform to quantitatively analyze trophoblast motility in three-dimensions. We subsequently 

examined differences in motility and viability in response to exogenous soluble factors. 

 

Epidermal growth factor and transforming growth factor β1 modulate trophoblast motility and 

viability 

We quantified shifts in trophoblast motility and viability via the addition of soluble biomolecules 

in cell media. Control samples had a “thorn-like” migration pattern, with cells migrating away 

from the spheroid in thorn-like projections. Trophoblast spheroids showed increased motility and 

increased viability in the presence of known trophoblast motility promoter epidermal growth 

factor (EGF) and showed a “coronal” migration pattern. Trophoblast spheroids showed inhibited 

motility and decreased viability in the presence of known trophoblast motility inhibitor 

transforming growth factor β1 (TGFβ1) by day 2, but still showed a migration pattern of thorn-

like projections (Fig. 27). Starting by day 1, the TGFβ1 condition was significantly different 

compared to control (Welch’s ANOVA: p=0.00064; Games-Howell: p=0.001). By day 2, all 

conditions were significantly different (Welch’s ANOVA: p=0.0023; Games-Howell: EGF-
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control p=0.027, TGFβ1-control p=0.018, TGFβ1-EGF p=0.016) and the conditions were 

significantly different on day 3 as well (Welch’s Heteroscedastic F Test with Trimmed Means 

and Winsorized Variances: p=0.036; Games-Howell: EGF-control p=0.023, TGFβ1-control 

p=0.031, TGFβ1-EGF p=0.012). Cell viability was significantly different across all three groups 

(One-way ANOVA: p=1.78x10-8; Tukey Test: EGF-control p=1.05x10-5, TGFβ1-control 

p=4.6x10-4, TGFβ1-EGF p<1x10-8). 

 

Cortisol has no effect on outgrowth area or viability 

We subsequently used immunofluorescence staining of HTR-8/SVneo cells in two-dimensional 

cell culture well plates to validate their expression of glucocorticoid receptors. Notably, HTR-

8/SVneo cells positively express glucocorticoid receptors (Fig. 28A). Further, we observed no 

evidence of non-specific antibody binding (samples stained without primary antibody) and 

observed only minimal background fluorescence. We subsequently quantified trophoblast 

spheroid outgrowth area and viability in the presence of cortisol. Although sample outgrowth 

area in the presence of cortisol for lower and physiological concentrations showed a decreasing 

trend in outgrowth area by day 3 of culture, the effects were not significant. We observed no 

differences (p>0.05) in outgrowth area or viability (p=0.15) compared to control samples for 

lower (5 ng/mL and 20 ng/mL) concentrations at days 0 (p=0.88), 1 (p=0.23), 2 (p=0.08), and 3 

(p=0.28) (Fig. 28B). Furthermore, for physiological (75 ng/mL and 150 ng/mL) concentrations 

of cortisol (Fig. 28C), we also observed no differences (p>0.05) in outgrowth area or viability at 

days 0 (p=0.52), 1 (p=0.83), 2 (p=0.06), and 3 (p=0.12) of culture.  
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5.5 Discussion 
 
The objective of this study was to adapt a cell spheroid-based trophoblast motility assay to probe 

how biomolecules from the maternal-fetal interface influence trophoblast motility. Here, we 

demonstrate that trophoblast motility can be modulated through the use of known promoters and 

inhibitors of invasion. We then investigate the effects of exogenous cortisol and quantify 

outgrowth area and cell viability in the presence of this molecule. 

 

For these studies, we employ methacrylamide-functionalized gelatin (GelMA) hydrogels. Gelatin 

is denatured collagen and hence retains cell binding motifs and degradation sites that allow for 

cell attachment and matrix remodeling, key processes relevant to invasion (65, 67, 129, 199, 

202). The endometrium contains collagens I, III, IV, V, and VI, rendering gelatin relevant in 

terms of its extracellular matrix composition (34, 131). Additionally, the biophysical properties 

of GelMA can be adjusted to fall within the regime of tissue stiffness. Recently, Abbas et al. 

used atomic force microscopy to demonstrate that the stiffness of the nonpregnant endometrium 

and placenta have an order of magnitude of 102 Pa, whereas the decidua basalis, the region of the 

endometrium directly under the placenta that is invaded by trophoblast cells, exhibited an 

average stiffness on the order of 103 Pa (201). Our hydrogel formulation falls within this range 

and replicates relevant mechanical properties of the tissue through which trophoblast cells will 

invade. Nevertheless, the ability to tune the biophysical and biochemical properties of GelMA 

provides a unique opportunity to modulate hydrogel properties to mimic aspects of disease and 

disorders that may relate to differences in endometrial and placental tissue variation. We have 

previously demonstrated that microenvironmental signals within GelMA hydrogels, including 

biophysical cues, bound and soluble biomolecules, and heterotypic cell-cell interactions can 
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influence cell behavior and phenotype (203). Microenvironmental tissue variation may relate to 

the onset and progression of pregnancy disorders and the ability to probe such questions in an 

adaptable platform would be crucial for understanding how spatial variation in tissues plays a 

role in disease. From in vivo studies using shear wave elastography, it was demonstrated that 

placental stiffness was significantly higher in women with preeclampsia compared to women 

with normal pregnancies (86). Preeclampsia is a hypertensive pregnancy disorder characterized 

by high maternal blood pressure and the presence of proteins in urine at or after 20 weeks 

gestation (204-207). It is hypothesized that insufficient trophoblast invasion in early pregnancy 

may be a defect related to the onset of preeclampsia (187, 204, 208). Using our advanced 

hydrogel systems, we can create spatially graded hydrogel systems that would allow us to create 

gradients of stiffness and matrix components to recapitulate biophysical and biochemical 

variation across endometrial tissue that would occur normally and in diseased states (203, 209). 

Although varying spatial hydrogel properties was beyond the scope of this study, there is 

potential to assess gradients across hydrogels to determine how the biophysical and biochemical 

tissue microenvironment plays a role in early pregnancy, implantation, and pregnancy-disorders. 

 

Unlike traditional two-dimensional wound healing assays or Boyden chamber assays, spheroid 

motility assays in biomaterial platforms can replicate the three-dimensional structure of an 

invading blastocyst and provide a matrix through which cells can invade. We demonstrate 

reproducible spheroid formation using the HTR-8/SVneo cell line, resulting in spheroid size 

within the range of an invading blastocyst (200). We employ these trophoblast assays to 

interrogate differences in trophoblast outgrowth area and viability in the presence of 

biomolecules from the maternal-fetal interface. First, we selected known trophoblast motility 
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promoters and inhibitors: epidermal growth factor (EGF) and transforming growth factor β1 

(TGFβ1) and observed quantifiable differences in trophoblast outgrowth area and cell viability. 

We show that soluble EGF stimulates trophoblast motility and viability at concentrations used 

previously in literature (85, 193, 194). Additionally, soluble TGFβ1 inhibited trophoblast 

motility and resulted in decreased viability, similar to what was reported previously in the 

literature (114, 210). Taken together, we show a multidimensional tissue engineering model can 

be used to quantify differences in motility and viability using a small number of cells. Further, 

this platform is able to resolve effects of other biomolecules from the maternal-fetal interface 

known to modulate trophoblast invasion. 

 

Subsequently, we included an investigation of the role of cortisol on trophoblast motility. The 

physiological stress response is an acute phase response that, when activated repeatedly, can 

have chronic effects (13, 21). Significant psychosocial stressors during pregnancy can be induced 

by poverty, intimate partner violence, lack of social support, and both structural and 

interpersonal racism. The downstream effects of this constantly activated physiological stress 

response has been associated with increased risk for certain pregnancy disorders, including 

preterm birth, low birth weight, and preeclampsia (13, 28, 196, 197). However, much remains 

unknown regarding how psychosocial stressors affect early events in pregnancy, such as 

trophoblast invasion. A benefit to our model system is that although stress effects on pregnancy 

outcomes may not be possible to study in humans or animals due to the complexity of the stress 

response, models of early implantation could allow us to study how cortisol affects trophoblast 

invasion. Cortisol is a steroid hormone that elevates as part of the physiological stress response 

and is functionally significant in multiple processes of reproductive functioning, including during 
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pregnancy (26, 195). Previous studies have shown that natural and synthetic glucocorticoids 

reduce trophoblast motility and proliferation in two-dimensional cultures, wound healing assays, 

and Matrigel invasion assays (29, 32, 211). 

 

We first investigated trophoblast motility in the presence of cortisol at concentrations from in 

vitro studies (5-20 ng/mL) (25). Outgrowth area showed a decreasing trend in the presence of 

cortisol, although not statistically significant, with no changes in viability between groups. We 

next selected physiological concentrations of cortisol (75-150 ng/mL) comparable to what would 

occur during early pregnancy (195). We observed a similar trend, with no statistical differences 

in outgrowth area or viability despite physiologically relevant cortisol concentrations. To our 

knowledge, no studies to date have quantified cortisol levels in pregnant individuals with high 

stress levels; therefore, our selected concentrations may be lower than the required threshold to 

significantly reduce trophoblast motility. Furthermore, 11β-HSD2 activity may have been able to 

convert these levels of cortisol into cortisone, which could explain why cortisol had a minimal 

effect on outgrowth area and viability (212). An investigation of 11β-HSD2 activity in the 

presence and absence of cortisol as well as a further exploration of cortisol dosages may provide 

additional insight. If no differences are found, it is possible that cortisol does not have an effect 

on trophoblast motility or proliferation as previously found in the literature. Our system is three-

dimensional and captures not only the spherical structure similar to an invading blastocyst but 

also allows cells to invade and remodel a surrounding gel matrix. Our system may be more 

applicable to what occurs physiologically and may not have as profound of an effect on motility 

and proliferation as previously demonstrated in less complex models. 
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We recognize some limitations of our studies. These limitations provide exciting opportunities to 

improve our platforms to create models of increasing physiological relevance. We first 

acknowledge that the use of the HTR-8/SVneo cell line may contain a mixed population of cells 

and may not accurately mimic in vivo trophoblast behavior (213). For future investigations, the 

physiological relevance of our platform can be increased through the use of primary trophoblast 

cells. Secondly, we simplified an increased stress response to external stressors as equivalent to 

higher levels of cortisol. Although this strategy is easily testable in our platform, literature 

suggests that cortisol levels exhibit a dinural pattern and there is some individual variation in 

cortisol responsiveness based on mental health conditions, e.g., post-traumatic stress disorder 

(214-222). Future work on cortisol may be improved with temporal adjustments of cortisol 

concentrations to more appropriately mimic what occurs in the body. 

 
5.6 Conclusions 
 

Trophoblast invasion is a biological process essential to the establishment and success of a 

pregnancy. We employ GelMA hydrogels to perform advanced quantitative trophoblast motility 

assays and demonstrate quantifiable differences in trophoblast outgrowth area and viability in the 

presence of known promoters and inhibitors of trophoblast invasion (EGF and TGFβ1). Further, 

we begin to probe how cortisol may influence trophoblast motility. The platform proposed herein 

will provide researchers with a unique tool critical for understanding implantation and will aid 

researchers in understanding mechanisms that dictate the success or failure of implantation. 
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5.7 Figures 
 

 

Figure 25. Mechanical characterization of 5 wt% GelMA hydrogels. A) Elastic modulus 

determined by compression testing (n=6 hydrogels). B) Mass swelling ratio determined by 

comparing swollen polymer mass to dry polymer mass (n=6 hydrogels). Data presented as mean 

± standard deviation with individual data points shown. 
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Figure 26. Three-dimensional trophoblast motility assays in methacrylamide-functionalized 

gelatin hydrogels. A) HTR-8/SVneo trophoblast cells were seeded into round bottom plates for 

48 hours to create spheroids. Spheroids were then encapsulated in hydrogels and allowed to 

migrate into the surrounding hydrogel for up to 3 days in the presence of absence of soluble 

biomolecules in growth medium. B) Representative maximum intensity projection image of a 

spheroid in a hydrogel 1 day post-embedding. C) Representative maximum intensity projection 

image of a spheroid 3 days post-embedding. Green: Phalloidin (Actin). Blue: Hoechst (Nuclei). 

Scale: 200 μm. 
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Figure 27. Epidermal growth factor (EGF) and transforming growth factor beta 1 (TGFβ1) 

modulate trophoblast outgrowth and viability. A) Representative phase images of individual 

HTR-8/SVneo trophoblast spheroids at days 0 and 3. Insets of invading cells are shown for day 3 

in red. EGF and TGFβ1 were added to cell medium at day 0. Control samples contained no 

additional growth factors.  B) Total spheroid outgrowth area at days 0-3 was quantified in Fiji 

and reported as averages for each condition. Data presented as mean ± standard deviation with 

individual data points shown. C) Cell viability data from CellTiter-Glo® 3D Cell Viability Assay 

measured in encapsulated spheroids on day 3. Data presented as box plots with individual data 

points shown. *: p<0.05. ***: p<0.001. n=6 samples per condition. Scale: 200 μm.  
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Figure 28. The effects of cortisol on trophoblast motility. A) Representative fluorescent 

images of HTR-8/SVneo trophoblast cells cultured in 6-well plates. HTR-8/SVneo trophoblast 

cells express glucocorticoid receptors with cytoplasmic staining. The no primary control showed 

only minimal background fluorescence with no indication of non-specific binding. Green: 

Phalloidin (Actin). Red: Anti-Glucocorticoid Receptor. Blue: Hoechst (Nuclei). B) Total 

outgrowth area at days 0-3 and cell viability at day 3 for control, 5 ng/mL cortisol, or 20 ng/mL 

cortisol. Data presented as mean ± standard deviation with individual data points shown. C) 

Total outgrowth area at days 0-3 and cell viability at day 3 for control, 75 ng/mL cortisol, or 150 

ng/mL cortisol. Data presented as box plots with individual data points shown. n=4-6 samples 

per condition. Scale: 200 μm. 
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Figure 29. Representative stress-strain curve (blue) for a GelMA hydrogel and linear region 
chosen to calculate modulus (orange). R2 value for the linear regime: 0.97. 
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Figure 30. Initial spheroid diameter on day 0 (encapsulation) for n=18 spheroids. Data presented 

as mean ± standard deviation with individual data points shown. 
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Figure 31. Control experiment to verify cell HTR-8/SVneo growth and viability in reduced 

serum concentrations. A) Representative phase images of HTR-8/SVneo cells grown in well 

plates at 24, 48, and 72 hours after seeding cultured in growth medium supplemented with 2% or 

5% fetal bovine serum (FBS). B) Live/dead images of HTR-8/SVneo cells at 72 hours after 

seeding. Scale: 200 μm. 
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CHAPTER 6: THE ROLE OF PREGNANCY-SPECIFIC GLYCOPROTEINS ON 
TROPHOBLAST MOTILITY IN THREE-DIMENSIONAL GELATIN HYDROGELS6 

 
6.1 Chapter Overview 
 
Trophoblast invasion is a complex biological process necessary for establishment of pregnancy; 

however, much remains unknown regarding what signaling factors coordinate the extent of 

invasion. Pregnancy-specific glycoproteins (PSGs) are some of the most abundant circulating 

trophoblastic proteins in maternal blood during human pregnancy, with maternal serum 

concentrations rising to as high as 200-400 μg/mL at term. Here, we employ three-dimensional 

(3D) trophoblast motility assays consisting of trophoblast spheroids encapsulated in 3D gelatin 

hydrogels to quantify trophoblast outgrowth area, viability, and cytotoxicity in the presence of 

PSG1 and PSG9 as well as epidermal growth factor and Nodal. We show PSG9 reduces 

trophoblast motility whereas PSG1 increases motility. Further, we assess bulk nascent protein 

production by encapsulated spheroids to highlight the potential of this approach to assess 

trophoblast response (motility, remodeling) to soluble factors and extracellular matrix cues. Such 

models provide an important platform to develop a deeper understanding of early pregnancy. 

 
6.2 Introduction 
 

Pregnancy is an intricate biological process that involves a complex molecular dialogue between 

cells from the endometrium and trophoblast cells from the invading blastocyst; however, what 

orchestrates this cellular crosstalk remains poorly understood. Blastocyst implantation into the 

endometrium is thought to occur across three phases (39, 42, 188). Apposition is the initial, 

 
6 This chapter is adapted from the following publication: Zambuto SG, Rattila S, Dveksler G, Harley BAC. The role 
of pregnancy-specific glycoproteins on trophoblast motility in three-dimensional gelatin hydrogels. Cellular and 
Molecular Bioengineering. 2022. doi: 10.1007/s12195-021-00715-7. 
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unstable connection between the endometrium and the blastocyst. Adhesion establishes a more 

stable, physical connection between the endometrium and blastocyst. Finally, invasion occurs 

when trophoblasts breach the endometrial epithelium and embed the blastocyst within the 

endometrial stromal tissue. Ultimately, implantation is modulated by molecular signaling 

between cells from a hormonally-primed endometrium and trophoblast cells from a mature 

blastocyst (39, 42, 188). Although researchers have highlighted the importance of biological 

stimuli such as ovarian hormones estrogen and progesterone that modulate endometrial 

decidualization for successful implantation, much remains unknown regarding other factors 

expressed by maternal cells and trophoblast that coordinate the extent of invasion. Developing a 

deeper understanding of what biological cues influence invasion would provide clinical insights 

that may improve our ability to understand, prevent, and treat fertility disorders and early 

pregnancy loss. 

 

Numerous challenges exist regarding studying early implantation in humans. Notably, this 

process occurs shortly after conception: the blastocyst is embedded within endometrial tissue by 

approximately 10 days post-conception which provides a significant challenge to directly 

studying this process within humans (39, 42, 188). As such, initial adhesion of the blastocyst to 

the endometrium has never been observed in humans and much of what we know regarding early 

pregnancy is inferred from rare histological specimens or from animal studies (39, 42, 188). 

Nevertheless, significant differences between human pregnancy and placentation compared to 

rodents and non-human primates calls into question the relevance of using such models to study 

mechanisms of early implantation in humans (39, 42, 188). 
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Three-dimensional (3D) models, such as organoid models and tissue engineered platforms, offer 

the unique opportunity to elucidate mechanistic processes associated with human implantation 

that are currently impossible to study in the body with current state of the art technologies. 

Unlike animal models which are complex and costly, these in vitro platforms offer controllability 

and scalability while providing an avenue to incorporate increasingly complex culture 

environments (e.g., cells, extracellular matrix, biomolecules) relevant to what occurs in the body 

(71, 76, 223). Here, we use methacrylamide-functionalized gelatin (GelMA) hydrogels to 

investigate the role of pregnancy-specific glycoproteins (PSGs) on trophoblast motility. Gelatin 

is an attractive platform for these studies because it is denatured collagen that retains relevant 

arginine-glycine-aspartic acid (RGD) cell binding motifs and matrix metalloproteinase-sensitive 

(MMP) degradation sites that ultimately allow for cellular adhesion and matrix remodeling 

which are critical processes in invasion (65). The addition of methacrylamide groups to gelatin’s 

backbone allows for photopolymerization, which renders GelMA hydrogels stable under 

physiological temperatures and relatively homogeneous in terms of structure (65, 223). 

Compared to other materials, gelatin-based biomaterials have numerous advantages. For 

example, unlike Matrigel which contains a heterogeneous matrix composition that varies batch-

to-batch, GelMA hydrogels have a defined matrix composition(127, 128).  And unlike synthetic 

biomaterials such as polyethylene glycol (PEG), gelatin natively presents cell binding and 

degradation motifs that allow the material to be remodeled by cells. GelMA hydrogels offer the 

unique opportunity to study biomolecules in a defined material that offers not only simplicity but 

also tunability to match the native biophysical properties of the tissue of interest. Such models 

have previously been employed for quantifying trophoblast and cancer cell invasion in 3D (139, 

199). Here, we adapted the technique to track cell migration away from cell spheroids embedded 
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within the hydrogel (79, 224, 225) to investigate the pattern of motility by Swan71 trophoblast 

cells in the presence of soluble factors present at the maternal-fetal interface. In contrast to 2D 

assays such as wound healing assays and Boyden chamber assays, these 3D motility strategies 

can replicate aspects of the in vivo environment, including tissue stiffness, 3D tissue architecture, 

and matrix composition.  

 

In this work, we describe an approach to compare trophoblast motility patterns in response to 

soluble pregnancy-specific glycoproteins (PSGs). PSGs are some of the most abundant 

circulating trophoblastic proteins in maternal blood during human pregnancy (226-229). Over the 

course of pregnancy, the maternal serum level of PSGs increases to approximately 200-400 

μg/mL at term (227). There are 10 coding PSG genes in humans, PSG1-PSG9 and PSG11, and 

one non-coding pseudogene PSG10 (226, 227). At the end of the first trimester, PSG1 and PSG3 

account for the bulk majority of expression and by term, PSG1, PSG3, PSG4, PSG5, and PSG6 

are equally expressed with low expression of the other PSGs (227). PSGs are expressed by 

extravillous trophoblasts and syncytiotrophoblasts (226, 230). Lower serum concentrations of 

PSGs have been associated with pregnancy disorders and pathologies, such as fetal growth 

restriction and preeclampsia (PE) (226, 227). Using a specific enzyme-linked immunosorbent 

assay (ELISA), we found that the PSG1 concentration was significantly lower in African 

American women diagnosed with early-onset (EO) and late-onset PE compared to their 

respective controls (226). Due to the lack of specific antibodies, the concentration of the other 

PSGs in normal pregnancy and in pregnancy pathologies has not been explored but results using 

other techniques suggest that PSG9 is upregulated rather than down-regulated in EOPE. A label-

free selected reaction monitoring workflow proteomic study identified PSG9 upregulation as a 
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potential predictive biomarker of EOPE(231). Because PSG1 and PSG9 concentrations may be 

predictive of EOPE, we chose to determine the effects of PSG1 and PSG9 on trophoblast 

motility. This study quantified the differences in trophoblast outgrowth area, fold change in 

outgrowth area, viability, and cytotoxicity after addition of PSG1 or PSG9 to the cell media. We 

report differences in outgrowth area and viability/cytotoxicity based on the addition of certain 

factors and investigate whether encapsulated trophoblast cells exhibit hallmarks of extracellular 

matrix remodeling within the hydrogels (232). Our work demonstrates GelMA hydrogels present 

a defined yet tunable matrix environment similar to the native tissue that can be used to study the 

influence of soluble factors on cell motility and matrix remodeling. 

 
 
6.3 Materials and Methods 
 

Methacrylamide-Functionalized Gelatin (GelMA) Synthesis and Hydrogel Fabrication 

Methacrylamide-functionalized gelatin was synthesized as described previously using a method 

developed by Shirahama et al. (64). GelMA was fabricated from porcine gelatin (gel strength 

300, Type A; Sigma G2500). GelMA was determined to have a 57% degree of functionalization 

as determined by 1H-NMR and a stiffness of approximately 2 kPa as previously determined by 

compression testing (139). 5 wt% polymer solutions were created by dissolving lyophilized 

GelMA in phosphate buffered saline (PBS; Lonza, 17-516F) at 37°C, adding 0.1% w/v lithium 

acylphosphinate (LAP) as photoinitiator, and polymerizing hydrogels under UV light for 30 

seconds (λ=365 nm, 7.14 mW cm-2; AccuCure Spot System ULM-3-365). Each hydrogel was 

fabricated from 20 μL prepolymer solution pipetted into custom circular Teflon molds (5 mm 

diameter, 1 mm height). 
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Generation of Recombinant PSG1 and PSG9 and Fc Control Proteins 

PSG1-His was harvested from the supernatant of a stably transfected CHO-K1 single-cell clone 

established in our laboratory and grown in a hollow fiber cartridge (FiberCell Systems, MD, 

USA) as previously described (233). The Fc fusion proteins were generated by cloning the 

PSG1a cDNA (UniProt KB-P11464) and PSG9 cDNA (NM_002784) into the pFuse-IgG1e3-Fc1 

vector (InvivoGen, San Diego, CA). The Fc control protein was derived from the pFuse-IgG1e3-

Fc2 (InvivoGen). For the generation of full length PSG1-Fc and PSG9-Fc, the plasmids were 

transfected into ExpiCHO cells (Thermo Fisher Scientific, Waltham, MA, USA) following the 

manufacturer’s recommendations and the supernatants were collected 6 days post-transfection. 

Proteins were purified from the clarified supernatants on an anti-PSG1 mAb#4 column (for 

PSG1-His) and protein A columns (for PSG1-Fc, PSG9-Fc, Fc control) in an AKTA pure 

chromatography system (Cytiva, Marlborough, MA). All proteins were eluted with 0.1 M 

glycine buffer pH 2.7, followed by immediate neutralization with 1 M Tris-HCl pH 8 (Thermo 

Fisher Scientific). Following elution from the column, the fractions containing the proteins were 

pooled, concentrated, and buffer-exchanged with phosphate-buffered saline (PBS) using an 

Amicon Ultra centrifugal filter unit with a 10 kDa cutoff membrane (Millipore, Burlington, MA). 

To determine the protein concentration, the purified proteins were separated on 4–12% NuPAGE 

BisTris gels (Thermo Fisher Scientific) at different dilutions alongside known concentrations of 

BSA used as standards. The gels were stained with GelCode Blue (Thermo Fisher Scientific), 

and the proteins were quantitated by densitometry using a BioRad Gel Doc EZ Imager. 
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Swan71 Spheroid Motility Assays 

Swan71 Cell Culture and Maintenance 

The telomerase immortalized first trimester trophoblast cell line Swan71 was provided by Dr. 

Gabriela Dveksler. Cells were maintained in DMEM (Gibco, 11995-065) supplemented with 

10% fetal bovine serum (FBS; R&D Systems, S11150H), 1% penicillin/streptomycin (Thermo 

Fisher, 15140122), and 500 ng/mL puromycin (Sigma-Aldrich, P8833). Medium was replaced 

every other day of culture. All cultures were grown in a humidified incubator at 37°C with 5% 

CO2. Cells were routinely tested for mycoplasma every 6 months to ensure cell quality 

(MycoAlertTM Mycoplasma Detection Kit; Lonza). 

 

Spheroid Motility Assays 

Spheroid motility assays were performed as previously described by our group (139). Spheroids 

and encapsulated spheroids were cultured in DMEM supplemented with 2% FBS, and 1% 

penicillin/streptomycin. Briefly, 2,000, 4,000, or 6,000 Swan71 cells were added to each well of 

a round bottom plate (Corning, 4515). The plate was placed on a shaker at 60 rpm in a 

humidified incubator at 37°C with 5% CO2 for 48 hours to allow spheroids to form. After 48 

hours, individual spheroids were pipetted onto Teflon molds and 20 μL prepolymer solution was 

added to each mold well. Each spheroid was gently moved to the center of each hydrogel using a 

pipette tip. Hydrogels were then polymerized and added to 48 well plates containing 500 μL 

medium per well. Once all samples were fabricated, each hydrogel was imaged and then medium 

was replaced with 500 μL medium supplemented with relevant biomolecules. Recombinant 

human epidermal growth factor (EGF, 5 ng/mL; Sigma-Aldrich, E9644) was used as an invasion 

promoter and recombinant human nodal (250 ng/mL; R&D Systems, 3218-ND-025/CF) was 
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used as an invasion inhibitor. PSG variants and controls were used at 60 μg/mL as we previously 

showed that both PSG1-Fc and PSG9-Fc resulted in robust biological responses at this 

concentration, including their ability to activate TGF-� and increase endothelial tubulogenesis 

(226, 227, 234). Additional control samples were cultured in medium without biomolecules. 

Encapsulated spheroids were imaged daily using a Leica DMI 4000 B microscope (Leica 

Microsystems). Total outgrowth area was calculated using the measure tool in Fiji by manually 

tracing spheroids three times and taking the average of these three measurements. Fold change 

was calculated for each hydrogel from average outgrowth area by comparing average outgrowth 

area on days 1, 2, and 3 to average area on day 0 (day of encapsulation) using Eq. 1. 

Equation 1. 𝐹𝑜𝑙𝑑	𝐶ℎ𝑎𝑛𝑔𝑒!"#	% =	
&'("	!"#!	)&'("	!"##

&'("	!"##
 

 

CellTiter-Glo® 3D Viability Assay 

Viability was quantified using the CellTiter-Glo® 3D Viability Assay (Promega) as described 

previously using the manufacturer’s instructions (139). Briefly, samples and reagents were 

equilibrated to room temperature for at least 30 minutes prior to completing the assay. Medium 

was removed from each hydrogel and 400 μL of a 1:1 solution of CellTiter-Glo® and medium 

was added to each hydrogel. Samples were incubated for 1 hour at room temperature on a shaker. 

Following incubation, 100 μL triplicates for each sample were added to an opaque, white-walled 

plate, including a blank consisting of only the stock solution. Plate luminescence was read 

immediately using a plate reader (BioTek Synergy HT Plate Reader and Gen5 Software, BioTek 

Instruments, Inc.). Relative luminescence for each sample was calculated by subtracting the 

average blank luminescence value from the average luminescence value for each sample. 

 



146 
 

LDH-Glo™ Cytotoxicity Assay 

Cytotoxicity was quantified using the LDH-Glo™ (Promega, J2380) as described by the 

manufacturer’s instructions. Briefly, samples were prepared by combining 4 μL of medium per 

hydrogel and diluting it in 96 μL LDH (lactate dehydrogenase) storage buffer (200 mM Tris-HCl 

(Roche, 10812846001), 10% glycerol (Promega, H5433), 1% bovine serum albumin (BSA; 

Sigma-Aldrich, A4503); filter sterilized and stored at 4°C). This dilution was calculated to fall 

within the linear regime of the assay (data not shown). Samples were used immediately or stored 

at -80°C until use. Prior to running the assay, all reagents were equilibrated to room temperature. 

Duplicate wells were prepared for each hydrogel by adding 50 μL of sample and 50 μL prepared 

LDH Detection Reagent per well in 96-well opaque, white-walled plates. Samples were 

protected from light and incubated at room temperature for 60 minutes. After 60 minutes, 

luminescence was read immediately using a plate reader with a 1 second integration time 

(BioTek Synergy HT Plate Reader and Gen5 Software, BioTek Instruments, Inc.). Relative 

luminescence for each sample was calculated by subtracting the luminescence from the sample 

blank (cell medium) from each hydrogel sample. 

 

Spheroid Immunofluorescent Staining and Imaging 

Encapsulated spheroids were stained as described previously (139). On days 1 and 3 of culture, 

encapsulated spheroids were fixed in 4% formaldehyde in PBS for 15 minutes followed by three 

PBS washes. All subsequent steps were performed on a shaker at room temperature unless 

otherwise noted. Samples were permeabilized for 15 minutes in a 0.1% Tween 20 (Fisher 

Scientific, BP337) in PBS. Following permeabilization, 300 μL of working solution was added 

to each sample (1 μL Phalloidin-iFluor 488 Reagent (Abcam, ab176753) per 1 mL 1% BSA in 
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PBS) for 90 minutes and samples were protected from light. After incubation, samples were 

washed in PBS 4x20 minutes. Samples were then stained with Hoechst (1:2000 in PBS; 

ThermoFisher, H3570) for 30 minutes followed by one PBS wash. Samples were stored at 4°C in 

PBS until imaged. Samples were imaged using a Zeiss LSM 710 Confocal Microscope and 20X 

objective. Two samples were imaged per day and one Z-stack was taken per sample. Maximum 

intensity projection images were generated using ZEN (black edition; Zeiss). 

 

Nascent Protein Staining and Imaging 

Nascent protein staining was performed as previously described by Loebel et al. (142, 143, 235). 

Starting on day 1 of culture, encapsulated spheroids were incubated with the methionine analog 

azidohomoalanine (Click-iT AHA; Invitrogen, C10102; 100 μM) in methionine-free DMEM 

(custom made; School of Chemical Sciences Cell Media Facility, University of Illinois at 

Urbana-Champaign) supplemented with 1% penicillin/streptomycin and 2% FBS. AHA was 

replenished daily. On day 3 of culture, live cells were washed two times with sterile PBS, 

incubated for 40 minutes in AFDye 488 DBCO (Click Chemistry Tools, 1278-1; 30 μM) at 

37°C, washed three times with sterile PBS, and then fixed in 4% formaldehyde in PBS for 15 

minutes followed by three PBS washes. Samples were stored at 4°C in PBS until stained. 

Samples were incubated in CellMask™ Deep Red Plasma Membrane Stain (1:1000; Invitrogen, 

C10046) for 40 minutes at 37°C followed by three PBS washes. Samples were then incubated in 

Hoechst at room temperature for 30 minutes (1:2000 dilution in PBS) followed by one PBS 

wash. Samples were stored at 4°C in PBS until imaged. Samples (n=3) were imaged using a 

Zeiss LSM 710 Confocal Microscope and 20X objective. One Z-stack was taken per sample and 

maximum intensity projection images were generated using ZEN (black edition; Zeiss). 
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Statistics 

OriginPro 2020 (Origin Lab) and RStudio were used for statistical analysis. Underlying 

assumptions for each statistical test were tested prior to analyzing data. Normality was 

determined using the Shapiro-Wilkes test and homoscedasticity was determined using Levene’s 

test. For each experiment, n=5-8 independent spheroids were analyzed per sample group. 

Normal, homoscedastic data were analyzed using a one-way analysis of variance (ANOVA) and 

post hoc Tukey Test. Normal, heteroscedastic data were analyzed using Welch’s ANOVA and 

post hoc Games-Howell Test. Non-normal, homoscedastic data were analyzed using Kruskal-

Wallis ANOVA and post hoc Dunn’s Test. Non-normal, heteroscedastic data were analyzed 

using Welch’s Heteroscedastic F Test with Trimmed Means and Winsorized Variances and post 

hoc Games-Howell Test. Significance was defined as p<0.05. Data are presented as mean ± 

standard deviation unless otherwise noted.  

 
 
6.4 Results 
Characterization of Swan71 Trophoblast Spheroid Motility Assays 

A library of Swan71 spheroids was created with diameters that fall within the regime of invading 

blastocysts (200). Spheroids fabricated from 2,000, 4,000, or 6,000 cells/spheroid ranged in size 

from 360.4 ± 10.3 μm to 535.0 ± 11.1 μm in diameter and 0.11 ± 0.01 to 0.21 ± 0.03 mm2 in 

projected area (Figure 33A-C). All spheroid densities were significantly different from each 

other in diameter (n=5 per condition; p < 0.0001) and area (n=5; 2,000 to 4,000 cells, p=0.0016; 

2,000 to 6,000, p=4.14x10-6; 4,000 to 6,000 p=0.0037). Spheroids of 4,000 cells were selected 

for all subsequent studies because they had the lowest density possible to more closely mimic 

blastocyst size while maintaining feasible experimental procedures. Spheroids were encapsulated 
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in GelMA hydrogels for up to 3 days (Figure 33D). By day 3 of culture, trophoblast cells were 

observed to migrate into the surrounding hydrogel matrix away from the initial spheroid core 

(Figure 33E). 

 

Swan71 Trophoblast Spheroids Are Capable of Matrix Deposition in 3D 

Cell motility can be strongly influenced by dynamic remodeling of the extracellular matrix. We 

investigated bulk nascent protein production of encapsulated Swan71 trophoblast spheroids for 

days 1 through 3 of culture via a recently described metabolic labeling approach (utilizing cell 

media supplemented with the methionine-analog AHA) (143). We observed significant nascent 

protein production as well as accumulation in close proximity to trophoblast cells in three-

dimensional hydrogels (Figure 34). These observations indicate that nascent protein deposition 

occurs relatively rapidly within hydrogels and likely occurs throughout the entirety of these 

experiments (3 days). 

 

Epidermal Growth Factor Increases Trophoblast Motility and Viability Compared to Control 

and to Nodal 

To demonstrate that soluble biomolecules significantly alter baseline motility patterns of Swan71 

trophoblasts, we encapsulated Swan71 spheroids for 3 days in the presence of the known 

invasion promoter epidermal growth factor (EGF; 5 ng/mL) and known invasion inhibitor Nodal 

(250 ng/mL) (85, 194, 236). Over 3 days of culture, trophoblast cells migrated into the 

surrounding hydrogel matrix and we detected quantifiable differences in migration patterns and 

cell viability (Figure 35). By day 2, cells cultured in medium containing EGF had significantly 

higher outgrowth area (Figure 35B; n=6-7 per condition) compared to cells cultured in control 
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medium (p=0.022) or medium containing recombinant nodal (p=1.97x10-3). By day 3, we 

observed robust differences (n=6-7) in outgrowth area in samples cultured with EGF compared 

to control and recombinant Nodal (p<0.0001). Differences in fold change in outgrowth area 

(Figure 35C) of samples compared to initial spheroid area on day 0 were discernable by day 1 for 

EGF samples compared to nodal samples (n=6-7, p=0.048). By days 2 and 3, EGF samples had 

significantly higher fold change compared to control and nodal samples (Day 2: n=6-7, EGF 

Control p=0.006, EGF Nodal p=0.004; Day 3: n=6-7, EGF Control p=4.22x10-5, EGF Nodal 

p=1.76x10-5). Although cell viability (Figure 35D) was increased for samples cultured with EGF 

compared to control samples (n=6-7, p=0.033) there were no statistically significant differences 

in cytotoxicity (Figure 35E) between the three groups by day 3 (n=5-7). Collectively, these data 

demonstrate that 3D spheroid motility assays provide an engineering platform that can be used to 

detect shifts in motility and viability/cytotoxicity patterns in response to soluble biomolecules. 

 

The Addition of Soluble PSG9-Fc Decreases Trophoblast Motility 

We subsequently quantified changes in trophoblast spheroid outgrowth area, viability, and 

cytotoxicity over 3 days of culture in response to 60 μg/mL soluble PSG9-Fc (Figure 36). By day 

3 of culture, we observed a statistically significant decrease in outgrowth area (Figure 36B) in 

response to PSG9-Fc compared to both cell medium control and the Fc-treated control protein 

samples (n=8 per condition, Control PSG9-Fc p=7.13x10-6, Fc-Control PSG9-Fc p=0.0066, 

Control Fc-Control p=0.020). The Fc-control was used as an additional control condition because 

PSG9-Fc has a Fc tag at the C-terminus; further, both PSG9-Fc and Fc-control were purified 

using the same procedure. Fold change (Figure 36C) in outgrowth area differed between control 

and PSG9-Fc samples on day 1 (n=8, p=0.019) and on day 3, fold change was significantly 
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different (n=8) in PSG9-Fc samples compared to control (p=9.60x10-6) and Fc-control samples 

(p=0.0022). Notably, day 3 cell viability (CellTiter-Glo® 3D Viability Assay; Figure 36D) did 

not differ between groups, though cytotoxicity (LDH-Glo® Cytotoxicity Assay; Figure 36E) was 

statistically significantly lower in Fc-control samples versus control media (n=8, p=0.0018). 

Taken together, these data suggest that PSG9-Fc may have an inhibitory role on trophoblast 

invasion without influencing trophoblast viability or cytotoxicity. 

 

PSG1-Fc, but not PSG1-His, Increases Trophoblast Motility  

We examined the influence of PSG1 on trophoblast motility as insufficient trophoblast invasion 

has been associated with pre-eclampsia (205, 226). Previously, Swan71 migration was shown to 

increase in response to immobilized PSG1 in two-dimensional in vitro studies, but no differences 

were observed in transwell invasion assays (226). We quantified the role of soluble PSG1 on 

Swan71 trophoblast motility using a 3D motility assay. We compared patterns of migration and 

viability using two variants of PSG1 (Figure 37): PSG1-His and PSG1-Fc which differ based on 

their production and purification methods as previously described (237). By day 2 of culture, we 

observed higher outgrowth area (n=5-6 spheroids per condition) in samples cultured with PSG1-

Fc compared to control (p=0.026), Fc-control (p=0.029), and PSG1-His samples (p=8.42x10-4). 

On day 3 of culture, hydrogels cultured with PSG1-Fc had significantly higher (n=5-6) 

outgrowth compared to hydrogels cultured with PSG1-His (p=0.019). Fold change in outgrowth 

area did not differ on days 1 and 3 of culture; however, on day 2, fold change in outgrowth area 

was significantly higher in samples cultured with PSG1-Fc compared to samples cultured with 

PSG1-His (n=5-6, p=0.0078). Although we did not observe differences in cell viability between 

groups on day 3; however, cytotoxicity was found to be increased (n=5-6) in PSG1-Fc samples 
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compared to control (p=0.0082) and Fc-control samples (p=0.0071). Taken together, these 

results suggest that PSG1-Fc increases trophoblast motility. 

 

6.5 Discussion 
 
Many mechanisms driving early pregnancy and implantation remain unknown and poorly 

understood. Because of significant differences between animal and human pregnancy as well as 

the ethical concerns regarding studying early pregnancy in humans, in vitro models are often 

used to study mechanisms of human reproduction. Multidimensional in vitro models offer the 

opportunity to examine cellular mechanisms of early pregnancy using human-derived cells in 

controlled, tunable microenvironments. The 3D nature of these models can be tuned to 

recapitulate biophysical properties from the native tissue microenvironment such as architecture, 

stiffness, and inclusion of heterogeneous cohorts of cells, each offering increased biofidelity 

compared to existing 2D models. Recent 3D models of trophoblast migration have used 

biomaterials as a matrix around invading trophoblast cells as a means of replicating trophoblast 

invasion through tissue (47-49, 85, 111, 191, 238). For example, Buck et al. mixed trophoblast 

spheroids and epithelial spheroids in Matrigel as a model of trophoblast invasion of endometrial 

glands (47). Chang et al. embedded morulas in Matrigel and quantified outgrowth, proliferationn, 

and degradation over time (111). Others, such as Wang et al. created stratified cultures 

encapsulated in fibrin-agarose consisting of epithelial and stromal compartments through which 

trophoblast spheroids invade (48, 49). Nonetheless, many of these models often employ 

biomaterials such as Matrigel that have limitations. For example, Matrigel has been found to 

have significant batch-to-batch variations in biomechanical properties, extracellular matrix 

content, and protein content (127, 128, 239). These limitations highlight the need for more 
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controllable materials to analyze trophoblast invasion through a matrix. The GelMA hydrogel 

system used in this work offers a number of potential advantages specific for investigating 

trophoblast activity. The gelatin macromer used to create the GelMA hydrogel contains RGD 

cell binding motifs and MMP sites which allows for cell binding and matrix remodeling (69, 87, 

88). The use of photoinitiator allows for photopolymerization of GelMA under UV light, which 

covalently crosslinks the hydrogels and renders the hydrogels relatively homogenous in structure 

(69, 87, 88, 93, 240). The biophysical properties of GelMA, including stiffness and crosslinking 

density, can be tuned by manipulating the degree of methacrylamide functionalization along the 

gelatin macromer during GelMA synthesis or via crosslinking intensity (69, 87, 88, 203). This 

makes the GelMA system amenable to creating libraries of monolithic environments or spatially-

graded hydrogels containing a linear gradient of embossed stiffness or matrix-bound proteins to 

locally influence cell behavior (93, 203, 209). Other groups have used microfabrication 

techniques such as photopatterning, micromolding, self-assembly, and 3D printing to further 

customize the three-dimensional environment (69, 88). Although this study used unmodified 

GelMA hydrogels this versatility of the GelMA system provides exciting opportunities to 

examine trophoblast motility in increasingly complex, bioengineered systems. 

 

We report Swan71 trophoblast motility in response to two different members of the human PSG 

family. We demonstrate reproducible, consistent methodology, as indicated by similar values in 

outgrowth area, fold change in outgrowth area, and viability for control samples across multiple 

experiments. We also quantify cytotoxicity of spheroids; however, this assay system has 

limitations compared to the viability assay system. We observed variability across experiments 

for cytotoxicity measurements even though the viability was similar, which has previously been 
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found to be a limitation for the LDH assay and should be addressed in future studies by reducing 

serum concentrations and adjusting the signal-to-noise ratio for the assay (241).  

 

We next demonstrate the three-dimensional trophoblast motility assay also provides an avenue to 

explore trophoblast mediated matrix deposition. Remodeling and matrix deposition are powerful 

forces central to successful trophoblast invasion. We have previously used the GelMA hydrogel 

as a well-characterized platform to examine processes of cell mediated degradative and 

biosynthetic remodeling via assessments of stiffness, gene expression, and secreted biomolecules 

(242). Here, we adapted a recently described metabolic labeling approach to examine qualitative 

nascent protein production by Swan71 spheroids. We stained cells for bulk nascent protein 

production after 3 days of culture. Spheroids of Swan 71 trophoblasts secrete proteins within the 

hydrogels in sufficient quantities that their local accumulation can be visualized. Matrix 

remodeling plays a key role in trophoblast invasion so methods such as these will enable 

researchers to probe questions relating to the role of the extracellular matrix on trophoblast cell 

migration (39, 40, 42, 109). Future work will determine the specific proteins secreted by the cells 

to determine if matrix deposition plays a role on trophoblast motility. 

 

 

To further validate our motility assay, we first examined trophoblast motility in response to a 

known promoter (EGF) and inhibitor (Nodal) of trophoblast invasion. Exogenously added EGF 

markedly increased trophoblast outgrowth area compared to control and Nodal samples and 

increased viability compared to control samples, consistent with previous reports in the literature 

that concentrate on the mechanistic role of EGF in trophoblast activity (85, 139, 194). 
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Interestingly, while samples cultured in the presence of Nodal showed no difference in 

outgrowth area and viability compared to control samples, Nodal did significantly reduce overall 

outgrowth area (as well as fold change in outgrowth area) compared to exogenous EGF addition 

as early as day 2 of culture. Nadeem et al. previously demonstrated that Nodal reduced 

trophoblast invasion in wound-healing assays, transwell assays, and first-trimester placental 

explant invasion when Nodal was overexpressed or added to culture media (236). However, 

there are also studies that saw opposite effects and acknowledge contrasting results (243, 244). 

This multidimensional hydrogel model offers significant opportunities for future studies to 

examine dose dependent effects as well as to incorporate additional soluble factors or inhibitor in 

order to mechanistically probe the differential role of Nodal vs. EGF on trophoblast motility and 

invasion. 

 

PSGs are some of the most abundant circulating trophoblastic proteins in maternal blood during 

human pregnancy (226-229); however, much remains unknown regarding their role in early 

implantation and pregnancy disorders. Due to lack of specific antibodies that can distinguish the 

individual PSGs, temporal and expression levels have not been determined at the protein level; 

however, studies evaluating PSG expression at the mRNA level in the first and third trimesters 

indicated that PSG1 is expressed at much higher levels than PSG9, a finding confirmed by a 

different laboratory when examining expression of PSGs in villous cytotrophoblasts (245, 246).  

 

The various PSGs that have been examined so far share identical functions; therefore, the 

expansion and rapid evolution of the human PSG family has been explained by selection for 

increased dosage of PSG proteins, rather than for diversification of function. Both PSG1 and PSG9 
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activate latent transforming growth factor β (TGF-b), bind to integrins aIIbb3, and a5b1, induce 

endothelial tube formation by binding to heparan sulfate proteoglycans and also bind to galectin-

1 in a glycan-dependent manner (226, 234, 246, 247). Interestingly, although we have not found 

differences in PSG1 and PSG9 receptor utilization, our previous studies with members of the 

murine PSG family showed that murine PSGs (designated as psg16-32) may not all share the same 

function as they bind to different receptors. Although murine psg17 and psg19 bind to the 

tetraspanin CD9, we found no evidence of interaction of CD9 with psg22 and psg23 (248, 249). 

Therefore, as we observed with murine psgs, it is possible that receptor usage may vary between 

different members of the human PSG family. Additional studies are required to confirm the 

potential differences in PSG1 and PSG9 expression and its association with pregnancy pathologies, 

here, we studied the effect of exogenously added PSG1 and PSG9 in trophoblast motility with this 

newly developed protocol. 

 

To this end, we cultured encapsulated Swan71 spheroids with PSG9-Fc and quantified outgrowth 

area, viability, and cytotoxicity after 3 days of culture. We found that compared to control and 

Fc-control samples, PSG9-Fc reduced the trophoblast outgrowth area. This study suggests that 

PSG9-Fc reduces trophoblast invasion; however, in order to fully understand the mechanism, 

additional studies must be performed. We subsequently examined the influence of exogenous 

PSG1-Fc and PSG1-His on trophoblast motility. Previous studies showed staining of PSG1 in 

extravillous trophoblasts in distal placental areas, suggesting that there is likely increased 

expression of this PSG and potentially one or more of the other PSGs recognized by the 

monoclonal antibody utilized for the studies (PSG6, PSG7, and PSG8) in extravillous 

trophoblasts with an invasive phenotype (226). However, previous studies using two-
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dimensional wound healing assays with Swan71 or transwell invasion assays using the HTR-8 

SVneo extravillous trophoblast cell line did not identify shifts in cell invasion in response to 

soluble PSG1 (226). We employed our trophoblast motility assay to investigate the influence of 

two variants of PSG1 (PSG1-Fc and PSG1-His). These two proteins differ from each other by 

the tag fused to the PSG1 sequence, which results in a dimeric protein in the case of PSG1-Fc, 

and in the length of the carboxy-terminal end following the B2 domain (1a slice variant and 1d 

slice variant, respectively). Interestingly, we observed an increase in outgrowth area between 

control samples and samples incubated with PSG1-Fc on day 2 and day 3 of culture. Although 

we did not observe differences in outgrowth area between control samples and PSG1-His, we 

observed reduced cytotoxicity in response to PSG1-His versus control. We expected to observe 

similar results with PSG1-Fc and PSG1-His based on our prior results analyzing PSG1 binding 

to their binding partners; however, PSG1-His seems to cause a downward reduction in outgrowth 

area compared to control samples. Nevertheless, it is possible that PSG1-Fc and PSG1-His could 

have the same effects on trophoblast invasion and cell viability, but a limitation of these studies 

is that all proteins were utilized at a single concentration. Dose-response studies may provide 

additional insights into the differences in the activity of the proteins in the spheroid outgrowth 

assay. In addition, although we observed very low expression of PSG1 in the supernatant of 

Swan71 cells by ELISA (approximately 525 pg/mL secreted over a 48 h period after seeding 

100,000 cells in a 6 well plate); transfection of the Swan 71 cells with the PSG1 and PSG9 rather 

than addition of the proteins to the media may provide additional valuable information on their 

activity as regulators of trophoblast motility.   
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6.6 Conclusions 
 
In conclusion, multidimensional biomaterial platforms offer the opportunity to provide 3D tissue 

microenvironments to perform mechanistic studies to elucidate physiological and 

pathophysiological processes challenging to study in vivo. Our approach to recapitulate aspects 

of the endometrial microenvironment (e.g., tissue stiffness, spheroid culture, migration through a 

matrix) to probe questions relating to trophoblast invasion employs spheroids encapsulated in 

GelMA hydrogels to perform quantitative motility and viability assays. We used these assays to 

determine trophoblast response to soluble PSG9 and PSG1. Our results show that a spheroid-

based motility has the sensitivity to rapidly (within 3 days) quantify differences in trophoblast 

invasion and further, these cells secrete significant new protein content that can be readily 

visualized. Notably, we find PSG9-Fc reduces trophoblast motility while PSG1-Fc increases 

trophoblast motility compared to control samples. Taken together, this 3D trophoblast motility 

model has the potential to allow us to better understand trophoblast interactions with the 

extracellular matrix through which they are migrating so we can develop a deeper understanding 

of the mechanisms associated with early implantation. 
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6.7 Figures 
 

 

Figure 32. Table of contents graphic. Experimental work flow. 
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Figure 33. Three-Dimensional Swan71 Trophoblast Spheroid Assays. (A) Representative 

bright field images of Swan71 spheroids (2,000, 4,000, and 6,000 cells/spheroid). Scale bar, 200 

μm. (B) Average spheroid diameter in round bottom plates. Data are displayed as individual data  
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Figure 33 (cont), points. Bar represents mean ± standard deviation. One-way ANOVA with 

Tukey post hoc analysis, **** p < 0.0001 (n=5 technical replicates per group). (C) Average 

spheroid area in round bottom plates. Data are displayed as individual data points. Bar represents 

mean ± standard deviation. One-way ANOVA with Tukey post hoc analysis, ** p < 0.01, **** p 

< 0.0001 (n=5 technical replicates per group). (D) Schematic of experimental procedure. (E) 

Representative maximum intensity projection of encapsulated Swan71 spheroid on day 1 of 

culture. Scale bar, 100 μm. (F) Representative maximum intensity projection of encapsulated 

Swan71 spheroid on day 3 of culture. Scale bar, 100 μm. 
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Figure 34. Matrix Remodeling by Encapsulated Swan71 Spheroids. (A) Schematic of 

experimental procedure. The methionine analog azidohomoalanine (AHA) was added to 

spheroids on day 1 of culture and replaced daily. On day 3, a click chemistry reaction was 

performed using DBCO-488, a fluorophore-conjugated cyclooctyne, to visualize nascent 

proteins. Staining was performed after the click chemistry reaction to visualize cells. (B)  
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Figure 34 (cont), Representative maximum intensity projection of encapsulated Swan71 

spheroid on day 3 of culture stained for bulk nascent protein production. 
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Figure 35. Invasion Pattern Analysis After the Addition of Exogenous Growth Factors 

Epidermal Growth Factor (EGF) and Nodal to Spheroids Encapsulated in  
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Figure 35 (cont), Methacrylamide-Functionalized Gelatin (GelMA) Hydrogels. (A) 

Representative bright field images of 4,000 cell spheroids encapsulated in GelMA hydrogels 

from day 0 (seeding) to day 3 for control and after addition of 5 ng/mL EGF or 250 ng/mL 

Nodal. Scale bar, 200 μm. (B) Average spheroid outgrowth area in GelMA hydrogels over 3 

days. Data are displayed as individual data points. Bar represents mean ± standard deviation. 

Data were analyzed on each day between groups (Control n=7 technical replicates, EGF n=6 

technical replicates, Nodal n=7 technical replicates). Day 0: One-way ANOVA with Tukey post 

hoc analysis, *** p < 0.001, **** p < 0.0001. Day 1: One-way ANOVA with Tukey post hoc 

analysis. Day 2: Kruskal-Wallis with Dunn’s post hoc analysis, * p < 0.05, ** p < 0.01. Day 3: 

One-way ANOVA, **** p < 0.0001. (C) Spheroid outgrowth area fold change compared to 

initial area (day 0) over 3 days. Data are displayed as individual data points. Bar represents mean 

± standard deviation. Data were analyzed on each day between groups (Control n=7 technical 

replicates, EGF n=6 technical replicates, Nodal n=7 technical replicates). Day 1: One-way 

ANOVA with Tukey post hoc analysis, * p < 0.05. Day 2: Welch’s heteroscedastic F Test with 

Trimmed Means and Winsorized Variances with Games-Howell post hoc analysis, ** p < 0.01. 

Day 3: One-way ANOVA with Tukey post hoc analysis, **** p < 0.0001. (D) Relative viability 

of encapsulated spheroids at day 3 from CellTiter-Glo® 3D Viability Assay. Data are presented 

as individual data points overlaying box plots with the median denoted by a line, mean denoted 

by a square, and whiskers represent the mean ± standard deviation. Welch’s ANOVA with 

Games-Howell post hoc analysis, * p < 0.05, Control n=7 technical replicates, EGF n=6 

technical replicates, Nodal n=7 technical replicates. (E) Relative cytotoxicity of encapsulated 

spheroids at day 3 from measured from lactate dehydrogenase release via LDH-Glo® 

Cytotoxicity Assay. Data are presented as individual data points overlaying box plots with the  
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Figure 35 (cont), median denoted by a line, mean denoted by a square, and whiskers represent 

the mean ± standard deviation. One-way ANOVA with Tukey post hoc analysis, Control n=7 

technical replicates, EGF n=5 technical replicates, Nodal n=7 technical replicates. 
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Figure 36. PSG9-Fc Inhibits Swan71 Spheroid Invasion in Methacrylamide-Functionalized 

Gelatin (GelMA) Hydrogels. (A) Representative bright field images of 4,000 cell spheroids  
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Figure 36 (cont), encapsulated in GelMA hydrogels from day 0 (seeding) to day 3 for Control 

samples, Fc-Control samples (60 μg/mL), and PSG9-Fc samples (60 μg/mL). Scale bar, 200 μm. 

(B) Average spheroid outgrowth area in GelMA hydrogels over 3 days. Data are displayed as 

individual data points. Bar represents mean ± standard deviation. Data were analyzed on each 

day between groups (Control n=8 technical replicates, Fc-control n=8 technical replicates, PSG9-

Fc n=8 technical replicates). Day 0: One-way ANOVA. Day 1: Kruskal-Wallis ANOVA. Day 2: 

One-way ANOVA. Day 3: One-way ANOVA with Tukey post hoc analysis, * p < 0.05, ** p < 

0.01, **** p < 0.0001. (C) Spheroid outgrowth area fold change compared to initial area (day 0) 

over 3 days. Data are displayed as individual data points. Bar represents mean ± standard 

deviation. Data were analyzed on each day between groups (Control n=8 technical replicates, Fc-

control n=8 technical replicates, PSG9-Fc n=8 technical replicates). Day 1: Kruskal-Wallis 

ANOVA with Dunn’s post hoc analysis, * p <0.05. Day 2: Kruskal-Wallis ANOVA. Day 3: 

One-way ANOVA with Tukey post hoc analysis, ** p < 0.01, **** p < 0.0001. (D) Relative 

viability of encapsulated spheroids at day 3 from CellTiter-Glo® 3D Viability Assay. Data are 

presented as individual data points overlaying box plots with the median denoted by a line, mean 

denoted by a square, and whiskers represent the mean ± standard deviation. One-way ANOVA. 

Control n=8 technical replicates, Fc-control n=8 technical replicates, PSG9-Fc n=8 technical 

replicates. (E) Relative cytotoxicity of encapsulated spheroids at day 3 measured from lactate 

dehydrogenase release via LDH-Glo® Cytotoxicity Assay. Data are presented as individual data 

points overlaying box plots with the median denoted by a line, mean denoted by a square, and 

whiskers represent the mean ± standard deviation. One-way ANOVA with Tukey post hoc 

analysis. Control n=8 technical replicates, Fc-control n=8 technical replicates, PSG9-Fc n=8 

technical replicates; ** p < 0.01. 
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Figure 37. Invasion Pattern Analysis After the Addition of PSG1-Fc and PSG1-His to 

Swan71 Spheroids Encapsulated in Methacrylamide-Functionalized Gelatin (GelMA)  
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Figure 37 (cont), Hydrogels. (A) Representative bright field images of 4,000 cell spheroids 

encapsulated in GelMA hydrogels from day 1 to day 3 for Control samples, Fc-Control samples 

(60 μg/mL), PSG1-His samples (60 μg/ml), and PSG1-Fc samples (60 μg/mL). Scale bar, 200 

μm. (B) Average spheroid outgrowth area in GelMA hydrogels over 3 days. Data are displayed 

as individual data points. Bar represents mean ± standard deviation. Data were analyzed on each 

day between groups (Control n=6 technical replicates, Fc-Control (Fc) n=5 technical replicates, 

PSG1-His (1-His) n=5 technical replicates, and PSG1-Fc (1-Fc) n=6 technical replicates). Day 0, 

1: One-way ANOVA. Day 2: One-way ANOVA with Tukey post hoc analysis, * p < 0.05, *** p 

< 0.001. Day 3: Welch’s ANOVA with Games-Howell post hoc analysis, * p < 0.05. (C) 

Spheroid outgrowth area fold change compared to initial area (day 0) over 3 days. Data are 

displayed as individual data points. Bar represents mean ± standard deviation. Data were 

analyzed on each day between groups (Control n=6 technical replicates, Fc-Control (Fc) n=5 

technical replicates, PSG1-His (1-His) n=5 technical replicates, and PSG1-Fc (1-Fc) n=6 

technical replicates). Day 1: Kruskal-Wallis ANOVA. Day 2: One-way ANOVA with Tukey 

post hoc analysis, ** p < 0.01. Day 3: One-way ANOVA. (D) Relative viability of encapsulated 

spheroids at day 3 from CellTiter-Glo® 3D Viability Assay. Data are presented as individual 

data points overlaying box plots with the median denoted by a line, mean denoted by a square, 

and whiskers represent the mean ± standard deviation. One-way ANOVA. Control n=6 technical 

replicates, Fc-Control (Fc) n=5 technical replicates, PSG1-His n=5 technical replicates, and 

PSG1-Fc n=6 technical replicates. (E) Relative cytotoxicity of encapsulated spheroids at day 3 

from measured from lactate dehydrogenase release via LDH-Glo® Cytotoxicity Assay. Data are 

presented as individual data points overlaying box plots with the median denoted by a line, mean 

denoted by a square, and whiskers represent the mean ± standard deviation. One-way ANOVA  
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Figure 37 (cont), with Tukey post hoc analysis. Control n=6 technical replicates, Fc-Control 

(Fc) n=5 technical replicates, PSG1-His n=5 technical replicates, and PSG1-Fc n=6 technical 

replicates, ** p < 0.01. 
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CHAPTER 7: CONCLUDING REMARKS AND FUTURE OPPORTUNITIES 
 
 
7.1 Conclusions 
 
In this dissertation, we describe the creation of a stratified endometrial model platform to 

investigate trophoblast motility. This goal was inspired by high maternal mortality rates and poor 

pregnancy outcomes in the United States coupled with significant racial disparities in maternal 

and perinatal mortality for non-white people. We developed these platforms as tunable systems 

to probe questions surrounding defects in early implantation. We sought to develop platforms to 

begin to ask how aspects of stress (e.g., cortisol), experienced in higher amounts in people of 

color, impact aspects of endometrial function and trophoblast motility. Our central hypothesis 

was that stress molecules from the maternal-fetal interface (e.g., cortisol) negatively influence 

endometrial function and trophoblast invasion. Cortisol likely causes defects in cellular crosstalk 

at this interface that negatively influences the extent of trophoblast invasion, potentially resulting 

in defective implantation and pregnancy disorders. 

 

We have demonstrated that GelMA hydrogel platforms are adaptable for studying dynamic 

endometrial processes, including vascular formation, hormone responsiveness, epithelial 

monolayer formation, and trophoblast invasion. We developed methods to create and 

characterize a library of GelMA with mechanical properties similar to the native endometrium 

and placenta (Chapter Two), support the culture of an endometrial perivascular niche to study 

endometrial angiogenesis (Chapter Four), provide biochemical cues to hormone-responsive cells 

(e.g., decidualization of endometrial stromal cells), establish epithelial monolayers overlaying 

GelMA hydrogels (Chapter Three), and have employed the GelMA platform for trophoblast 

invasion assays (Chapter Five and Chapter 6). These tools will now allow us to answer the 
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following questions: How does cortisol influence endometrial function? How do biomolecular 

signals from stress influence trophoblast invasion? 

 
 
7.2 Future Opportunities 
 
The work herein provides unique endometrial platforms that can be used to target other aspects 

of female reproductive health. We describe some future opportunities below. 

 

Racial Disparities in Female Reproductive Health 

Human cell lines are often necessary for bioengineering models due to the lack of primary donor 

cells as well as the expense and complicated protocols of isolating primary cells or 

differentiating human induced pluripotent stem cells. Unfortunately, human cell lines often lack 

diversity and do not provide crucial donor information such as race, sex, gender, and age.  There 

has recently been a push to consider cell ancestry when developing bioengineering models so 

that we can capture racial/ethnic variation of populations to improve inclusion in our model 

systems (153, 154). 

 

A contributing factor to poor maternal mortality rates in the United States compared to other 

developed nations stems from significant racial disparities in pregnancy. From 2011-2015, 

pregnancy-related deaths in the United States were 13.0 deaths per 100,000 live births for White 

women, 42.8 deaths per 100,000 Black women (5-11). The causes of racial disparities in 

pregnancy transcend socioeconomic status and education level: recent research has suggested 

that psychosocial stressors such as discrimination and microaggressions experienced by non-

white women likely contribute to these disparities. With our tunable endometrial model system, 
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there is an opportunity to use patient-derived cells to develop endometrial model systems to 

begin to probe differences in endometrial physiology across groups. This may elucidate 

additional possible reasons why considerable racial disparities exist in pregnancy-related 

mortality. 

 

Variation in Menstrual Cycle Dynamics 

Menstruation is defined as the shedding of blood and tissue from the endometrium. Menstruation 

can be highly variable between cycles for individuals but also between individuals (33, 186, 

250). As such, the menstrual cycle itself has significant variability that should be considered in 

endometrial models. The menstrual cycle is typically described as a 28-day cycle; however, there 

is significant variation between individuals from age of menarche, cycle length, and endometrial 

thickness (33, 186, 250). Our studies modeled only the decidualization phase of the menstrual 

cycle but did not consider other menstrual cycle phases. Furthermore, we utilized only two 

hormone cocktails previously described in the literature; however, altering the mode of delivery 

and bolus of delivery of hormones may help address variation in menstrual cycle dynamics. 

 

Exploration of Other Female Reproductive Health Disorders 

Although we focused on early implantation events, there are numerous endometrial disorders 

that can be studied using our model systems. For example, endometriosis is the presence of 

endometrial tissue outside of the uterus (251). Endometriosis is a heterogeneous disease but 

symptoms can include chronic pain and infertility (251). A deeper understanding of endometrial 

physiology may provide insights into how and why endometrial tissue implants in other regions 

of the body. Ongoing work continuing in our laboratory is seeking to adapt approaches 
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developed here to model aspects of endometrial cell invasion (spheroid invasion assays) in 

endometriotic cells, study interactions between extracellular matrix composition and lesion 

initiation (microarrays), and analyze the contribution of the perivascular niche on endometriosis 

development (perivascular hydrogels). 

 

7.3 Final Remarks 
 

As a historically understudied and underfunded field, female reproductive health has often 

lagged behind other more-studied fields. This has unfortunately led to disappointing prevention 

and treatment options for a variety of female reproductive disorders that not only impact the 

quality of life of females but also can extend into the lives of their children with poor perinatal 

outcomes. It is our hope that the platforms developed herein will provide engineering toolsets to 

address these issues to improve health outcomes for women.  
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Abstract 
Three-dimensional cultures have exciting potential to mimic aspects of healthy and diseased 

brain tissue to examine the role of physiological conditions on neural biomarkers, as well as 

disease onset and progression. Hypoxia is associated with oxidative stress, mitochondrial 

damage, and inflammation, key processes potentially involved in Alzheimer’s and multiple 

sclerosis. We describe the use of an enzymatically-crosslinkable gelatin hydrogel system within 

a microfluidic device to explore the effects of hypoxia-induced oxidative stress on rat neuroglia, 

human astrocyte reactivity, and myelin production. This versatile platform offers new 

possibilities for drug discovery and modeling disease progression.  

 
Contribution 
Experimental work and manuscript preparation. 
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APPENDIX B. EXPERIMENTAL PROTOCOLS 
 
B1. T Human Endometrial Stromal Cell Culture Protocol 
 
All subsequent steps are to be performed in a biosafety cabinet using proper sterile technique. 

T HESCs (ATCC CRL-4003, Fibroblast immortalized with hTERT) 

• From non-malignant myomas 

• Fibroblast-like morphology 

• Expresses vimentin and fibroblast surface protein 

• STR Profile: 

Amelogenin: X 

CSF1PO: 10,12 

D13S317: 12,13 

D16S539: 12,14 

D5S818: 8 

D7S820: 10 

THO1: 7,8 

TPOX: 9,11 

vWA: 16,18 

• Grows for a minimum of 15 population doublings 

• Cite in manuscripts: T HESCs (ATCC® CRL-4003TM) 
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Reagents 

• Phenol red-free DMEM/F12 with 3.1 g/L glucose and 1 mM sodium pyruvate (based on 

Sigma Cat #D2906) supplemented with 1.5 g/L sodium bicarbonate (ordered from Cell 

Media Facility) 

• ITS+ Premix (BD Cat# 354352, Fisher Scientific Cat# CB-40352) 

• Puromycin (Sigma P8833) 

o 10 mg puromycin in 1 mL sterile cell culture water 

o Filter sterilize 

• Charcoal-Stripped Fetal Bovine Serum (Sigma-Aldrich, F6765-500ML, Batch #16M289) 

• 0.25% Trypsin-EDTA, Phenol Red-Free 

o 25 mL 0.5% Trypsin-EDTA, No Phenol Red (ThermoFisher, 15400054) and 25 

mL PBS 

• Cell Grade Water 

• PBS without Ca2+ and Mg2+ 

• DMSO 

• Trypan Blue 

 

Materials 

• Pipettes and pipette tips 

• T-25 or T-75 vented flasks, tissue culture treated 

• Centrifuge tubes 

• Microscope 

• Hemocytometer 
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• 37ºC water bath 

• Cell incubators 

• Centrifuge 

• Mr. Frosty 

• Cryopreservation vials 

• 0.22 micron filter 

 

Media Preparation 

As per manufacturer’s instructions: 

“A 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 medium with 3.1 g/L 

glucose and 1mM sodium pyruvate and without phenol red (Sigma Cat# D 2906) supplemented 

with 1.5 g/L sodium bicarbonate, 1% ITS+ Premix (BD Cat# 354352), 500ng/mL puromycin, 

90%; charcoal/dextran treated fetal bovine serum (HyClone Cat# SH30068.03), 10%”  

 

Combine: 

440 mL Media 

50 mL CS-FBS 

5 mL ITS+ Premix 

25 μL Puromycin 

5 mL penicillin/streptomycin 

Filter sterilize. Store at 4ºC for up to one month. 
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Thawing Procedure 

1. Thaw cell vial in 37ºC water bath by gentle agitation for approximately 2 minutes. Do not 

allow cap to touch water (contamination risk). 

2. Transfer contents from vial into a centrifuge tube with 9 mL of complete culture medium. 

3. Centrifuge cell suspension at 130 x g for 5 minutes. 

4. Aspirate supernatant. 

5. Resuspend cells in fresh growth media. 

6. Count cells using a hemacytometer and seed at appropriate seeding density. 

Flask Size Cell Density Total Media Volume 

T-25 75,000 - 100,000 5 mL 

T-75 225,000 - 300,000 15 mL 

 

Maintenance Procedure 

1. Grow cells in incubator at 37ºC, 5% CO2. 

2. Replace media the day after seeding cells. 

3. Renew media every 2-3 days. 

 

Passaging Procedure 

Passage cells when cell concentration reaches between 2 x 104 and 3 x 104 cells/cm2. 

1. Aspirate media from flask. 

2. Rinse cells using PBS. 

3. Add 3 mL 0.25% Trypsin-EDTA solution to the flask. Wait until cells detach from the 

flask (5-15 minutes). 
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4. Add 6 mL of complete growth media to the flask to neutralize trypsin. 

5. Transfer cells to a 15 mL conical tube. 

6. Centrifuge cells at 130 x g for 5 minutes. 

7. Discard supernatant and resuspend cells in growth media. 

8. Count cells using a hemacytometer and seed at 3 x 103 - 4 x 103 cells/cm2. 

Flask Size PBS Rinse Trypsin Media 

T-25 5 mL 1 mL 2 mL 

T-75 10 mL 3 mL 6 mL 

 

Cryopreservation Procedure 

1. Complete steps 1-8 of “Passaging Procedure”. 

2. Determine volume of media and DMSO necessary to cryopreserve cells. 

3. Place vials in Mr. Frosty for at least 4 hours but no more than 24 hours. 

4. Store in the liquid nitrogen (vapor phase) for long term storage. 

Reagent Percentage 

Cell Media 95% 

DMSO 5% 
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B2. Human Umbilical Vein Endothelial Cell (HUVEC) Culture Protocol 
Protocol adapted from Mai Ngo’s cell culture protocol. All subsequent steps are to be performed 

in a biosafety cabinet using proper sterile technique. 

HUVECs 

• Lonza Catalog #C2517A: HUVEC Single Donor, in EGM-2 

• Have a cobblestone-like morphology 

 

Reagents 

• Endothelial Growth Media 

o Endothelial Cell Growth Medium 2 Kit (Phenol Red-Free) (PromoCell, C-22216) 

o SupplementPack (PromoCell, C-39211) 

o 5 mL pen/strep (Invitrogen 15140-122) 

• TrypLE Express, no phenol red (ThermoFisher, 12604013) 

• Trypsin Neutralizing Solution: 10% FBS in PBS 

o 5 mL Charcoal-Stripped FBS 

o 45 mL PBS without Ca2+ and Mg2+ 

o Store at 4ºC for up to 1 month. 

• PBS without Ca2+ and Mg2+ 

• DMSO (filter sterilized) 

• Charcoal-Stripped FBS (Sigma-Aldrich, F6765-500ML, Batch #16M289) 

• Trypan Blue 

 

Materials 

• Pipettes and pipette tips 
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• T-25 or T-75 vented flasks, tissue culture treated 

• Centrifuge tubes 

• Microscope 

• Hemocytometer 

• 37ºC water bath 

• Cell incubators 

• Centrifuge 

• Mr. Frosty 

• Cryopreservation vials 

 

Media Preparation 

Thaw SupplementPack and CS-FBS at 15 - 25ºC. Mix the supplement contents by pipetting up 

and down. Transfer entire content of each supplement (excluding the fetal calf serum) to the 

Basal Medium bottle. Transfer 10 mL of CS-FBS to the bottle. Add 5 mL of pen/strep. Close the 

bottle and swirl gently to mix. Store the media at 4 - 8ºC for up to 6 weeks. Do not freeze. 

NOTE: This media does not contain enough fetal bovine serum to neutralize trypsin. Make 

trypsin neutralizing solution and use it instead. 

 

Thawing Procedure 

Note: HUVECs can have low viability after freezing. It is normal to observe many dead, floating 

cells the next day. 

1. Thaw cell vial in 37ºC water bath for 1 minute. 

2. Resuspend cells using a P1000 pipette. 
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3. Transfer cell cells to a 15 mL centrifuge tube and add 7 mL of media. 

4. Centrifuge cells at 200 x g for 5 minutes. 

5. Aspirate the supernatant and resuspend cells in a small amount of media. 

6. Count cells using a hemocytometer and seed at the required density. 

7. Add media to the flask so that there is 15 mL total in the flask and gently swirl to 

distribute cells evenly on the flask surface. 

8. Change the media the day after seeding. 

Flask Size Cell Density Total Media Volume 

T-25 116,000 5 mL 

T-75 350,000 15 mL 

 

Maintenance Procedure 

1. Grow cells in incubator at 37ºC, 5% CO2. 

2. Replace media in flask the day after seeding. 

3. Feed cells every other day. 

4. Feed cells the day before passaging. 

 

Passaging Procedure 

Passage cells at 80% confluence (~6 days). Feed cells the day before passaging. 

1. Aspirate media from the flask. 

2. Rinse cells with 10 mL PBS. 

3. Aspirate PBS from the flask. 
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4. Add 6 mL TrypLE Express to the flask. Observe cells under microscope and tap the flask 

gently to help cells detach. 

5. Neutralize cells with 9 mL trypsin neutralizing solution. 

6. Transfer cells to a 15 mL conical tube. 

7. Centrifuge cells at 200 x g for 5 minutes. 

8. Aspirate supernatant and resuspend cells in a small amount of media. 

9. Count cells using a hemacytometer and seed at appropriate seeding density. 

10. Add media to the flask and swirl gently to distribute cells. 

11. Change media in the flask the day after passaging. 

Flask Size PBS Rinse Trypsin Trypsin-Neutralizing Solution 

T-25 5 mL 2 mL 5 mL 

T-75 10 mL 6 mL 9 mL 

 

Cryopreservation Procedure 

1. Follow steps 1-10 in the “Passaging Procedure.” 

2. Calculate the volume of cell media, DMSO, and CS-FBS necessary to freeze cells at a 

density of 750,000 cells/vial. 

3. Pipette solution into cryopreservation vials (1.5 mL solution per vial). 

4. Place vials in Mr. Frosty in the -80ºC for at least 4 hours and no more than 24 hours. 

5. Transfer cells to the liquid nitrogen tank for long term storage. 

Reagent Percentage 

Cell Media 80% 

Serum (CS-FBS) 10% 

DMSO 10% 
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B3. Human Endometrial Microvascular Endothelial Cell (HEMEC) Culture Protocol 
This protocol is adapted from the ScienCell protocol for Cat. No. 7010. 

1. Prepare a fibronectin-coated culture vessel (2 μg/cm2). Add 5 ml of sterile Dulbecco’s 

phosphate buffered saline, Ca++- and Mg++-free (Cat. #0303) to a T-75 flask and then 

add 150 μl of fibronectin stock solution (Cat. #8248). Leave vessel in a 37oC incubator 

overnight.  

2. Prepare complete medium by adding supplements (Endothelial Growth Supplement Cat. 

No. 1052, Penicillin/Streptomycin Cat. No. 0503, and Fetal Bovine Serum Cat. No. 0025 

OR Charcoal-Stripped Fetal Bovine Serum Sigma-Aldrich, F6765-500ML) to phenol red-

free Endothelial Cell Medium (Cat. No. 1001).  

3. Aspirate the fibronectin solution and add 15 ml of complete medium to the culture vessel. 

The fibronectin solution can be reused twice. 

4. Place the frozen vial in a 37oC water bath. Hold and rotate the vial gently until the 

contents completely thaw. 

5. Carefully remove the cap without touching the interior threads. Gently resuspend and 

dispense the contents of the vial into the equilibrated, fibronectin-coated culture vessel.  

6. Replace the cap or lid of the culture vessel and gently rock the vessel to distribute the 

cells evenly. 

7. Return the culture vessel to the incubator.  

8. Do not disturb the culture for at least 16 hours after the culture has been initiated. Refresh 

culture medium the next day to remove residual DMSO and unattached cells.  
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Maintaining the culture:  

1. Refresh supplemented culture medium the next morning after establishing a culture from 

cryopreserved cells.  

2. Change the medium every two to three days thereafter. 

Subculturing:  

1. Subculture when the culture reaches 90% confluency.  

2. Prepare fibronectin-coated culture vessels (2 μg/cm2) one day before subculture.  

3. Warm complete medium, trypsin/EDTA solution, 0.05% (T/E, Cat. #0183), T/E 

neutralization solution (TNS, Cat. #0113), and DPBS (Ca++- and Mg++-free, Cat. 

#0303) to room temperature. 

4. Rinse the cells with DPBS.  

5. Add 10 ml DPBS and 1 ml 0.05% T/E solution (Cat. #0183) into flask (in the case of a 

T-75 flask) and place in incubator. 

6. During incubation, prepare a 50 ml conical centrifuge tube with 5 ml of fetal bovine 

serum (FBS, Cat. #0500).  

7. Once the cells completely round up, transfer T/E solution from the flask to a 50 ml 

centrifuge tube (a small percent of cells may detach). Check under a microscope to 

make sure that all cells detach.  

8. Add 5 ml of TNS solution to the flask and transfer detached cells to the 50 ml 

centrifuge tube. Rinse the flask with another 5 ml of TNS to collect the residual cells.  

9. Centrifuge the 50 ml centrifuge tube at 1000 rpm for 5 minutes. Gently resuspend cells 

in culture medium.  
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10. Count and plate cells in a new fibronectin-coated culture vessel with the recommended 

cell density. A seeding density of 5,000-7,000 cells/cm2 is recommended.  

11. To freeze cells down, follow this protocol and then freeze cells in CFM (Cat. No. 

0133).  
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B4. Endometrial Epithelial Cell (EEC) Culture Protocol 
All subsequent steps are to be performed in a biosafety cabinet using proper sterile technique. 

EEC Primary Cells 

• Endometrial (Uterine) Epithelial Cells (LifeLine Cell Technology, FC-0078, Lot#03839) 

• Donor Info: Caucasian Female, 33 y.o., uterine prolapse, average population doubling 

time: 45 hours, population doubling time for first passage out of cryopreservation: 24 

hours 

• Morphology: polygonal, cuboidal, monolayer 

• 5 guaranteed population doublings 

• Approximate days per passage: 5-8 

• Use within 1 to 2 passages 

 

Reagents 

Endometrial Epithelial Cell Media 

ReproLife Female Reproductive Medium Complete Kit (LifeLine Cell Technology, LL-0068) 

Trypsin 0.05% EDTA 0.02% (Phenol Red Free) (LifeLine Cell Technology, CM-0017) 

Trypsin-Neutralizing Solution: 10% FBS in PBS 

1.5 mL Charcoal-Stripped FBS 

13.5 mL PBS without Ca2+ and Mg2+ 

PBS without Ca2+ and Mg2+ 

DMSO 

Charcoal-Stripped FBS (Sigma-Aldrich, F6765-500ML, Batch #16M289) 

Trypan Blue 
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Materials 

Pipettes and pipette tips 

T-25 or T-75 vented flasks, tissue culture treated 

Centrifuge tubes 

Microscope 

Hemocytometer 

37ºC water bath 

Cell incubators 

Centrifuge 

Mr. Frosty 

Cryopreservation vials 

 

Media Preparation 

Basal medium should be stored at 2ºC - 8ºC. LifeFactors should be stored at -20ºC. For long-

term storage, LifeFactors should be stored at -80ºC. NOTE: LifeFactors are packaged with extra 

solution in each vial. Pipette the correct amounts into the media bottle. Thaw LifeFactors and 

mix by pipetting. L-glutamine should be warmed to 37ºC in a water bath and mixed to dissolve 

any precipitate. Mix insulin by pipetting the solution until any precipitate dissolves. Add 

LifeFactors into the ReproLife Basal Medium Bottle. Gently invert the bottle to mix. Store media 

at 2ºC - 8ºC for up to 2 weeks. Freeze media and store at -20ºC for up to one year. Make small 

media aliquots to prevent repeated warming of the media. Protect media from light to prevent 

degradation. 
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Thawing Procedure 

1. Thaw cell vial in 37ºC water bath for 1 minute. Do not allow cap to contact water 

(contamination risk). 

2. Resuspend cells using a P1000 pipette. Do not centrifuge: cells can be plated onto a flask 

immediately following thawing. 

3. Plate cells at proper density (5,000 cells/cm2) in vented flasks. 

4. Add media to cells. 

5. Gently rock flask to ensure cells are evenly distributed. 

6. Replace media in flask 4 to 36 hours after seeding once cells have attached to remove 

cryopreservation reagents. 

Flask Size Cell Density Total Media Volume 

T-25 125,000 5 mL 

T-75 375,000 15 mL 

 

Maintenance Procedure 

1. Grow cells in an incubator at 37ºC, 5% CO2. 

2. Replace media in flask 4 to 36 hours after seeding once cells have attached. 

3. Feed cells every other day. 

 

Passaging Procedure 

Passage cells when they reach 85% to 100% confluence but are still actively proliferating. 

1. Aspirate media from flask. 

2. Rinse cells using PBS. 
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3. Aspirate PBS from flask. 

4. Add 0.05% trypsin/0.02% EDTA to the flask and swirl gently. 

5. Allow cells to detach for 2-3 minutes, gently striking the flask to release cells. Do not 

over trypsinize. 

6. Add equal volume of trypsin-neutralizing solution to the flask. 

7. Transfer cells to a centrifuge tube (15 mL for T-25, 50 mL for T-75). 

8. Centrifuge cells at 150 x g* for 5 minutes. 

9. Aspirate supernatant from the tube. Carefully avoid the cell pellet. 

10. Resuspend the cells in media. 

11. Count cells using a hemocytometer and re-plate at 5,000 cells/cm2. 

Flask Size PBS Rinse Trypsin Trypsin-Neutralizing Solution 

T-25 5 mL 2 mL 2 mL 

T-75 10 mL 6 mL 6 mL 

 

Cryopreservation Procedure 

Cryopreserve cells at 80% confluence. 

1. Complete steps 1-11 of “Passaging Procedure". 

2. Determine volume of media, serum, and DMSO or FrostaLifeTM (LM-0015) necessary to 

cryopreserve cells at a density of 500,000 cells per mL to 2,000,000 cells per mL. 

3. Add 1.0 mL of total solution to each cryopreservation vial. 

4. Place vials in Mr. Frosty for at least 4 hours, but no more than 24 hours. 

5. Transfer cells to liquid nitrogen tank (vapor phase) for long-term storage. 
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B5. HTR-8/SVneo Cell Culture Protocol 
All subsequent steps are to be performed in a biosafety cabinet using proper sterile technique. 

HTR-8/SVneo 

ATCC CRL-3271, lot 70014079, human trophoblast 

• From placenta 

• Epithelial-like; however, this cell line has been shown to contain both epithelial and 

mesenchymal-like cell populations 

• Derived from transfecting cells from the chorinic villi explants of human first-trimester 

placenta with gene encoding for simian virus 40 large T antigen 

• STR Profile: 

Amelogenin: X  

CSF1PO: 12 

D13S317: 9,12 

D16S539: 13 

D5S818: 12  

D7S820: 12 

TH01: 6,9.3 

vWA: 13,18 

TPOX: 8 

• Cite in manuscripts as: HTR-8/SVneo (ATCC® CRL-3271TM)  

 

Reagents 

• RPMI-1640 Medium (from Cell Culture Facility; based on ATCC 30-2001) 
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• Charcoal-Stripped Fetal Bovine Serum (CS-FBS) (Sigma-Aldrich, F6765-500ML, Batch 

#16M289) 

• 0.25% Trypsin-EDTA, Phenol Red-Free 

o 25 mL 0.5% Trypsin-EDTA, No Phenol Red (ThermoFisher, 15400054) and 25 

mL PBS 

• PBS without Ca2+ and Mg2+ 

• DMSO 

• Trypan Blue 

 

Materials 

• Pipettes and pipette tips 

• T-25 or T-75 vented flasks, tissue culture treated 

• Centrifuge tubes 

• Microscope 

• Hemocytometer 

• 37ºC water bath 

• Cell incubators 

• Centrifuge 

• Mr. Frosty 

• Cryopreservation vials 

• 0.22 micron filter 
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Media Preparation 

As per manufacturer’s instructions: 

“The base medium for this cell line is ATCC-formulated RPMI-1640 Medium, Catalog No. 

30-2001. To make the complete growth medium, add the following components to the base 

medium: fetal bovine serum to a final concentration of 5%” 

 

Combine: 

 470 ml RPMI-1640 Medium 

 25 ml CS-FBS 

 5 ml Penicillin/Streptomycin 

Filter sterilize. Store at 4ºC for up to one month. 

 

Thawing Procedure 

1. Thaw cell vial in 37ºC water bath by gentle agitation for approximately 2 minutes. Do not 

allow cap to touch water (contamination risk). 

2. Transfer contents from vial into a centrifuge tube with 9 mL of complete culture medium. 

3. Centrifuge cell suspension at 130 x g for 5 minutes. 

4. Aspirate supernatant. 

5. Resuspend cells in fresh growth media. 

6. Count cells using a hemacytometer and seed at appropriate seeding density (1.5 x 104 - 3 

x 104 viable cells/cm2). 
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Flask Size Cell Density Total Media Volume 

T-25 375,000 - 750,000 5 mL 

T-75 1,125,000 - 2,250,000 15 mL 

 

Maintenance Procedure 

1. Grow cells in incubator at 37ºC, 5% CO2. 

2. Replace media the day after seeding cells. 

3. Renew media every 2-3 days. 

 

Passaging Procedure 

1. Aspirate media from flask. 

2. Rinse cells using PBS. 

3. Add 3 mL 0.25% Trypsin-EDTA solution to the flask. Wait until cells detach from the 

flask (5-15 minutes). 

4. Add 6 mL of complete growth media to the flask to neutralize trypsin. 

5. Transfer cells to a 15 mL conical tube. 

6. Centrifuge cells at 130 x g for 5 minutes. 

7. Discard supernatant and resuspend cells in growth media. 

8. Count cells and seed at the appropriate seeding density. 

Flask Size PBS Rinse Trypsin Media 

T-25 5 mL 1 mL 2 mL 

T-75 10 mL 3 mL 6 mL 
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Cryopreservation Procedure 

1. Complete steps 1-8 of “Passaging Procedure”. 

2. Determine volume of CS-FBS and DMSO necessary to cryopreserve cells. 

3. Place vials in Mr. Frosty for at least 4 hours but no more than 24 hours. 

4. Store in the liquid nitrogen (vapor phase) for long term storage. 

Reagent Percentage 

CS-FBS 92% 

DMSO 8% 
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B6. Swan71 Trophoblast Cell Culture Protocol 
Protocol adapted from Dveksler Lab at Uniformed Services University. Original protocol from 

Straszewski-Chavez et al. “The Isolation and Characterization of a Novel Telomerase 

Immortalized First Trimester Trophoblast Cell Line, Swan 71,” Placenta, 2009. All subsequent 

steps are to be performed in a biosafety cabinet using proper sterile technique. Gifted from 

Dveksler Lab who was given them by Dr. Mor for PSG work. 

 

Reagents 

• DMEM 

• FBS 

• Puromycin 

• TypLE 

• PBS without Ca2+ and Mg2+ 

• DMSO 

• Trypan Blue 

 

Materials 

• Pipettes and pipette tips 

• T-25 or T-75 vented flasks, tissue culture treated 

• Centrifuge tubes 

• Microscope 

• Hemacytometer 

• 37ºC water bath 

• Cell incubators 
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• Centrifuge 

• Mr. Frosty 

• Cryopreservation vials 

• 0.22 micron filter 

 

Media Preparation 

Recommended: 

DMEM (Phenol Red-Free for hormone work; From Cell Culture Facility) 

10% FBS (CS-FBS for hormone work) 

100 μg/mL penicillin/streptomycin 

Reagent For 500 mL For 100 mL 

DMEM 445 mL 89 mL 

10% FBS 50 mL 10 mL 

1% P/S 5 mL 1 mL 

Filter sterilize. Store at 4ºC for up to one month. Media should be pre-warmed prior to adding to 

cells. Puromycin (500 ng/mL)à add directly to flask after first passage from cryopreservation. 

 

Thawing Procedure 

1. Thaw vial in 37ºC water bath by gentle agitation for approximately 2 minutes. Do not 

allow cap to touch water (contamination risk). 

2. Transfer full contents of vial to a flask with cell medium. 

3. Replace medium the following day. 
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Notes: 

• Do not add puromycin when you take them out of cryopreservation. 

• Once passaged, add puromycin at a maintenance dose of 500 ng/mL and add every time 

to flask, not medium. 

 

Maintenance Procedure 

1. Grow cells in incubator at 37ºC, 5% CO2. 

2. Replace media the day after seeding cells. 

3. Renew media every 2-3 days. 

Notes: 

• Add puromycin at a maintenance dose of 500 ng/mL and add every time to flask, not 

medium. 

• Recommended 20,000 to 30,000 cells/cm2 (1,500,000 to 2,250,000 per T75 or 500,000 to 

750,000 per T25) 

 

Passaging Procedure 

1. Passage at approximately 80% confluence. 

2. Aspirate media from flask. 

3. Rinse cells using PBS. 

4. Add 5 mL TrypLE solution to the flask. Wait until cells detach from the flask (5-15 

minutes). 

5. Add 6 mL of complete growth media to the flask to neutralize trypsin. 

6. Transfer cells to a 15 mL conical tube. 
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7. Centrifuge cells at 130 x g for 5 minutes. 

8. Discard supernatant and resuspend cells in growth media. 

9. Count cells and seed at the appropriate seeding density. 

Flask Size PBS Rinse TrypLE Media 

T-25 5 mL 2 mL 2 mL 

T-75 10 mL 5 mL 6 mL 

 

Cryopreservation Procedure 

5. Complete steps 1-8 of “Passaging Procedure”. 

6. Determine volume of FBS and DMSO necessary to cryopreserve cells. Freeze down at a 

density equivalent to a confluent T75 flask. 

7. Place vials in Mr. Frosty for at least 4 hours but no more than 24 hours. 

8. Store in the liquid nitrogen (vapor phase) for long term storage. 

Reagent Percentage 

Media 80% 

FBS 10% 

DMSO 10% 
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B7. Methacrylamide-Functionalized Gelatin Synthesis 
This protocol is adapted from Shirahama H, Lee BH, Tan LP, Cho NJ. Precise Tuning of Facile 

One-Pot Gelatin Methacryloyl (GelMA) Synthesis. Sci Rep. 2016;6:31036. doi: 

10.1038/srep31036. PubMed PMID: 27503340; PMCID: PMC4977492. The protocol below was 

adapted from Sara Pedron’s protocol. 

 

Reagents: 

- Porcine Gelatin type A (Sigma Aldrich G2500) 

- Carbonate – bicarbonate (CB) buffer pH 9.4 (Thermo Fisher 28382) 

- Methacrylic anhydride (Sigma Aldrich 276685) 

- 12-14 kDa dialysis membranes (Fisher Scientific 21-152-8) . Hydrated in DI water at 

room temperature 20-30 min prior to purification. 

 

Preparation: 

Properly clean glassware prior to running experiment: wash with soap and water, rinse with DI 

water, spray with acetone, spray with ethanol. Make sure all glassware is 100% dry prior to your 

experiment. 

 

Procedure: 

Dissolve 1 g of gelatin in 10 ml of CB buffer at 50ºC. Subsequently, add MAA (0.1 ml for 90%* 

DOF, 0.04 ml for 50% DOF and 0.015 ml for 25% DOF) dropwise and stirring at 500 rpm. Scale 

up accordingly for larger batches. Check pH is 9-10 with pH paper. Let reaction proceed for 1 

hour for 50% - 25% and 3 hours for 90%, then stop reaction adding 40 ml of warm DI water 

(scale up for larger batches). Check pH is 6-7 with pH paper, if not add HCl solution (for 90% - 
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control of pH at this point is not that important because you want high DOF). Then dialyze 

gelatin solution in 12-14 kDa dialysis membranes against DI water at 50ºC for one week and 

lyophilize.  

* for very high DOF use 20% w/v gelatin solution, instead of 10% w/v. 
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B8. Cell Laden GelMA Hydrogel Cultures 
 
This protocol has been adapted from Mai Ngo’s protocol. 

 

Reagents  

• GelMA  

• LAP photoinitiator  

• PBS 

• Cells and cell media  

 

Supplies and equipment  

• UV Lamp 

• Teflon molds (autoclaved)  

• Glass slides (autoclaved) 

• Binder clips (autoclaved) 

• Syringe needles 

• 1.5 mL microcentrifuge tubes (autoclaved) 

• Spatula (autoclaved) 

• 48 well plates 

• Scintillation vials 

 

Procedure  

1. UV sterilize GelMA in a scintillation vial for 30 min. 
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2. Assemble molds by placing Teflon mold on top of glass slide and securing the four sides 

with binder clips. 

3. Add PBS to the GelMA to create a 5% (w/v) solution. 

4. Heat the mixture at 37 °C until all the GelMA is dissolved. Add PI to make a 0.1% 

solution (from a 5% stock solution of LAP) Place in the incubator at 37 °C until further 

use and protect from light. 

5. Passage and count cell types. 

6. Form a cell pellet from a suspension containing the desired concentration of cells by 

centrifuging twice at 200 rcf at 1.5 min each, and then 200 rcf at 2 min. Turn the vial 

180° between the first two cycles, then 90° for the last cycle.  

7. Remove media from the cell pellet and re-suspend cells in the GelMA solution. 

8. Pipette the pre-polymer solution into the wells and place under UV light for 30 seconds 

(Dial = 2.7 on IGB UV lamp). 

9. To remove hydrogels, run a needle around the edge of each hydrogel. Pipette PBS onto 

each hydrogel. Remove the binder clips and gently separate the mold from the glass 

slides. Use a spatula to transfer gels to 48 well plates with 0.5-0.8 mL of medium per 

hydrogel. 

10. If creating endometrial tricultures, follow protocol in B9. 
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B9. Microbial Transglutaminase Enzymatic Gel Coating 
 
Protocol Adapted From: Besser RR, Bowles AC, Alassaf A, Carbonero D, Claure I, Jones E, 

Reda J, Wubker L, Batchelor W, Ziebarth N, Silvera R, Khan A, Maciel R, Saporta M, Agarwal 

A. Enzymatically crosslinked gelatin-laminin hydrogels for applications in neuromuscular tissue 

engineering. Biomater Sci. 2020;8(2):591-606. Epub 2019/12/21. doi: 10.1039/c9bm01430f. 

PubMed PMID: 31859298; PMCID: PMC7141910. 

 

Reagents 

• Recombinant microbial (bacterial) transglutaminase-25 U (Zedira T001) 

• ECM biomolecules (See Table Below Adapted from Zambuto et al.) 

• Primary and secondary antibodies for biomolecules 

• Fluospheres Polystyrene Microspheres 1.0 μm orange fluorescent beads (Invitrogen)  

• PBS 

• Cell culture grade H2O 

 

Materials 

• Ibidi μ-Slides Angiogenesis Glass Bottom 

• Hydrogel samples 

• UV lamp 

• Microscope 

• Incubator 
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Protocol 

Reagent Prep 

mTg 

 Add H2O to the lyophilized mTg (see COA) 

 Rotate vial until solid dissolves 

 If turbid, centrifuge and collect supernatant 

 Freeze in working aliquots 

 

Coating Gels 

1. Prepare hydrogel samples: Add 10 μL of the prepolymer solution to each well of Ibidi μ-

Slides Angiogenesis Glass Bottom and then polymerize under UV light. 

Note: If making acellular gels, can use fluorescent microbeads (1x1010 beads/mL) to visualize 

hydrogel. 

2. Prepare a 1:1 ratio of 0.5 mg/mL mTg and 10 μg/mL ECM biomolecule solution. If 

making coatings with 2 biomolecules, combine biomolecules in a 1:1 ratio.  

3. Pipette 20 μL of this solution onto hydrogels. 

4. Incubate hydrogels for 1 hour in 5% CO2 incubators at 37°C. 

5. Perform one quick wash using 20 μL of PBS. 

6. If making tricultures, passage cells and add them immediately onto the gels. 

 

Visualization of ECM-coating on Hydrogels 

1. Block samples for 1 hour in 30 μL of a 2% Abdil solution (2% bovine serum albumin, 

0.1% Tween 20, PBS).  
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2. Stain samples with anti-biomolecule primary antibody diluted in 2% Abdil (30 μL; use 

vendor recommendation) at 4°C overnight.  

3. Perform three PBS washes. 

4. Incubate samples with secondary antibody solution diluted in 2% Abdil (1:500, 30 μL) 

for 2 hours at room temperature.  

5. Perform three PBS washes. 

6. Store samples in PBS at 4°C until imaged. 

 

Microarray/ECM Biomolecule Information from Underhill Laboratory. 

Biomolecule Vendor Catalog Number Stock Concentration 

Collagen 1 EMD Millipore 08-115MI 1 mg/mL 

Collagen 3 EMD Millipore CC054 1 mg/mL 

Collagen 4 Abcam ab7536 1 mg/mL 

Collagen 5 Abcam ab7530 1 mg/mL 

Fibronectin EMD Millipore FC010-10MG 1 mg/mL 

Decorin R&D Systems 143-DE-100 0.5 mg/mL 

Lumican ACROBiosystems LUM-H5227-100ug 0.5 mg/mL 

Laminin EMD Millipore CC095 1 mg/mL 

Hyaluronic Acid Lifecore Biomedical HA60k-1 1 mg/mL 

Tenascin C R&D Systems 3358-TC-050 0.5 mg/mL 
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B10. 3D Immunofluorescent Staining Protocol for Hydrogels 
 
Original protocol adapted from Mai Ngo’s protocol 

Materials needed: 

• PBS buffer 

• Formalin 

• PBST: PBS + 0.1% Tween 

• PBS + 0.5% Tween 

• 2% Abdil: PBS + 0.1% Tween + 2% BSA 

o Store at 4°C. Remake after 1 month. 

• Primary and secondary antibodies 

• DAPI or Hoechst (Invitrogen H3570) 

Day 1 (Approximately 2 hours) 

1. Wash the tissue with PBS, 3 quick washes 

2. Fix the tissue in formalin for 15 minutes 

3. Wash with PBS, 3 quick washes 

4. Permeabilize in PBS + 0.5% Tween for at least 15 minutes 

5. Wash in PBST for 5 minutes, 3 times 

6. Block in 2% abdil for 1 hour 

7. Dilute the primary antibody in 2% abdil. Prepare 300 μl solution per well. 

8. Add primary antibody, incubate overnight at 4°C. If double staining, you can combine 

primary antibodies. 

Days 2 and 3 performed while protecting samples from light 
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Day 2 (Approximately 1.5 hours) 

1. Wash in PBST for 20 minutes, 4 times. At room temperature on shaker. 

2. Dilute the secondary antibody in 2% abdil. Prepare 300 μl solution per well. 

3. Add secondary antibody, incubate overnight at 4°C, covered in foil, on shaker. 

Day 3 (Approximately 2 hours) 

1. Wash in PBST for 20 minutes, 4 times at room temperature. 

2. Add DAPI (1:300 diluted in PBS) or Hoescht (1:2000 diluted in PBS) for 30 minutes 

3. Wash with PBST. 

4. Store in PBST until imaging. 

Antibody Company/Part # Dilution Species Cell Type 

CD31 Agilent JC70A 1:200 Mouse HUVEC 

Mouse Monoclonal CD10 Agilent R084801-1 1:100 Mouse HUF/HESC 

Anti-Cytokeratin 18 Abcam ab52948 1:250 Rabbit EEC 

Phalloidin-iFluor 488 Reagent 

CytoPainter 

Abcam ab176753 1 μl/1 mL  All 

Goat Anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 555 

Thermo A-21422 1:500 Goat  

Goat Anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 488 

Thermo A-11001 1:500 Goat  

Goat Anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 555 

Thermo A-21428 1:500 Goat  

Goat Anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 488 

Thermo A-11008 1:500 Goat  
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B11. 2D Immunofluorescent Staining Protocol 
Materials needed: 

• PBS buffer 

• Formalin 

• PBST: PBS + 0.1% Tween 

• PBS + 0.5% Tween 

• 2% Abdil: PBS + 0.1% Tween + 2% BSA 

o Store at 4°C. Remake after 1 month. 

• Primary and secondary antibodies 

• DAPI or Hoechst (Invitrogen H3570) 

Procedure: 

1. Wash the tissue with PBS, 3 quick washes 

2. Fix the tissue in formalin for 15 minutes 

3. Wash with PBS, 3 quick washes 

4. Permeabilize in PBS + 0.5% Tween for 15 minutes 

5. Wash in PBST for 5 minutes, 3 times 

6. Block in 2% abdil for 1 hour 

7. Dilute the primary antibody in 2% abdil. Prepare 300 μl solution per well (adjust 

depending on plate size). Incubate samples in primary antibody overnight at 4°C 

8. Perform 5 x 5 minute washes in PBST 

9. Dilute the secondary antibody in 2% abdil. Prepare 300 μl solution per well. Incubate 

samples in secondary antibody overnight at 4°C. Protect samples from light from here 

onward. 

10. Perform 5 x 5 minute washes in PBST 
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11. Incubate samples in Hoechst for 10 minutes. 

12. Perform a quick wash with PBST. 

13. Store in PBST until imaging. 

Antibody Company/Part # Dilution Species Cell Type 

CD31 Agilent JC70A 1:200 Mouse HUVEC 

Mouse Monoclonal CD10 Agilent R084801-1 1:100 Mouse HUF/HESC 

Anti-Cytokeratin 18 Abcam ab52948 1:250 Rabbit EEC 

Phalloidin-iFluor 488 Reagent 

CytoPainter 

Abcam ab176753 1 μl/1 mL  All 

Goat Anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 555 

Thermo A-21422 1:500 Goat  

Goat Anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 488 

Thermo A-11001 1:500 Goat  

Goat Anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 555 

Thermo A-21428 1:500 Goat  

Goat Anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody AlexaFluor 488 

Thermo A-11008 1:500 Goat  
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B12. Microarray Immunofluorescent Staining Protocol 
 
Materials needed: 

• PBS buffer 

• Formalin 

• PBST: PBS + 0.1% Tween 

• PBS + 0.5% Tween 

• 2% Abdil: PBS + 0.1% Tween + 2% BSA 

o Store at 4°C. Remake after 1 month. 

• Primary and secondary antibodies 

• DAPI Fluoromount 

Procedure:  

Day 1 

1. Wash the tissue with PBS, 3 quick washes 

2. Fix the tissue in formalin for 15 minutes 

3. Wash with PBS, 3 quick washes 

4. Permeabilize in PBS + 0.5% Tween for 15 minutes 

5. Wash in PBST for 5 minutes, 3 times 

6. Block in 2% abdil for 1 hour at room temperature 

7. Dilute the primary antibody in 2% abdil. Prepare 300 μl solution per slide. Incubate 

samples in primary antibody overnight at 4°C 

Day 2 

8. Perform 3 x 5 minute washes in PBST 
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9. Dilute the secondary antibody in 2% abdil. Prepare 300 μl solution per well. Incubate 

samples in secondary antibody overnight at 4°C. Protect samples from light from here 

onward. 

Day 3 

10. Perform 3 x 5 minute washes in PBST 

11. Mount using DAPI Fluoromount 

12. Image 
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B13. Nascent Protein Production Staining 
Protocol Adapted From:  

Loebel C, Kwon MY, Wang C, Han L, Mauck RL, Burdick JA. Metabolic Labeling to Probe the 

Spatiotemporal Accumulation of Matrix at the Chondrocyte-Hydrogel Interface. Advanced 

Functional Materials. 2020. doi: 10.1002/adfm.201909802. 

 

Reagents 

• Click-iT AHA (Invitrogen, C10102; 100 μM) 

• Hanks’ Balanced Salt Solution (HBSS)  

• Methionine-Free Media (purchased or custom made at the Cell Media Facility) 

• AFDye 488 DBCO (Click Chemistry Tools, 1278-1; 30 μM) 

• CellMaskTM Deep Red Plasma Membrane Stain (1:1000; Invitrogen, C10046) 

• Hoechst or DAPI 

• PBS 

 

Materials 

• Hydrogel samples 

• UV lamp 

• Microscope 

• Incubator 
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Protocols 

Protocol Using Methionine-Free Media (Short or Long Term) 

Note: This protocol can be used for bulk nascent protein production staining (e.g., entire culture 

period). 

1. Starting on day 1 of culture, incubate hydrogels with the methionine analog 

azidohomoalanine (Click-iT AHA; 100 μM) in methionine-free DMEM supplemented 

with relevant reagents (e.g., FBS, penicillin/streptomycin, etc.). 

2. Replenish the media containing AHA daily. 

3. On the final day of culture, wash hydrogels two times with sterile PBS. 

4. Incubate hydrogels for 40 min in AFDye 488 DBCO (Click Chemistry Tools, 30 μM) at 

37 °C. 

5. Wash hydrogels three times with sterile PBS. 

Note: Hydrogels are live until this point. 

6. Fix hydrogels in 4% formaldehyde (or formalin) for 15 min followed by three PBS 

washes.  

7. Stain or store at 4 °C in PBS until staining. 

8. Incubate hydrogels in CellMaskTM Deep Red Plasma Membrane Stain (1:1000; 

Invitrogen) for 40 minutes at 37°C followed by three PBS washes.  

9. Incubate hydrogels in Hoechst at room temperature for 30 minutes (1:2000 dilution in 

PBS) followed by one PBS wash.  

10. Store samples at 4°C in PBS until imaged. 

Protocol Using HBSS (Short Term) 
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Note: If your cell media is proprietary and you cannot obtain methionine-free media, you can 

still use this method using HBSS and short time frames (e.g., scale of hours). 

1. On last day of culture, wash hydrogels once with HBSS and incubate in HBSS in the 

incubator for 30 minutes to deplete the cells of any remaining methionine. 

2. Remove HBSS and incubate hydrogels in HBSS containing the methionine analog 

azidohomoalanine (Click-iT AHA; 100 μM) for 1 hour. 

3. Following incubation, perform two HBSS washes. 

4. Incubate hydrogels in AFDye 488 DBCO (Click Chemistry Tools; 30 μM) for 40 minutes 

in the incubator. 

5. Following incubation, Wash hydrogels X3 with PBS. 

Note: Hydrogels are live until this point. 

6. Fix hydrogels for 15 minutes using formalin followed by X3 PBS washes. 

7. Stain hydrogels immediately or store at 4°C in PBS until staining. 

8. Incubate hydrogels in CellMaskTM Deep Red Plasma Membrane Stain (1:1000; 

Invitrogen, C10046) for 40 minutes at 37°C followed by three PBS  

9. Incubate hydrogels in Hoechst at room temperature for 30 minutes (1:2000) followed by 

one PBS wash.  

10. Store at 4°C in PBS until imaged. 
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B14. CellTiter-Glo 3D Viability Assay 
This protocol is adapted from Emily Chen’s protocol. 

Principle: 

CellTiter-Glo is a viability assay. This assay involves lysing cells and generates a luminescent 

signal proportional to the amount of ATP present. The ATP is proportional to the amount of 

viable cells in culture. 

 

Advantages: 

This assay is simple, fast, robust, and designed specifically for 3D cultures. This assay can be 

used for low cell numbers (1000s). 

 

Materials and Reagents: 

• Day 3 Spheroids in GelMA Hydrogels 

• CellTiter Glo 3D Kit 

• Opaque 96 well plate (white walled) 

• Plate Reader 

• Shaker 

 

Procedure: 

Preparation: 

1. Culture spheroids and image daily for 3 days. 

2. Thaw CellTiter Glo overnight at 4C. 

3. Equilibrate Reagents and cells to Room Temperature for 30 minutes (at least). 

4. Mix reagents gently prior to use by inverting the tube. 
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Assay: 

1. Equilibrate samples and medium to room temperature for 30 minutes. 

2. Prepare a stock solution with (1:1) equal amounts of cell medium and CellTiter Glo. 

3. Remove medium from each well. 

4. Add 400 uL of stock solution to each well. 

5. Incubate plate for 1 hour at room temperature on shaker to stabilize signal (8th dot; cover 

with foil). 

6. Transfer 3x100 uL triplicates to an opaque plate for each sample. 

Prepare blank triplicates using the CellTiter Stock. 

7. Read luminescence on plate reader. 

8. Calculate viability by subtracting blank luminescence from sample luminescence. 
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B15. LDH Assay Protocol 
 

Protocol adapted from Promega LDH-Glo Cytotoxicity Assay Technical Manual TM548. 

 

Assay Principles 

Lactate dehydrogenase (LDH) is an enzyme released into cell media when plasma membranes 

are disrupted. LDH is a cytotoxicity marker. Luminescence signal is generated proportional to 

the amount of LDH in the sample. 

 

Reagents 

• LDH-Glo Cytotoxicity Assay (J2380 or J2381) 

o LDH Detection Enzyme Mix 

o Reductase Substrate 

o Lactate Dehydrogenase 

• LDH Storage Buffer (Prepared by User) 

o 200 mM Tris-HCl (pH 7.3), 10% Glycerol, 1% BSA 

 

Materials 

• Treated cells 

• 96-well opaque, white walled luminescence plates 

• Multichannel pipettor 

• Plate reader 

o Integration time of 0.5 – 1 second per well 
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Protocol 

Notes:  

Do not freeze thaw reagents more than 3 times. 

Removal of up to 10% of starting media from the well should be fine as per manufacturer’s 

instructions. 

 

LDH Storage Buffer Preparation 

200 mM Tris-HCl (pH 7.3), 10% glycerol, 1% BSA 

Filter sterilize using a 0.22 μm filter bottle. Store at 4°C for up to one month. 

 

LDH Detection Reagent Preparation: Immediately before use 

1. Thaw LDH Detection Enzyme Mix and Reductase Substrate at room temperature. Keep LDH 

Detection Enzyme Mix at room temperature and Reductase Substrate on ice once thawed. 

2. Immediately before use, prepare LDH Detection Reagent. Each well will use 50 μL sample 

and 50 μL of LDH Detection Reagent. 

Per Reaction (Well): 50 μL LDH Detection Enzyme Mix + 0.25 μL Reductase Substrate 

3. Mix by inverting 5 times. 

 

LDH Assay 

1. Equilibrate samples to room temperature prior to running assay. 

2. Collect samples of culture media: 2-5 μL into 48-95 μL of LDH storage buffer. Mix by 

pipetting up and down 2-3 times. Proceed with assay or store at -20°C. 

3. Dilute samples to recommended dilution in LDH storage buffer. 
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4. Transfer 50 μL of diluted sample into a 96-well white walled plate. 

5. Add 50 μL of LDH Detection Reagent. 

6. Incubate at room temperature for 60 minutes. *Protect from light!* 

7. Immediately record luminescence. 

 

Controls 

• No cell control: Same amount of cell media diluted in LDH Storage Buffer 

• Vehicle control: Your standard vehicle control from your experiment 

• Maximum LDH release control (optional-use if calculating % cytotoxicity) 

Add 2 μl of 10% triton X-100 per 100 μl of vehicle-only cells for 10-15 min or longer (do 30 

min for gels) 
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B16. Matrigel Tube Formation Assay Protocol 
 

Materials 

• Phenol Red-Free Matrigel OR Phenol Red-Free Matrigel 96 well plate 

• Endothelial cells 

• 200 µL pipette tips 

• 96-well plate 

• Ice 

 

Day before Experiment 

• Thaw Matrigel or Matrigel plate overnight in cold room. 

• Pre-cool pipette tips and 96-well plate in -80 °C freezer overnight if using Matrigel. 

 

Experiment 

Keep Matrigel, pipette tips for dispensing Matrigel, and 96-well plate on ice at all times. For the 

96-well plate I have kept it on top of an ice pack while dispensing Matrigel into it. 

1. Working quickly, dispense 100 µL of Matrigel into the pre-cooled 96-well plate using the 

pre-cooled pipette tips. 

2. Incubate the plate for 1 hour at 37 °C to let the Matrigel set. Meanwhile, passage 

endothelial cells. 

NOTE: If using precoated plate, place in incubator for 1 hour and then passage cells. 

3. Dispense the following amounts of endothelial cells per well: 5000, 1000, 15000, 20000, 

25000. Add media such that there is 100 µL media per well. 



243 
 

4. Incubate the plate for up to 16 hours. Tubes should form between 6 and 16 hours (12 

hours recommended). Do not let the cells culture for more than 18 hours without 

imaging; the tubes will fall apart without any support from stromal cells. 

5. Image using a phase microscope. 

 

 

 

 

 

 

 

 

 

 


