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Abstract 

The toxicity of drugs in the context of pregnancy is typically unknown due to the exclusion 

of pregnant women from clinical trials. To address the need for microphysiological systems that 

can predict safety data during pregnancy, we developed models of the maternal-fetal interface and 

the developing blood-brain barrier. In the placenta model, we found that trophoblast fusion and 

hormone secretion increase on softer substrates that mimic the healthy placental 

microenvironment. Similarly, fusion on soft gelatin fibers decreased the static permeability of 

fluorescent molecules through trophoblasts cultured on these substrates. These results suggest that 

mechanical cues from the placental microenvironment play an important role in regulating 

trophoblast structure and function. In the blood-brain barrier model, we found that high tissue 

permeability correlated with nuclear elongation, loss of junction proteins, and increased actin 

stress fiber formation, indicative of increased contractility at the cell-cell junction. We further 

tested the applicability of this platform to predict modulations in brain endothelial permeability by 

exposing cell pairs to engineered nanomaterials, including gold, silver-silica, and cerium oxide 

nanoparticles, thereby uncovering new insights into the mechanism of nanoparticle-mediated 

barrier disruption. Overall, our work highlights the importance of mechanical signaling for cell-

cell and cell-matrix interactions and informs efforts to model pregnancy for the purposes of 

predicting drug toxicity.  
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1 Introduction 

 Human drug safety and environmental toxicity is difficult to determine, in part because 

preclinical animal models often fail to predict human response in clinical trials. This is especially 

problematic for prenatal toxicity testing, where the exclusion of pregnant women from clinical 

trials further hinders our ability to manage preexisting conditions and treat obstetric diseases 

without posing a risk to both mother and fetus.1,2 Our ability to predict drug and environmental 

toxicity depends on our understanding of biological barrier function in health and disease. 

Chemical and pharmacological distribution is largely determined by the function or dysfunction 

of biological barriers made up of epithelial and endothelial tissues. These tissues divide the body 

into multiple compartments, forming selectively permeable membranes to protect internal organs 

while also permitting rapid transport of oxygen and nutrients. Importantly, the permeability of 

barrier tissues is spatially and temporally regulated throughout development and disease to balance 

the opposing needs of enabling rapid transport of oxygen and nutrients and restricting passage of 

potential toxicants. For example, the placental barrier must couple the fetus to the maternal 

circulation to ensure growth and development while also shielding the developing fetus from 

xenobiotic exposure. Similarly, the blood-brain barrier dynamically regulates cerebral 

homeostasis, balancing its role of both promoting and protecting neurological function. 

Understanding the spatiotemporal regulation of biological barrier function and mechanisms of 

disruption is critical for not only predicting drug toxicity in developing tissues but understanding 

how barrier dysfunction can lead to increased susceptibility to environmental exposures. 

 Recently, microphysiological systems have emerged as alternatives to animal models for 

predicting human-relevant cell and tissue behavior in drug discovery and disease modeling.3,4 

Following this paradigm, microphysiological models have been developed to probe the 
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mechanisms that regulate barrier structure and permeability as well as model barrier behavior in 

development,5 health,6 and disease.4 While animal models often fail to predict human response to 

drugs due to genetic and anatomical variation across species,7 microphysiological systems provide 

an opportunity to recreate human cell and tissue behavior outside the body.8 Importantly, 

microphysiological systems build upon simple cell cultures by striving to recreate both native 

cellular structure and function using chemical and biophysical cues of the extracellular 

microenvironment.9 However, the full potential of microphysiological systems to predict drug and 

environmental toxicity has yet to be realized.  

 One reason that microphysiological systems have not been widely adopted is that our 

ability to recreate the structural hallmarks of barrier physiology in vitro raises questions about the 

validity of these tools to predict barrier performance in vivo. When these complex tissue structures 

are recreated, it often comes at the expense of platform throughput, which hinders the impact of 

these systems for large scale clinical testing or environmental screening. Here, we propose an 

improvement over existing microphysiological systems of the placental and blood-brain barrier 

through leveraging chemical and biophysical cues from the extracellular microenvironment to 

control barrier structure and function. To justify the inclusion of these extracellular matrix cues in 

microphysiological models of developmental toxicity, here we review the diverse roles of 

extracellular matrix in the womb in regulating healthy pregnancy and contributing to obstetric 

disease. 

 

1.1 The role of extracellular matrix in normal and pathological pregnancy 

 Before conception and throughout gestation, the womb integrates a multitude of signals to 

become a receptive environment capable of supporting embryonic growth and development.  
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While much attention has been given to the role of hormones and growth factors during this 

transformation, cells in the womb also receive important biophysical and biochemical cues from 

their surrounding extracellular matrix. Extracellular matrix is composed of fibrous proteins and 

viscous proteoglycans that provide a three-dimensional scaffold within which cells adhere.10,11 

Once viewed as a passive substrate,12 the extracellular matrix is now recognized as a key regulator 

of embryonic development, organ growth, and disease progression.13,14 While it is well accepted 

that extracellular matrix regulates cell differentiation and morphogenesis in the embryo proper,15 

the role of extracellular matrix in regulating the structural and functional changes that occur in the 

womb and at the maternal-fetal interface is not yet fully appreciated. 

During pregnancy, extracellular matrix maintains the structural integrity of the uterus, 

facilitates embryo adhesion, and regulates placental invasion into the endometrium to form the 

maternal-fetal interface. To mediate these processes, the extracellular matrix attaches to the cells 

via membrane bound adhesion molecules including integrins and selectins.16,17 Through these 

connections, cells sense the physical characteristics of their microenvironment, including substrate 

stiffness, pressure, shear, and stretch, and convert these mechanical cues into chemical and 

electrical signals that regulate cell structure and behavior.18–20 Throughout gestation, the 

extracellular matrix is dynamically remodeled, constantly deposited and degraded to support 

evolving tissue functions.21 The spatiotemporal regulation of this remodeling is critical; if matrix 

molecules in the womb are abnormally expressed, pathological conditions of reproduction and 

pregnancy often occur.22–26 For example, placenta accreta spectrum disorder—an obstetric disease 

characterized by unrestricted placental invasion—is thought to arise from maladaptive matrix 

signaling from fibrotic scar tissue in the womb. As a result, placental overgrowth poses a great risk 

of maternal hemorrhage, often necessitating surgical removal of the placenta and uterus upon 
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delivery.27 While this condition was once extremely rare, placenta accreta is becoming more 

prevalent as the rate of cesarean deliveries increases,28 and there are few options for more 

conservative treatments.29 Thus, there is a pressing need to better understand the interactions 

between cells and extracellular matrix at the maternal-fetal interface in the progression of healthy 

pregnancies to inform efforts to treat obstetric diseases. 

Here, we argue that extracellular matrix in the uterus and at the maternal fetal interface is 

a primary determinant of pregnancy outcome. To support this claim, we review the functions of 

the extracellular matrix and matrix-mediated cellular processes in the context of key milestones 

that occur throughout gestation. We discuss how extracellular matrix in the womb facilitates 

cellular adhesion and migration and supports tissue growth mediated by mechanical signaling. We 

also review extracellular matrix composition and remodeling typical of a healthy pregnancy and 

discuss cases where aberrant expression or maladaptation of the remodeling process results in 

reproductive and obstetric complications such as implantation failure, preeclampsia, placenta 

accreta, and preterm labor. Finally, we discuss the recreation of native matrix in in vitro models of 

the female reproductive tract to study developmental toxicities and to facilitate the discovery of 

novel treatments for infertility and obstetric diseases.   

 

1.2 Extracellular matrix facilitates fertilization and implantation 

Even before conception, extracellular matrix in the reproductive tract lays the foundation 

for a successful pregnancy. In mammalian ovaries, oocytes mature in follicles surrounded by 

cumulus cells that produce a matrix cushion that encapsulates and protects the egg.30 In response 

to an ovulatory surge in luteinizing hormone, this cushion thickens to form the zona pellucida.31 

The zona pellucida is a transparent membrane is composed of a hyaluronic acid and specialized 
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glycoproteins that protect the egg during release from the ovary and facilitate fertilization.32 If 

matrix molecules or their crosslinkers are disrupted or missing from the zona pellucida, oocyte 

release and fertilization is impaired, resulting in infertility or sterility.33–35 Matrix composition is 

affected by a number of factors, including disrupted endocrine function during the menstrual cycle 

and genetic abnormalities that affect matrix protein production.36,37  

A few days after an egg is fertilized, the resulting conceptus must implant into the 

endometrium, the inner lining of the uterus, to continue normal growth and development. Because 

both embryonic and endometrial signaling pathways must be synchronized, the timing of 

implantation is critical. If implantation occurs two or three days early or late, the risk of 

spontaneous abortion or pregnancy complications increases dramatically.38,39 Steroid hormones40 

and other signaling molecules are coordinated during the menstrual cycle to create a “window of 

receptivity”, a period when conditions are optimal for embryo implantation. The composition of 

extracellular matrix in the endometrium helps to define this window of receptivity (Figure 1.1a, 

Table 1.1), which is marked by a reduction of matrix molecules that prevent adhesion and an 

increase in integrin expression to facilitate attachment between the embryo and uterine wall.41 

Throughout the menstrual cycle, endometrial matrix composition shifts in response to 

cycling levels of estrogen and progesterone to balance factors that prevent or potentiate embryonic 

adhesion.42 Before ovulation, the surface of the endometrium is coated with anti-adhesion 

glycoproteins, such as mucin and Tenascin-C, that inhibit cell attachment until secretion is 

suppressed or cleared by cell surface proteases.43,44 After ovulation, the endometrium undergoes a 

process known as decidualization, where endometrial fibroblasts differentiate into secretory 

decidual cells that produce extracellular matrix and secrete factors that nourish the embryo.45 As 

steroid hormone levels increase, decidual cells deposit matrix proteins such as laminin, entactin, 
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fibronectin, collagen IV, and heparan sulfate in the glandular areas of the endometrium to promote 

embryonic attachment and invasion.46,47 Heparan sulfate, in particular, has been shown to facilitate 

implantation as it is recognized by selectins found on the outer layer of the blastocyst.48 Decidual 

cells also synthesize more collagen V, which has high affinity for heparan sulfates and is thought 

to stabilize growth factors found in the extracellular microenvironment.49,50 Together, the 

reduction of anti-adhesive glycoproteins and the synthesis of proteoglycans which promote cell-

matrix and matrix-matrix interactions help to create a receptive environment for implantation.  

 

 

 

Figure 1.1 Roles of extracellular matrix in the womb 

Extracellular provides structural support in the womb and mediates important cellular processes including adhesion, 

migration, invasion, and mechanical signaling. a. Extracellular matrix regulates embryonic adhesion by defining a 

window of receptivity for implantation. b. Extracellular matrix guides placental invasion and is dynamically 

remodeled when extravillous trophoblasts invade the endometrium. c-d. Extracellular matrix forms a fibrillar scaffold 

to reinforce tissue strength and extensibility, propagating mechanical signals that induce stretch-mediated hypertrophy 

and uterine contractile activation at the onset of labor. 
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Table 1.1 Distribution of select extracellular matrix proteins in the womb 

 
Matrix Location/Structure Adaptive Remodeling Ref 

E
n

d
o

m
et

ri
u

m
 

Collagen I Interstitial fibers - 21,51 

Collagen III Interstitial fibers ↓ in decidualization 21 

Collagen V Interstitial fibers ↑ in decidualization 21 

Fibrillin Decidual cells ↑ in 1st & 2nd trimester 52 

Fibulin Decidual cells ↓ during 1st trimester 53 

Elastin - - 52 

Tenascin C Stroma ↓ in secretory phase 44 

Hyaluronan Stroma and vessels ↓ in secretory phase 54 

Fibronectin Basement membrane & PCM ↑ in decidualization 47 

Laminin Basement membrane & PCM ↑ in decidualization 47 

Collagen IV Basement membrane & PCM ↑ in decidualization 47 

Heparan Sulfate Basement membrane & PCM ↑ in decidualization 47 

     

     

P
la

ce
n

ta
 

Collagen I Stromal fibers & vessels ↓ in 3rd trimester 55–57 

Collagen III Stromal thin beaded fibers - 55 

Collagen V Stromal thin filaments - 55 

Fibrillin Villous stroma ↑ in 3rd trimester 56,58 

Fibulin Villous/extravillous trophoblast ↑ 1st, 2nd,3rd trimester 59 

Elastin Stroma and vessels - 56,60 

Tenascin C Stroma and vessels - 56 

Hyaluronan Stroma and vessels - 61 

Fibronectin Stroma & basement membrane ↑ in 3rd trimester 55 

Laminin Stroma & basement membrane ↑ in 3rd trimester 55–57 

Collagen IV Stroma & basement membrane ↑ 1st, 2nd,3rd trimester 55,56 

Heparan Sulfate Stroma & basement membrane  62 

     

     

M
y

o
m

et
ri

u
m

 

Collagen I Smooth muscle cells ↓ in 3rd Trimester 63  

Collagen III Smooth muscle cells & fibers ↑ in pregnancy 63 

Collagen V Smooth muscle cells - 63,64 

Fibrillin Colocalized with elastin fibers ↑ in pregnancy 65 

Fibulin - - - 

Elastin Outer myometrium ↑ in pregnancy 66,67 

Tenascin C Basement membrane and smooth muscle ↑ in pregnancy 68,69 

Hyaluronan Cervical tissue ↑ at term & labor 70 

Fibronectin Connective tissue & PCM ↑ in late pregnancy 63,71 

Laminin Basement membrane ↑ in pregnancy 72 

Collagen IV Basement membrane ↑ in late pregnancy 65,71 

Heparan Sulfate Cervix & PCM ↑ in labor 73 

     

PCM: pericellular matrix 
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Coinciding with the secretion of specific matrix molecules during decidualization, 

transiently expressed integrins in the endometrium also signify the window of receptivity for 

implantation. In decidual cells, integrin activation potentiates cytoskeletal remodeling and focal 

adhesion assembly that stabilizes embryo apposition and attachment to the uterine wall, which are 

important initial steps in implantation.74 Evidence from animal models has shown that implantation 

efficiency is impaired when certain integrins are inhibited or lacking. For example, mice embryos 

lacking integrin ß1, which is required for implantation, do not develop beyond the point when 

normal embryos implant.75 Further, mice and rabbits that receive an intrauterine injection of 

integrin αVß3 blocking antibody have fewer successful implantations than control animals injected 

with bovine serum albumin or antibodies for non-RGD peptides.76,77 Integrins αV and ß3 are also 

thought to be involved in regulating human implantation, as both integrins are temporarily 

upregulated during decidualization and ovulation.17  

Aberrant expression of these integrins has been observed in women with a history of 

infertility and endometriosis, an inflammatory disease of the inner lining of the uterus. In some 

cases, integrin ß3 expression is delayed, resulting in a window of endometrial receptivity that is 

not synchronized with the developmental stage of the embryo trying to implant.17  In other cases,  

integrin ß3 expression is reduced in endometrial lesions, which may contribute to the subfertility 

often seen in women with endometriosis.44 Reduced sensitivity to progesterone in endometriosis 

further disrupts the balance of matrix deposition and degradation necessary for decidualization and 

implantation.78–80 Because of their role in implantation, integrins and adhesive extracellular matrix 

molecules are potential biomarkers to improve assisted reproductive technologies. Taken together, 

these observations demonstrate that extracellular matrix composition and binding site availability 

contribute to endometrial receptivity and thereby regulate embryo implantation. 
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1.3 Extracellular matrix guides placental invasion 

After a blastocyst apposes and attaches to inner lining of the uterus, extraembryonic cells 

that will form the placenta begin to migrate into and remodel the endometrium. These invasive 

cells, called extravillous trophoblasts, travel along fibrillar matrices in uterine tissue, degrading 

and depositing new matrix proteins as they anchor the embryo to the uterine wall (Figure 1.1b, 

Figure 1.2).81 In concert with decidual cells and maternal immune cells, extravillous trophoblasts 

use enzymes such as matrix metalloproteinases (MMPs) to degrade the native matrix and remodel 

uterine spiral arteries, ensuring sufficient blood flow from the maternal to the fetal 

compartment.56,82,83 As the placenta develops, it secretes hormones that further stimulate matrix 

deposition and remodeling molecule secretion in both placental trophoblasts and maternal 

endometrial cells.84 Ultimately, the degree of tissue remodeling and vascularization is regulated 

by a delicate balance of MMP expression, enzymatic activation, and abundance of tissue inhibitors 

of metalloproteinases (TIMPs),85 which are controlled by a combination of steroid hormones as 

well as genetic and epigenetic programming.86,87  

The spatiotemporal regulation of integrins and MMP expression in the placenta and 

endometrium is critical for proper trophoblast invasion. In early pregnancy when the placenta is 

most invasive, these extravillous trophoblasts secrete mostly MMP-2, a gelatinase that targets 

collagens and basement membrane proteins near the surface of the endometrium.88 By the end of 

the first trimester, these cells also secrete MMP-9 to degrade interstitial collagens deeper in the 

uterus.89 Expression of integrins and MMPs also varies among trophoblasts derived from different 

regions of the placenta.90,91 To illustrate this differential expression, we parsed integrin and MMP 

expression data from a genome-wide transcription study of sorted trophoblast cells isolated from 

first trimester placentas (Figure 1.2b-d).92 Here, we see that extravillous trophoblasts express more 
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fibronectin-binding integrins and basement membrane degrading proteases than other cell types in 

the placenta, which is necessary to penetrate endometrial basal lamina. If MMPs or their target 

matrix proteins are missing or are overabundant, the placenta cannot invade properly, resulting in 

obstetric syndromes that increase risks of both maternal and fetal morbidity.93–96 

 

 

Figure 1.2 Integrin and matrix metalloproteinase gene expression in placental cell types 

a. First trimester placental villi stained for Collagen IV and counterstained with haematoxylin and simplified 

illustration (right). Arrow indicates basement membrane staining and box represents globular Col IV in extravillous 

column (reprinted with permission from Oefner et al.157) b-e. Heatmaps of alpha (panel b) and beta (panel c) integrin 

and matrix metalloproteinase (panel d) and tissue inhibitors of matrix metalloproteinases (panel e) transcription levels 

in placental cells (RNA sequencing data were extracted from a previously published dataset65) For clarity, only genes 

with more than 3.6 fragments per kilobase of transcript per million mapped reads (FPKM) in at least one cell type are 

included. 
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 Insufficient placental invasion is thought to contribute to preeclampsia, an obstetric disease 

characterized by the onset of hypertension, proteinuria, and maternal inflammation after the 20th 

week of pregnancy.97 During preeclampsia, shallow trophoblast invasion and incomplete 

remodeling of the spiral arteries result in reduced placental volume and increased blood pressure 

that often leads to fetal growth restriction.98,99 Aberrant integrin and MMP expression at the 

maternal fetal interface is one explanation for this restricted invasion. For example, placental cells 

isolated from patients with preeclampsia express lower levels of integrins and MMPs that bind to 

and degrade laminin, collagen, and fibronectin compared to cells from normal pregnancies.26,94 

Genetic deficiency in MMP-9—a proteinase that cleaves collagens that are abundant in the 

womb—impairs trophoblast invasion and decidualization in mice, producing a preeclamptic 

phenotype with intrauterine growth restriction, hypertension and proteinuria.93 Interestingly, not 

all matrix degrading enzymes are reduced in preeclampsia. Patients with preeclampsia have 

elevated levels of extracellular matrix metalloproteinase inducers circulating in their bloodstream, 

while their placentae express a broader range of MMPs, suggesting a possible compensatory 

mechanism to overcome insufficient invasion and vascular remodeling.100,101 However, matrix 

fragments generated by excessive proteases can cause inflammation by triggering additional 

immune cell activation and recruitment.102,103 Therefore, maladaptive proteinase expression and 

aberrant remodeling of the extracellular matrix at the maternal-fetal interface contributes to both 

insufficient invasion at the onset of preeclampsia and overactive maternal immune response seen 

in the later stages the disease.104  

Maladaptive matrix proteinase expression in the womb is also associated with excessive 

trophoblast invasion as seen in placenta accreta spectrum disorder. Instead of adhering to and 

remodeling maternal tissues to connect to the maternal circulation, these placentae penetrate the 
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deep muscular layers of the uterus and sometimes even enter the abdominal cavity, resulting in a 

cancer-like growth. Overly-invasive placentas show increased expression of MMPs and lower 

levels of enzyme degradation inhibitors.105 Specifically, extravillous trophoblasts from patients 

with placenta accreta spectrum disorder retain the highly invasive phenotype of first trimester 

trophoblasts well into the third trimester of gestation.106 Although the disease is characterized by 

improper trophoblast invasion, placenta accreta spectrum disorder is not considered to be a disease 

of placental origin. On the contrary, risk factors for placenta accreta spectrum include past uterine 

surgeries such as cesarean section and uterine fibroid removal, suggesting disruption in maternal 

endometrial tissue architecture is a contributing factor in the disease.107 Disorganized and fibrotic 

extracellular matrix in uterine scar tissues are weaker than that of healthy tissue and present points 

of entry for excessive invasion.108 To improve uterine tissue integrity and reduce scar formation 

after cesarean deliveries, matrix-based scaffolds have emerged as an approach to facilitate wound 

healing in the womb.109–111 By recapitulating the healthy matrix that supports cellular migration 

and integration, tissue engineered wound healing approaches may reduce scar formation in the 

uterus after cesarean delivery, thereby ameliorating the risk of developing placenta accreta 

spectrum disorder in subsequent pregnancies. Altogether, these results emphasize the importance 

of uterine matrix integrity in regulating trophoblast invasion and underscore the potential for novel 

approaches to improve scarless wound healing after cesarean delivery. 

 

1.4 Extracellular matrix remodeling supports uterine growth and labor 

In the uterus, layers of smooth muscle and extracellular matrix wrap circumferentially and 

longitudinally around the uterine cavitity.112 Within these layers, the concentration and structure 

of extracellular matrix change throughout pregnancy to enable dramatic growth and expansion 
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without increasing intrauterine pressure.67 Strikingly, the matrix surrounding the outer layer of the 

uterus possesses not only the strength to withstand forces generated during labor but also the 

flexibility to expand to a volume almost 500 times its original size.112 Matrix strength derives from 

elaboration by uterine cells that remodel the extracellular fibrils that reinforce tissues (Figure 1.1c). 

For example, small collagen fibrils are degraded and reassembled within the uterus to form larger 

collagen bundles that increase tissue strength.51,63,72 Thicker elastic fibers are similarly formed by 

increased expression of elastin and fibrillin to accommodate tissue strain.66 Further, basement 

membrane proteins are upregulated near the end of term, with increased deposition near 

hypertrophied muscle cells to improve cellular integration within the tissue.71 Interestingly, this 

increase in extracellular matrix deposition is only temporary. Towards the end of pregnancy, the 

body begins to degrade the additional matrix and soften uterine tissue,113 thereby increasing 

connectivity between uterine muscle cells to achieve synchronized contractions for labor.114,115  

The dynamic deposition and remodeling of extracellular matrix proteins is important for 

maintaining a healthy pregnancy and enabling a safe labor and delivery. If extracellular matrix 

composition is disrupted or lacking, the structural integrity of the uterus is impaired.116 For 

example, women with Ehlers-Danlos syndrome, a family of diseases that disrupts connective 

tissues in the body, are more likely to experience obstetric complications including premature 

rupture of membranes and preterm birth.117 Pregnant patients with severe forms Ehlers-Danlos 

syndrome also face an increased risk of uterine rupture and maternal mortality.118 The 

hypothesized mechanism of premature membrane rupture is a defect in collagen synthesis, which 

weakens the chorionic membrane of the affected fetus.119 Aside from genetic defects that impair 

collagen synthesis, uterine integrity is also compromised in women with who have had a previous 

cesarean delivery.120,121 After a cesarean section, fibrotic scar tissue with increased but disrupted 
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collagen at the site of the incision leads to uterine tissue weakness that is more prone to rupture in 

subsequent pregnancies.122–124 While cesarean scar niche formation directly effects myometrial 

tissue mechanical properties, including elasticity, extensibility, and strength, the close proximity 

of uterine tissues with the chorionic and amniotic membrane can influence their mechanical 

properties as well.116,124 Together, these clinical observations suggest that extracellular matrix 

plays an important role in maintaining uterine integrity throughout pregnancy and delivery.  

Throughout gestation, uterine growth is mediated by a combination of steroid hormone 

dynamics and mechanical stretch. In early pregnancy, uterine myocyte hyperplasia and matrix 

deposition is triggered by hormones released by the ovaries and the nascent placenta. Specifically, 

both estrogen and progesterone stimulate increased extracellular matrix production and 

remodeling in the womb that increase tissue strength and extensibility.116 As pregnancy progresses, 

mechanical stretch plays a more significant role by modulating uterine response to hormonal cues 

and transmitting physical signals that modulate gene expression and cellular function. Importantly, 

uterine stretch caused by the growing fetus is necessary for the normal induction of matrix protein 

expression.76 Even in the absence of steroid hormones, stretch alone can induce uterine growth 

and protein production; for example, when a balloon was used to inflate the uterus of 

ovariectomized rabbits, uterine cell mass and protein expression increased as if the animals were 

pregnant.89 Mechanical stretch also regulates uterine muscle hypertrophy that enables uterine 

contractility in the later stages of pregnancy and labor (Figure 1.1d).125,126 After first proliferating 

in early pregnancy, uterine myocytes then grow and expand by hypertrophy, simultaneously 

becoming more excitable and contractile in preparation of labor. Importantly, these muscle cells 

do not contract synchronously until active labor begins.127 For labor to begin, the extracellular 

matrix that once reinforced tissue strength must be degraded to enable electromechanical coupling 
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between uterine myocytes. Like extracellular matrix production, matrix degradation is also 

regulated by a combination of hormonal and mechanical signals. Injections of progesterone in the 

final days of pregnancy can postpone matrix degradation and the onset of labor in rats.71 The 

activity of matrix degradation enzymes is also sensitive to stretch,128 further contributing to the 

mechanosensitive matrix remodeling and tissue softening that is necessary for labor to begin.  

Due to its regulation of labor onset in normal pregnancies, mechanical signaling has been 

investigated as a potential cause of preterm labor and preterm birth. Preterm birth—or delivery 

that occurs before 37 weeks gestation – affects between 5% and 18% of pregnancies and is the 

leading cause of infant mortality and morbidity.88,129 Of these preterm deliveries, approximately 

two-thirds are due to preterm labor and premature rupture of fetal membranes, and one-third 

represent medical interventions to treat preeclampsia or fetal growth restriction.130 Mechanical 

signaling and maladaptive remodeling of extracellular matrix in the myometrium or fetal 

membranes contribute to certain cases of spontaneous preterm labor. For example, twin or multiple 

gestation pregnancies are more likely to result in preterm birth, in part because the uterus stretches 

and remodels more rapidly than in singleton pregnancies.131–133 Pregnant patients with a history of 

endometriosis also face increased risk of premature rupture of membranes or preterm birth.134 Just 

as reduced progesterone sensitivity in early pregnancy impairs decidualization and implantation, 

aberrant expression of MMPs and TIMPs near term can cause precocious softening of the cervix 

and amnion.116 Further, uterine collagenase and elastase expression in both term and preterm labor 

are also upregulated in response to stretch and can induce contraction of uterine smooth muscle 

cells necessary for labor.115 In sum, matrix degrading enzymes are critical for the completion of 

normal labor and represent possible pharmacological targets for preventing or postponing preterm 

labor. 
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1.5 Recapitulating extracellular matrix in microphysiological models of the 

maternal-fetal interface 

While much has been learned about the role of extracellular matrix in pregnancy, it remains 

difficult to fully elucidate how matrix aberrations lead to obstetric disease and how to correct them 

to improve pregnancy outcomes.  Difficulties stem from the limitations of clinical trials in pregnant 

women and species variation in reproductive anatomy and gestation in animal models.135 Further, 

the multivariate interactions that influence extracellular matrix remodeling, including hormonal 

and immune signaling, are difficult to control and manipulate in vivo. Therefore, there is a need 

for alternative approaches to study the contributions of extracellular matrix remodeling in healthy 

and pathological pregnancies.  

To overcome these limitations, microphysiological systems, also known as organs on 

chips, have emerged as an alternative to animal models in preclinical drug testing and disease 

modeling of many organ systems.136–140 Microphysiological systems aim to recreate tissue-specific 

cellular and microenvironmental structure while enabling quantitative readouts of tissue function 

that map to clinical diagnostics.4,9,141,142 Recently, these systems have been shown to offer unique 

insights into cell-cell communication among heterogenous cell populations in complex tissues with 

a granularity not previously afforded by either in vitro or in vivo studies in any species.143,144 When 

applied to the female reproductive tract,145 these platforms have enabled better understanding of 

reproductive diseases,146,147 prediction of prenatal drug safety,148 and advances in basic 

developmental biology.149 Thus far, microphysiological systems of the maternal-fetal interface 

have been developed to study the endometrium,150 placenta151, and fetal membranes.152 Multiple 

cell types, dynamic hormonal signals, and microfluidic flow allow these systems to quantify key 

cellular interactions and behaviors including migration, invasion, and barrier function in response 

to physiological stimuli.147,153–156  
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By controlling extracellular matrix composition, microphysiological systems have also 

been used to probe the contributions of biochemical and physical matrix cues on cellular 

behavior.157–159 Matrix proteins including fibronectin, laminin, and collagen have been used to 

study cell adhesion and to evaluate matrix-derived effects on placental cell structure and 

function.159,160 Tunable hydrogel substrates have also been used to modulate tissue stiffness,161 

enabling co-culture of endometrial epithelial and stromal cells that require different local 

microenvironments.162 Similarly, gelatin hydrogel scaffolds were used to generate a three 

dimensional model of endometrial vascularization and trophoblast invasion.163 Using native tissue 

composition as a guide,164 a microphysiological system of the amniotic membrane with the 

appropriate cellular and extracellular matrix components was also generated to study the effects 

of dynamic culture environments on amniotic cell migration and differentiation.165 These in vitro 

models demonstrate the ability to test the direct effects of extracellular matrix cues in controlled 

systems, enabling researchers to delineate the influence of certain extracellular signals that could 

not be untangled in vivo. 

The extracellular matrix coordinates cellular differentiation and morphogenesis in the 

womb. Though often overlooked, maladaptive extracellular matrix composition and remodeling 

in womb are contributing factors for obstetric complications that threaten both maternal and fetal 

health. To close the gap in our understanding and appreciation of the role of extracellular matrix 

in pregnancy, we propose to use microphysiological systems to further probe the relationship 

between maternal and fetal cells and their physical microenvironment. By incorporating 

physiologically relevant cues from the extracellular matrix, these in vitro models can be used to 

improve reproductive technologies and identify therapeutic interventions for obstetric diseases. 

We envision the knowledge gained from these systems can be used to engineer more receptive 
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environments for assisted reproduction, to develop wound dressings to scarlessly heal surgical 

incisions, and to better predict antenatal environmental and drug safety, thereby improving 

women’s reproductive health. 
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2 Microphysiological model of the placental barrier 

 

2.1 Introduction 

The placenta is a transient organ of embryonic origin that enables pregnancy by connecting 

a developing organism to the maternal circulation.166 On the surface of the placenta, fetal 

trophoblasts fuse to form a continuous, multinucleated syncytium that regulates nutrient and gas 

exchange, synthesizes hormones, and protects the developing fetus from xenobiotic exposure and 

infection.167,168 Arising from a pool of undifferentiated cytotrophoblasts, syncytiotrophoblast 

formation is necessary to maintain a healthy pregnancy, while disruptions to trophoblast fusion 

result in defective placentation and are associated with adverse pregnancy outcomes.95,169 While 

there are several known mediators of trophoblast fusion, including hormones,170 growth factors,171 

and membrane proteins,172 trophoblast fusion is inefficient in vitro, posing a major limitation to 

the development of physiologically relevant models of the placental barrier.  

Despite growing evidence that mechanical cues from the extracellular microenvironment 

regulate stem cell differentiation and embryogenesis,13 the importance of mechanobiological cues 

at the maternal-fetal interface have largely been overlooked. Recently, however, mechanical 

characterization of the placental tissue ex vivo show dynamic spatiotemporal regulation of tissue 

stiffness accompanying changes in extracellular matrix expression.173 Placental stiffening has also 

been associated with obstetric diseases such as preeclampsia and intrauterine growth 

restriction.174,175 While trophoblast fusion and hormone secretion has been shown to change in 

response to mechanobiological stimuli such as extracellular matrix composition and substrate 

thickness,159,176,177 the relationship between microenvironmental stiffness and trophoblast fusion 

and barrier function has yet to be defined. 
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Here, we asked how the mechanical properties of the extracellular microenvironment 

influence trophoblast fusion and barrier function. To investigate this, we cultured human BeWo 

cells on matrix-coated hydrogels with elasticities between 8 to 64 kPa to mimic both normal and 

pathological placental stiffnesses. We found that trophoblasts fused more on softer substrates, 

forming larger and more nucleated syncytia. Concurrently, trophoblasts on softer substrates 

secreted more human chorionic gonadotropin (hCG), a hormone that is critical for implantation 

and maintenance of pregnancy. To test the effect of substrate stiffness on trophoblast barrier 

function, we engineered soft scaffolds from fibrous gelatin and compared the permeability of 

trophoblasts grown on these scaffolds to those cultured on commercial Transwells. We found that 

trophoblast barriers grown on soft gelatin fibers were less leaky than trophoblasts grown on stiff 

polycarbonate membranes. Together, these results suggest that mechanical cues from the placental 

microenvironment regulate trophoblast fusion and thus proper placentation. Based on these results, 

we predict that implementation of softer substrates in microphysiological systems of the maternal-

fetal barrier will allow for improved obstetric disease modeling and developmental toxicity 

screening in vitro. 

 

2.2 Materials and methods 

2.2.1 Polyacrylamide substrate preparation 

Hydroxy-polyacrylamide gels were polymerized on glass coverslips according to a 

previously reported protocol.161 Briefly, coverslips were cleaned with 0.1 M sodium hydroxide 

and activated using 3-(trimethoxysilyl)propyl methacrylate (Sigma, MO, USA) for 1 hour. 

Meanwhile, hydroxy-polyacrylamide precursor solutions composed of  40% acrylamide solution 

(BioRad, CA, USA), N,N’-methylenebisacrylamide  solution, and N-hydroxyethylacrylamide 
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dissolved in 50 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Sigma, 

MO, USA) were prepared according to concentrations in Table 2.1 and placed under vacuum for 

30 minutes. Polymerization was initiated by adding 50 µL of ammonium persulfate (100 mg/mL 

solution in ultrapure water, Sigma, MO, USA) and 5 µL of N,N,N',N'-tetramethylethylenediamine 

(TEMED) (ThermoFisher Scientific, MA, USA). After quickly mixing, 20 µL of precursor 

solution was transferred to UVO-treated coverslip (22mm) and sandwiched between an activated 

coverslip (18 mm). Sandwiched gels polymerized for 10-15 minutes before submerging in water 

and separating the coverslips using a flexible razorblade. Hydroxy-polyacrylamide-coated gels 

were rinsed in water and stored in PBS at 4°C until use. To functionalize gel-coated coverslips for 

cell seeding, extracellular matrix proteins were deposited using microcontact printing with 

featureless polydimethysiloxane (PDMS) stamps. PDMS stamps were sterilized in 70% 

ethanol/water, dried with compressed air, and coated with 50 µg mL-1 human fibronectin (BD 

Biosciences, MA, USA) for one hour. After incubation, stamps were blown dry with compressed 

air and gently pressed onto the surface of dried hydroxy-polyacrylamide-coated coverslips. Stamps 

were left in contact with the gel surface for one hour, then substrates were rehydrated with PBS. 

Stamps were carefully removed with forceps and substrates were rinsed with PBS. 

 

Table 2.1 Composition of hydroxy-polyacrylamide gels with variable stiffnesses 

Stiffness 

(kPa) 

N-hydroxy-

ethylacrylamide 

40% acrylamide 

solution 

N,N’-methylene-

bisacrylamide 

50 mM HEPES  

8 65 mg 400 µL 250 µL 4350 µL 

16 65 mg 400 µL 500 µL 4100 µL 

32 65 mg 400 µL 1000 µL 3600 µL 

64 65 mg 400 µL 2000 µL 2600 µL 
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2.2.2 Cell culture 

BeWo trophoblasts derived from human placental choriocarcinoma (ATCC CCL-98, 

ATCC, VA, USA) were thawed and expanded according to manufacturer’s protocol. Trophoblasts 

were cultured in complete growth medium comprised of F-12K basal medium (ATCC 30-2004, 

ATCC, VA, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. 

Upon 80-90% confluency, cells were passaged by dissociating adhered cells with 3 mL of 0.05% 

Trypsin-EDTA (ThermoFisher Scientific, MA, USA) solution for 3-5 minutes at 37°C, 

neutralizing cell suspension with complete growth medium, and centrifuging at 125 G for 5 

minutes. Cells were resuspended in complete growth medium and divided into subcultures at a 

ratio of 1:3 or seeded onto experimental substrates. Culture media was exchanged 24 hours after 

seeding and every other day thereafter. In serum-free experimental conditions, defined trophoblast 

medium was prepared according to Turco et al.178  

2.2.3 Immunohistochemistry 

Trophoblasts were rinsed once with warm PBS and fixed with warm 4% paraformaldehyde 

(v/v, Electron Microscopy Sciences, PA, USA) for 15 minutes. Fixed samples were rinsed with 

PBS and permeabilized with 0.01 Triton-X (Sigma, MO, USA) for 2 minutes. Samples were 

blocked for 30 minutes using 5% bovine serum albumin (Jackson ImmunoResearch Laboratories, 

PA, USA) and rinsed three times. Primary antibodies were diluted at a 1:200 ratio in PBS and 

incubated on samples for 1 hour at 37°C. Samples were rinsed and incubated with secondary 

antibodies, DAPI, and phalloidin stains diluted at a ratio of 1:200 in PBS for 2 hours at 37°C. A 

complete list of primary antibodies is found in Table 2.2. Samples were rinsed and mounted to a 

glass slide using a drop of ProLong Gold Antifade mounting reagent (ThermoFisher, CA, USA). 

Samples were imaged using a scanning-disc confocal microscope (Olympus, MA, USA).  
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Table 2.2 List of antibodies used for immunohistochemistry and western blot 

Target Antibody Type Catalog # Supplier 

E-cadherin [EP700Y] Rabbit monoclonal ab40772 ABCAM 

E-cadherin [HECD-1] Mouse monoclonal Ab1416 ABCAM 

Cytokeratin-7 [RCK105] Mouse monoclonal sc23876 Santa Cruz Biotechnology 

Human chorionic gonadotropin Rabbit polyclonal ab9376 ABCAM 

GAPDH Rabbit polyclonal ab9485 ABCAM 

 

2.2.4 Trophoblast fusion analysis 

Trophoblast fusion was quantified by analyzing fluorescent images of trophoblasts cultured 

for three days in defined medium and counting the number of nuclei within E-cadherin positive 

membranes using FIJI, a distribution of ImageJ. Fusion percent is determined by the ratio of nuclei 

participating in a fusion event (2 or more nuclei) to total nuclei. The fusion index is a measure of 

syncytial size and is given by the ratio of nuclei to syncytia. To compare trophoblast fusion on soft 

substrates to conditions typically achieved in vitro, tissues were treated with 125 µM 8-(4-

chlorphenylthio)adenosine 3'5'-cyclic monophosphate (8-CPT-cAMP)  (ABCAM, MA, USA) and 

17.4 µM RO-20-1724, a selective inhibitor of cAMP-specific phosphodiesterase, (Santa Cruz 

Biotechnology, TX, USA) for 24 hours prior to staining.  

2.2.5 Protein isolation and western blot 

Cultured trophoblasts were lysed on day 3 using RIPA buffer (Sigma-Aldrich, MO, USA) 

supplemented with Complete Mini tab (Roche, IN, USA). Samples were rinsed with cold PBS and 

incubated with lysis buffer for 5 minutes over ice. Then, lysates were collected and centrifuged at 

1000 0 g at 4°C for 10 minutes, where subsequent supernatants were collected and stored at -80°C 

until further use. Total lysate protein concentration was quantified using a Pierce BCA Protein 

Assay Kit (ThermoFischer Scientific, MA, USA). Quantitative protein analysis was performed 

using a capillary-based Simple Western (ProteinSimple, CA, USA) by loading 0.5 µg of protein 
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into each capillary. Proteins were separated by size in the separation matrix and target were 

identified with the primary antibodies for Cytokeratin-7 and E-cadherin, with GAPDH as a loading 

control to normalize sample-to-sample expression. See Supp. Table S2 for antibody sources. The 

proteins were immunoprobed using secondary antibodies and chemiluminescent substrates 

provided by the manufacturer, and chemiluminescent signals were detected and quantified using 

Compass Software (ProteinSimple).  

2.2.6 Hormone secretion and intracellular cAMP quantification  

HCG secretion was quantified using a commercial ELISA kit (ab100533, ABCAM, MA, 

USA). Trophoblasts were seeded on substrates in defined media at a concentration of 80,000 cells 

per well, and media was changed 24 hours after seeding. Culture supernatants were collected for 

testing 48 hours later on day 3. To quantify intracellular cAMP, cells were rinsed with PBS and 

lysed in 0.1 M hydrochloric acid plus 0.05% Triton-X for 20 minutes at room temperature.  Cell 

lysates were centrifuged at 10,000 g for 10 minutes at 4°C and lysate supernatants were diluted 

and analyzed immediately. Intracellular cAMP concentrations were quantified using a competitive 

ELISA assay (ab133051, ABCAM, MA, USA) and normalized to the total amount of protein lysed 

from each sample.  

2.2.7 Gelatin fiber production and characterization 

Gelatin fibers were produced using an immersion rotary jet spinning system179 as previously 

described.180 Porcine gelatin powder (Sigma-Aldrich, MO, USA) was dissolved in deionized water 

at 50°C and extruded into fibers using a rotating reservoir with an orifice diameter of 1 mm. Gelatin 

precursor solutions were fed into the reservoir using controlled air pressure (10 kPa applied 

pressure) at a rate of 10 mL min-1. Fibers were spun onto a rotating collector submerged in a 

precipitating bath vortex containing pure ethanol.  Gelatin fibers were transferred to an 
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ethanol/water bath and chemically-crosslinked using 1-ethyl-3-(-3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC 9.6 mg  mL-1) and N’-dicyclohexyl carbodiimide (NHS, 2.3 mg 

mL-1) in pure ethanol for 24 hours. After crosslinking, samples were frozen, lyophilized, and stored 

at -20°C until use. For mechanical characterization, hydrated fibers were biopsy punched into 8 

mm disks and loaded onto 20 mm rheometer plates in a DHR-3 rheometer preheated to 37°C.  

Fiber disks were compressed at a rate of 10 um sec-1 until the plates reached a gap of 1 mm. The 

Young’s modulus for each sample was calculated by taking the slope of the stress-strain curve 

between the 10% and 20% strain range. For barrier testing experiments, gelatin fibers were cut 

into thin disks of approximately 1 cm diameter and sterilized using UV ozone exposure for 8 

minutes and UV exposure for 1 hour. Fiber disks were placed into Transwell inserts, rehydrated 

with PBS, and incubated with 50 μg mL-1 fibronectin prior to cell seeding.  

2.2.8 Barrier permeability testing 

Trophoblasts were cultured on polycarbonate transwell inserts with 3 µm pores with and 

without the addition of thin sheets of gelatin fibers. Barrier permeability was calculated by 

measuring the transport of fluorescently labelled molecules across the barriers before and after 

seeding. The apparent permeability for each condition was calculated using the following equation:  

𝑃𝑎𝑝𝑝 =
𝐶𝑏𝑉

𝐶0𝐴𝑡
 

where Cb is the concentration of the bottom well, V is the volume of the bottom well, Co is the 

initial concentration of the top well, A is the area of the transwell membrane, and t is the time of 

transfer. To account for differences in permeability of the underlying membrane or gelatin fibers, 

the permeability of the cell layer alone (Pc) was determined using the following equation: 

1

𝑃𝑐
=

1

𝑃𝑐+𝑠
−

1

𝑃𝑠
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where Pc+s is the apparent permeability of the cells and substrates and Ps is the apparent 

permeability of the membrane or gelatin fibers alone. 

2.2.9 Tissue sectioning and histology 

 Barrier tissues were fixed with 4% paraformaldehyde and submerged in 15% and 30% 

sucrose for 24 hours. Fixed samples were embedded in optimal cutting temperature compound 

(Tissue Tek) and flash-frozen using -80°C isopentane over dry ice. Cryopreserved samples were 

sliced into 10 um sections using a Leica Cryostat CM1950, collected on gelatin-coated glass slides, 

and stored at -20°C overnight. Mounted samples were permeabilized with 0.2% Triton-X for 30 

minutes, then blocked with 5% normal goat serum and 1% bovine serum albumin in PBS for 30 

minutes. Samples were rinsed three times and incubated with primary antibodies overnight at 4°C. 

After rinsing, secondary antibodies were applied for 2 hours at room temperature. Stained samples 

were preserved using prolong gold mounting reagent and thin glass microscope slide. Human 

placental samples were formalin-fixed and paraffin embedded. Samples were sliced into 7 μm 

sections and collected on gelatin-coated glass slides. Mounted samples were deparaffinized using 

xylene and rehydrated using serial dilutions of xylene-ethanol and ethanol-water. Upon 

rehydration, sections were immunostained following the same protocol as cryo-sectioned 

engineered tissues described above. 

 

2.3 Results 

2.3.1 Recapitulating the placental microenvironment in vitro 

The mechanical characteristics of the womb and placenta vary spatially and temporally 

throughout gestation, and altered mechanics and matrix expression are associated with 

disease.173,181,182 The compressive modulus of healthy placental tissues are estimated to range 
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between 0.25 and 10 kPa, while placental stiffening in preeclampsia can reach values up to 70 

kPa.174,175 To investigate role of microenvironmental cues from physiological and pathological 

placentae on trophoblast structure and function, we manufactured tunable hydroxy-polyacrylamide 

gels with variable stiffness and matrix composition (Figure 2.1a). Hydroxy-polyacrylamide gels 

allow for control of both substrate stiffness and matrix ligand density, unlike other biopolymers 

and gels in which crosslinker density is directly related to available ligand binding sites that also 

influence cellular behavior.161 We used microcontact printing to deposit uniform concentrations of 

extracellular matrix, enabling control of protein composition and concentration independent of 

substrate mechanical properties. BeWo trophoblasts, a choriocarcinoma cell line used to study 

fusion,183 were first seeded on these matrix-coated substrates matching the stiffness of the healthy 

placenta (8kPa) and cultured for two to three days. Immunostaining of trophoblast markers 

cytokeratin-7 and E-cadherin showed trophoblast adhesion and spontaneous fusion (Figure 2.1b), 

even in the absence of forskolin or cyclic AMP analogs, which are typically required for 

trophoblast fusion in vitro (Figure 2.1c).184,185 We then compared trophoblast fusion on 8 kPa 

substrates coated with fibronectin, laminin, or collagen I, matrix proteins found in the basement 

membrane or stromal compartment of the placenta.55 We found that trophoblasts adhered to 

substrates and fused more when cultured on the basement membrane proteins fibronectin and 

laminin (Figure 2.1d) compared to collagen I, which is typically expressed in the placental stroma. 

Taken together, these results suggested that microenvironmental cues are sufficient to promote 

trophoblast differentiation and syncytia formation.   
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2.3.2 Soft substrates potentiate trophoblast fusion and hormone secretion 

Next, we sought to quantify trophoblast fusion on substrates of variable stiffness to 

understand how mechanical cues from the placental microenvironment influence structure and 

function. We hypothesized that trophoblasts would fuse more on substrates that matched the 

stiffness of healthy placental tissues. To test this hypothesis, we cultured trophoblasts on 

fibronectin-coated hydroxy-polyacrylamide gels of variable stiffness ranging from 8 to 64 kPa. To 

assess trophoblast fusion, we stained confluent tissues for E-cadherin and hCG after three days in 

culture and counted the number of nuclei within each continuous junction border (Figure 2.2a). 

We quantified the percentage of cells that underwent fusion, indicated by the fraction of total nuclei 

within multi-nucleated E-cadherin borders (Figure 2.2b). While spontaneous fusion occurred on 

Figure 2.1 Recapitulating placental microenvironment in vitro to promote trophoblast fusion 

a. Preparation of hydroxy-polyacrylamide (PA) hydrogels with variable substrate stiffness and extracellular matrix 

(ECM) ligands deposited using microcontact printing before cell seeding with BeWo trophoblasts. b. Representative 

brightfield and fluorescent images of trophoblasts fusing on 8 kPa substrates coated with fibronectin (FN); scale = 50 

µm; c. Quantification of trophoblast fusion on glass and 8 kPa substrates coated with FN after two days in culture, 

with and without cAMP supplement in growth media. d. Quantification of trophoblast fusion on 8 kPa substrates with 

different ECM proteins: FN, laminin (LM), and collagen I (Col I) after two days in culture; mean ± SEM; n ≥ 3 

samples/condition; 2 experiments; * = P <0.05 for Holm-Sidak method for multiple comparisons.  
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all substrates, we found that trophoblasts cultured on soft (8kPa) substrates fused more than those 

on stiffer substrates (16-64 kPa). Nearly two-thirds of trophoblasts on 8kPa substrates fused, 

representing a 70% increase compared to trophoblasts on the stiffest substrates (fusion percent: 8 

kPa = 66.9±17% versus 64 kPa = 39.4±6%, mean ± STD, n = 5 samples). Importantly, this increase 

in fusion is accompanied by increases in hCG positive cells (Figure 2.2c) and in syncytial size, 

meaning that trophoblasts on softer substrates form larger, more multinucleated syncytia as 

opposed to discontinuous syncytia (fusion index: 8kPa = 2.2±0.6 versus 64 kPa = 1.4±.1, mean ± 

STD, n = 5 samples). To confirm this structural analysis, we compared the protein expression of 

E-cadherin on different substrate stiffnesses using quantitative western blot (Figure 2.2d). We 

found that relative expression of E-cadherin decreases with decreasing stiffness, which is 

Figure 2.2 Soft substrates potentiate trophoblast fusion 

a. Representative fluorescent images of trophoblasts cultured on FN-coated hydrogels of variable stiffnesses for three 

days, stained for DAPI, E-cadherin, and human chorionic gonadotropin (hCG); scale = 50 µm. b. Trophoblast fusion 

increases with decreasing substrate stiffness. c. Percentage of hCG positive nuclei increases with decreasing substrates 

stiffness; mean ± SEM; n = 5 samples/condition, 5 images/sample; 2 experiments; * = P <0.05 for Holm-Sidak method 

for multiple comparisons. d. Quantitative western blot analysis of E-cadherin expression shows decreasing E-cadherin 

with decreasing stiffness; n = 1 lysate pooled from 3 samples. 
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consistent with our structural observations that trophoblast fusion increases on soft substrates. 

These results suggest that trophoblast fusion is at least partially mediated by mechanical cues 

derived from the extracellular microenvironment, and that placental stiffening may contribute to 

aberrant trophoblast fusion and turnover observed in preeclampsia.  

Fused trophoblasts synthesize and secrete hormones that support the establishment and 

maintenance of pregnancy by promoting a receptive uterine environment for extravillous 

trophoblasts to invade and couple to the maternal circulation.186 Interestingly, as trophoblasts fuse, 

hCG secretion promotes additional trophoblast differentiation and fusion in an autocrine 

fashion.170 To test the effect of matrix elasticity on placental hormone secretion, we measured the 

concentration of hCG in supernatants collected from trophoblasts cultured on fibronectin-coated 

polyacrylamide gels (Figure 2.3a-b). We found that softer substrates (8 kPa and 16 kPa) promoted 

more hCG secretion relative to stiffer substrates (32 kPa and 64 kPa). Trophoblasts cultured on 8 

kPa substrates secreted 27% more hCG than trophoblasts cultured on 64 kPa substrates over a 48-

hour period (7315 ± 349 pg mL-1 versus 5716 ± 308 pg mL-1, mean ± SEM, n = 8). The amount 

of hCG secreted by these tissues was comparable to the maternal serum levels observed during the 

first trimester of pregnancy and was high enough to be detected using an at-home pregnancy test 

(Figure 2.3c). Because hCG secretion is in part mediated by intracellular cAMP187 and because 

intracellular cyclic AMP contributes to mechanosensitive signaling pathways,188 we asked if 

substrate elasticity influences levels of intracellular cAMP. We found that intracellular cAMP 

levels were similar across stiffnesses, suggesting substrate stiffness may regulate trophoblast 

fusion in a mechanism independent of cAMP activation. Taken together, these results demonstrate 

that trophoblast structure and secretory function is regulated by mechanobiological signaling from 

the extracellular microenvironment. 
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Figure 2.3 Soft substrates potentiate trophoblast differentiation and hormone secretion 

a. Diagram depicting culture protocol to culture trophoblasts and collect media supernatants and cell lysates after three 

days in culture. b. Quantification of hCG secretion shows increasing hCG with decreasing stiffness; mean ± SEM; n 

= 8 samples from 3 experiments; * = P <0.05 for Holm-Sidak method for multiple comparisons. c. Trophoblasts 

cultured on soft substrates secrete enough hCG to be detected on an at-home pregnancy test. d. Quantification of 

intracellular cAMP levels shows no change across substrate stiffness; n = 3-4 samples. 

 

 

 

2.3.3 Engineering soft fibrous membranes to improve trophoblast barrier integrity 

Microphysiological models of the placental barrier have emerged as a tool to predict 

developmental toxicity and environmental exposure in the absence of preclinical testing in 

pregnant women.148,151,154,189 However, inconsistency in the degree of trophoblast fusion in these 

models limits their utility for predicting in vivo barrier function. To recreate native tissue structure, 

we sought to engineer soft barrier substrates that mimic the native biomechanical features that 

promote trophoblast fusion. Because polyacrylamide gels do not polymerize in open air, we 

selected gelatin as an alternative substrate to mimic both the mechanical and biochemical features 

of the native placenta. We manufactured porous gelatin fiber sheets using an immersion rotary jet 
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spinning system,179 utilizing centrifugal forces of a rotating reservoir to extrude gelatin solutions 

into a precipitating bath of ethanol.180 We tested two concentrations of gelatin precursor solutions 

and found that 20% gelatin solutions formed continuous fibers (Figure 2.4a) that when chemically-

crosslinked have a compressive modulus similar to values that promoted trophoblast fusion and 

hormone secretion (9.31 ± 1.75 kPa, mean ± STD, n = 15 samples from 3 production runs). 

To test the extent to which soft substrates impact trophoblast barrier permeability, we 

measured the diffusion of fluorescent molecules across trophoblasts grown in polycarbonate 

transwell plates with and without gelatin fiber scaffolds (Figure 2.4b). Trophoblasts cultured on 

gelatin fibers for three days formed confluent, three-dimensional tissues and stained positive for 

hCG (Figure 2.4c). Engineered tissue cross-sections showed tissue structure and junction staining 

patterns reminiscent of native placental tissues (Figure 2.4d).  Static barrier permeability was 

measured before seeding and after one and three days in culture 190. We determined the apparent 

permeability of 1.2 kDa fluorescent tracers across the engineered membranes and found soft that 

our engineered barriers restrict transport more than trophoblasts cultured on stiff polycarbonate 

(Figure 2.4e). When accounting for inherent differences in permeability of each barrier membrane 

scaffold, we found that the permeability of the cell layer alone was improved after three days in 

culture on soft gelatin scaffolds (Figure 2.4f).  Taken together, these results suggest that 

microenvironmental cues manipulate placental tissue structure and function, including barrier 

integrity.  
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Figure 2.4 Soft gelatin scaffolds improve barrier integrity of trophoblast tissues  

a. SEM image of gelatin fibers used to create three-dimensional trophoblast barriers; scale = 100 µm. b. Fibrous 

scaffolds were placed in transwell inserts, coated with FN, and seeded with trophoblasts to perform barrier testing. c-

d. Immunohistochemistry of cross-section of 3D trophoblasts cultured on gelatin fibers compared to term placenta 

staining of DAPI, E-cadherin, and hCG; scale = 25 µm. e. Apparent permeability (Papp) of a 1.2 kDa fluorescent tracer 

is reduced across trophoblasts cultured on soft, fibrous scaffolds versus traditional polycarbonate membranes; f. 

Corrected permeability coefficient of the trophoblast cell layer (Pcell) is reduced on fibrous scaffolds after three days 

in culture; n ≥ 10 samples/condition; mean ± SEM;  * denotes P < 0.05 for Mann-Whitney rank sum test comparing 

conditions for each time point. 

 

 

 

2.4 Discussion 

Mechanical cues from the extracellular microenvironment regulate the morphogenesis and 

function of multiple reproductive organs.191 However, their role in placental trophoblast fusion 

and function had yet to be determined. Here, we demonstrate that substrate stiffness influences 

trophoblast fusion, hormone secretion, and barrier function. We found that soft substrates coated 

with basement membrane proteins support trophoblast fusion and hormone secretion, even without 

the addition of cyclic AMP analogs. Using cues that promoted trophoblast fusion and hormone 

secretion in two dimensional cultures, we engineered three-dimensional gelatin fiber scaffolds for 

trophoblast barrier testing. We found that these matrix-inspired barrier scaffolds decreased both 
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apparent and corrected permeability coefficients for trophoblast cell layers, suggesting that these 

scaffolds may provide a more physiologically relevant platform for trophoblast barrier testing.  

Though the molecular mechanism of trophoblast fusion has yet to be defined, these results 

suggest that trophoblast fusion is a mechanically regulated process. Recent studies have suggested 

that the mechanical stresses that arise during budding morphogenesis of the villous trees support 

syncytialization on the surface of the placenta.158,192 Further, tissue stiffness at the maternal-fetal 

interface may regulate trophoblast fusion, whereby softer microenvironments promote cell-cell 

contacts, enabling the close contact and membrane apposition necessary to achieve trophoblast 

fusion. In other tissues, stiff matrices tend to promote cell-matrix adhesions that drive contractile 

and migratory phenotypes,193–195 which could explain the increased differentiation of extravillous 

trophoblasts observed in preeclampsia. Moving forward, a deeper understanding of the mechanical 

regulation of trophoblast fusion and barrier permeability should be implemented to improve 

models of developmental toxicity testing and should be leveraged to identify novel mechanisms 

and treatments for obstetric disease.  
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3 A minimalist approach for predicting blood-brain barrier 

permeability 

 

3.1 Introduction 

The blood-brain barrier serves as a boundary between the circulatory system and the brain 

that maintains cerebral homeostasis by protecting the brain from neurotoxins and pathogens, while 

still supplying the brain parenchyma with oxygen and nutrients. The blood brain barrier’s ability 

to maintain homeostasis is largely dictated by the integrity of endothelial cell junctions and 

basement membrane, where structural organization at the intercellular, cellular, and subcellular 

levels give rise to functional tissues that dynamically regulate solute transport. Although the blood-

brain barrier can serve as a highly selective membrane, barrier permeability can fluctuate during 

development or disease. For example, vessels become more leaky during angiogenesis,196 

inflammation,197 traumatic brain injury,198,199 and neurodegenerative diseases.200,201  

Unfortunately, predicting and understanding how bioactive reagents can modulate barrier function 

remains a challenge.  

Understanding how changes in brain endothelial cell architecture contribute to blood-brain 

barrier function can provide insights into developing therapies to control its permeability while 

allowing us to predict how harmful toxins can infiltrate and disrupt the central nervous system. 

This is especially important for emerging technologies, such as engineered nanomaterials (ENMs), 

which have seen increased use as potential therapeutics and food additives, but have yet to be 

excluded as possible environmental toxicants.202–204 Three types of increasingly prominent ENMs 

are citrate-capped gold (AuNP), cerium dioxide (CeO2), and silver-on-silica (Ag-SiO2) 

nanoparticles. While these ENMs have been previously studied in terms of their potential 



36 

 

pulmonary and cardiovascular toxicity upon inhalation as well as their translocation through the 

blood-air barrier, 205–207 their biological effects at the blood-brain barrier remain largely unknown. 

Furthermore, while some ENMs can be directly transported across the blood-brain barrier, ENMs 

can also disrupt normal endothelial barrier function, leading to altered homeostasis and 

potentiating the transport of other neurologically active agents or pathogens.208 

Current models of blood-brain barrier integrity often focus on recreating multicellular  

interactions and complex tissue structures found in the neurovascular unit.137,143,209 However, 

models that comprise multiple cell types, microfluidic connections, and complex manufacturing 

techniques are often lower-throughput and not amenable to rapid screening of drug or toxicant 

response. Modifications in the morphology of individual cells have been shown to be good 

predictors of tissue-level structure and function.140 Still, tissue-level models often lack the spatial 

resolution or architectural control needed to quantitatively determine cellular and subcellular 

responses, while heterogeneity in cell shape and contact geometries make it difficult to normalize 

structural features across multiple cells. Alternatively, plate-based microfluidic models of the 

blood-brain barrier offer rapid assessment of tissue permeability as an end-point measurement,210 

but such systems do not provide mechanistic insight into how tissue structure influences barrier 

integrity. To overcome these limitations, geometrically defined cell pairs and microtissues have 

emerged as tools to probe tissue behavior at the cellular level.211–213 For example, cell pairs have 

been used to study endothelial cell cohort migration,214 cardiac myocyte coupling,195 and 

mechanical tugging of endothelial cells.215 Such platforms that rely on scalable soft-lithography 

are advantageous because they are amenable to multiplexing and provide an opportunity for 

higher-throughput screening of pharmacological agents. We recently developed a cell pair 

platform to screen the effects of engineered nanomaterials on vascular endothelial cell structure 
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and permeability.216 Thus, we sought to expand upon this platform to generate a microtissue model 

of the blood-brain barrier and investigate the relationship between intracellular and intercellular 

structures in endothelial cell pairs and tissue permeability. 

Here, we recreate the minimal tissue interaction in the blood-brain barrier – two cells on a 

geometrically confined extracellular matrix island – to predict changes in tissue permeability based 

on cellular morphology and junction formation. We generated pairs of human brain microvascular 

endothelial cells (HBMECs) using microcontact-printing to deposit fibronectin in hexagonal 

patterns to allow for analysis of multiple samples from one coverslip.  We treated cell pairs with 

pharmacological agents known to induce changes in cellular structure and tissue permeability to 

develop high and low permeability phenotypes. Using this platform, we showed distinct patterns 

of nuclear shape, junction formation, and cytoskeletal organization in high and low permeability 

conditions. We hypothesized that high-permeability tissues were a result of increased cytoskeletal 

tension, which was confirmed using traction force microscopy of cell pairs. Finally, to assess the 

ability of this platform to detect modifications of blood-brain barrier function under perturbation, 

we dosed endothelial cell pairs with ENMs (Au, Ag-SiO2, and CeO2) and compared their structural 

organization to predetermined high and low permeability states. This indicated that some ENMs 

are capable of modulating barrier function, which we confirmed using tissue level barrier testing. 

Overall, our data suggests the utility of an endothelial cell pair platform to understand how changes 

in cellular architecture and tension translate to modulation in blood-brain barrier permeability.  By 

adopting this approach, we hope to gain deeper mechanistic insights into the impact of 

pharmacological agents and environmental toxicants on blood-brain barrier function. 
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3.2 Materials and methods 

3.2.1 Polydimethylsiloxane substrate preparation 

Glass coverslips were cleaned by sonicating in a 70% ethanol/water solution for 15 

minutes. Polydimethylsiloxane (PDMS, Sylgard-184, Dow Corning, MI, USA) was mixed at a 

10:1 mass ratio of base and curing agent, degassed using a Thinky Mixer (Planetary Centrifugal 

Mixer AR-100, Thinky, CA, USA), and spin-coated on to coverslips (G3P8 Specialty Spin Coater; 

SCS Inc., IN, USA). PDMS-coated coverslips cured overnight in a 65°C oven before use. 

3.2.2 Hydroxy-polyacrylamide gel preparation 

Hydroxy-polyacrylamide-coated coverslips were prepared as previously described.161 

Briefly, we mixed 400 µL of 40% acrylamide solution (BioRad, CA, USA), 250 µL of 2% N,N’-

methylenebisacrylamide  solution (Sigma, St Louis, MO, USA),  65 mg of N-

hydroxyethylacrylamide (Sigma, St Louis, MO, USA) dissolved in 1 mL of 50 mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma, St Louis, MO, USA) and 3410 

µL of HEPES 50 mM buffer. The mixture was degassed for at least 30 minutes under vacuum. 30 

µL of 0.2 µm red fluorescent microbeads (ThermoFisher Scientific, Waltham, MA, USA) were 

dispersed in the mixture immediately before polymerization. The polymerization was initiated by 

addition of 2.5 µL of N,N,N',N'-tetramethylethylenediamine (TEMED, ThermoFisher Scientific, 

Waltham, MA, USA) and 25 µL of ammonium persulfate (100 mg/mL solution in ultrapure water, 

Sigma, St Louis, MO, USA). 20 µL drops of polymerizing solution were sandwiched between an 

18 mm glass coverslip, previously treated for 1 hour with 3-(-trimethoxysilyl)propylmethacrylate 

(Sigma, St Louis, MO, USA), and a 25 mm diameter coverslip exposed to UV ozone for 7 minutes. 

The gels were polymerized for 30 minutes, and the two coverslips were separated under water 

using a flexible razor blade. Coverslips were rinsed in sterile water and stored in PBS until use. 
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3.2.3 Photo- and soft lithography 

Polymer stamps were manufactured using standard photolithographic protocols, as 

previously described.217 A photolithographic mask was designed with hexagonal cell pair features 

with a regular side length of 31 µm (Output City Bandon, OR, USA). Silicon wafers (76 mm 

diameter) were spin-coated with a layer of negative photoresist, SU-2002 (MicroChem 

Corporation, Westborough, MA, USA). After baking, coated silicon wafers were exposed to UV 

light through the photolithographic mask for 7-10 s.  Subsequently, the regions not exposed to UV 

light were washed away using a development solution, and wafers were cured by baking at 180°C 

for 30 min. The etched wafer served as a negative template for manufacturing stamps, where 

PDMS was poured over the template, degassed, and allowed to cure overnight at 65°C.  Cured 

PDMS was removed from the wafer and cut into rectangular stamps.  

To direct cellular growth along the cell pair geometry, extracellular matrix proteins were 

microcontact-printed on PDMS and hydroxy-PA treated coverslips using previously published 

methods.161,218 Briefly, PDMS stamps were incubated with 50 µg mL-1 human fibronectin (BD 

Biosciences, Woburn, MA, USA) in sterile water for 1 hour. Excess fibronectin solution was 

removed from the stamp using compressed air, and the stamp was carefully applied to either the 

activated PDMS surface for 2 minutes or to the dried hydroxy-PAAm for 1 hour. After careful 

removal of the PDMS stamp, PDMS coverslips were incubated with 1% Pluronics F137 (BASF, 

Germany) for 5 minutes to prevent cell adhesion around the printed geometries. Both PDMS and 

hydroxy-PAAm coverslips were rinsed with PBS and stored hydrated until cell seeding. 

3.2.4 Microvascular endothelial cell culture 

Primary HBMECs (Cell Systems, Kirkland, WA, USA) were cultured in growth media 

consisting of Complete Classic Medium with 10% Serum supplemented with CultureBoost and 
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Bac-Off (Cell Systems, Kirkland, WA, USA). Upon receipt, cells were thawed and expanded in 

T-75 culture flasks (Corning, Tewksbury, MA) treated with Cell Attachment Factor (Cell Systems, 

Kirkland, WA, USA) at 37°C for 30 mins. For cell passage and seeding, cells were rinsed three 

times with warm, sterile PBS, (TheremoFisher Scientific, Waltham, MA, USA) and dissociated 

using warm 0.05% trypsin-EDTA (ThermoFisher Scientific, Waltham, MA, USA). Cells were 

neutralized in warm media and centrifuged at 200 G for 5 minutes. The subsequent cell pellet was 

resuspended in 1 mL culture medium, counted, and seeded at various densities depending on the 

experiment, ranging from 5000-10000 cells cm-2. Cells were used for experiments between 

passage 3 and 8.  

3.2.5 Cell pair assay with cytoskeletal-modulating drugs and ENMs 

Cell pair experiments with cytoskeletal-modulating drugs were performed over the course 

of 48 hours. Cells were initially seeded in growth media, and media was replenished after 24 hours. 

Drug treatments were added either 24 hours or 4 hours before fixation. To induced elevated 

intracellular cAMP, pairs were treated with 125 µM 8-(4-chlorphenylthio)adenosine 3'5'-cyclic 

monophosphate (8-CPT-cAMP)  (ABCAM, Cambridge, MA) and 17.4 µM RO-20-1724, a 

selective inhibitor of cAMP-specific phosphodiesterase, (Santa Cruz Biotechnology, Dallas, TX, 

USA) for 24 hours. For the activation and inhibition of the Rho pathway, 1 µM Rho Activator II 

and 0.1 µM of Rho Inhibitor I (Cytoskeleton Inc, Denver, CO) was added 4 hours prior to fixation. 

Cell pairs experiments with ENMs took place over the course of 72 hours. Cells were seeded in 

growth media and treated with cAMP media after 24 hours. At 48 hours, ENMs were added to 

fresh cAMP media and incubated for an additional 24 hours prior to fixation on day 3. 

3.2.6 Immunohistochemistry 

HBMECs were washed gently with 37°C PBS and fixed with warm 2% paraformaldehyde 
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diluted in PBS (v/v, Electron Microscopy Sciences, PA, USA) for 15 minutes. HBMECs were then 

permeabilized with 0.05% Triton X-100 (v/v, Sigma, MO, USA) in PBS for 10 minutes at room 

temperature. Fixed samples were rinsed with PBS three times before incubating with a mixture of 

5% bovine serum albumin (w/v, West Grove, PA, USA) for 30 minutes at room temperature. 

Samples were rinsed three times with PBS and incubated with 1:200 primary antibody dilutions 

for 45 minutes at 37°C. See Supp. Table S1 for complete list of primary antibodies and sources. 

Samples were rinsed three times with PBS and incubated with a secondary antibody solution 

consisting of 1:200 dilutions of AlexaFluor 488 or 546-conjugated goat anti-mouse or anti-rabbit 

IgG (H+L) cross-adsorbed secondary antibodies, DAPI, and AlexaFluor 633 Phalloidin 

(ThermoFisher, CA, USA) for 90 minutes at 37°C. Samples were rinsed three times in PBS, dried, 

and mounted on glass slides with ProLong Gold Antifade Mountant (ThermoFisher, CA, USA). 

Fluorescence microscopy was performed using a scanning-disc confocal microscope (Olympus, 

Waltham, MA, USA) using a 20x (UPLSAPO20X) objective at room temperature. 

3.2.7 Quantitative analysis of cell pair structural parameters 

Cell pair image analysis was performed using FIJI, a distribution of ImageJ. Prior to 

subcellular metric analysis, each cell pair was centered and aligned based on the location of the 

fibronectin pattern (Figure 3.1). Uniform background subtraction and auto-contrasting were 

applied across stacks of cell pairs before creating composite images that depict the average staining 

intensity for each protein of interest. Pixel intensities were mapped to a Rainbow look up table, 

where grey depicts saturated pixels. Nuclear area, eccentricity, and location were measured using 

analyze particles. Nuclear distance was determined by calculating the distance between nuclear 

centroids in each cell pair. Actin distribution was measured by taking the average intensities at the 

cell-cell junction and across the entire length of the cell pair for vertical and horizontal distribution. 
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Actin span across the junction was determined by measuring the maximum and minimum y-values 

of thresholded actin stain at the cell junction. Average actin intensity inside the central region of 

each cell (0 to 15 µm from the center of each hexagon) and at the periphery (15 µm to pair mask 

border) was used to calculate a cortical actin ratio (peripheral intensity/central intensity). VE-

cadherin area was determined by thresholding images and summing the total area of particles near 

the junction. Nuclear cadherin intensity was quantified by measuring the average VE-cadherin 

staining intensity within each nuclear mask. Similarly, vinculin area was determined using 

thresholded areas outside of the nucleus. Custom ImageJ macros used for image analysis are 

available from the authors upon request. 

3.2.8 Barrier permeability assay 

Transwells (12 well polycarbonate inserts, 0.4 µm pore size, Corning, Tewksbury, MA, 

USA) were exposed to UV ozone for 7 minutes and incubated with human fibronectin (BD 

Biosciences, Woburn, MA, USA) at 50 µg mL-1 for 2 hours at room temperature. The wells were 

 

Figure 3.1 Schematic of cell pair image analysis protocol 

Schematic of cell pair image analysis. (A) Representative fluorescent stack of unprocessed cell pair; white, 

fibronectin; red, actin; green, VE-cadherin; blue, DAPI; (B) Individual fluorescent channels split after background 

subtraction, despeckling, and auto-contrast. (C) Thresholding and rotation of fibronectin island; Average area of 

printed fibronectin island was measured to be ~4730 µm2. (D) Filtered and rotated composite image of a cell pair; 

scale bars = 20 µm. 
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rinsed three times with PBS. HBMECs were seeded at a density of 40,000 cells per well (~35,000 

cells cm-2) in normal growth medium. Medium was exchanged 24 hours after seeding, and every 

48 hours thereafter. Barrier permeability was evaluated by measuring transport of fluorescent 

molecules from the top insert to the bottom well. Fluorescent media was prepared by adding 1 µL 

mL-1 of 1 mg mL-1 AlexaFluor 555 conjugated carboxylic acid in DMSO (ThermoFisher Scientific, 

Waltham, MA, USA) to cAMP media. 500 µL of fluorescent media was added to the top insert, 

with 1500 µL of cAMP media in the bottom compartment. Samples equilibrated for 30 minutes at 

37°C before 200 µL samples from the top and bottom compartment were transferred to a 96-well 

plate. Fluorescent intensity was quantified using a plate reader (BioTek, Winooski, VT, USA) and 

permeability coefficients were calculated using the following equation: 

𝑃 =
𝐶𝐵𝑉

𝐶𝑇𝐴𝑡
 

where 𝐶𝐵 is the concentration in the bottom compartment, 𝐶𝑇 is the concentration in the top insert, 

V is the volume of the bottom insert, A is the surface area of the transwell insert, and t is the 

incubation time of the experiment. Permeability measurements were performed before cell seeding 

and before and after exposure for exposure assays, and every day for extended culture experiments. 

3.2.9 Cell shape index 

Images of endothelial VE-cadherin and nuclear staining were processed to identify cell 

borders to delineate cell size and shape. Analysis was performed in ImageJ, where background 

subtraction filters and auto-contrast functions were applied. Cadherin stains were thresholded and 

skeletonized, and nuclei were used to identify the center of each cell (Figure 3.2). Skeletonized 

areas without a nucleus were excluded from calculations. Using ImageJ analyze particles, the area 

and perimeter of each cell were recorded and used to calculate a cell shape index that characterizes 

the jammed state of the tissue as previously defined.219  
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The cell shape index is given by: 

𝐼 =  
𝑝

√𝐴
 

where p is the cell perimeter and A is the cell area. Jammed tissues approach a cell shape index of 

3.72, the theoretical value for all pentagonal cells, while unjammed tissues have greater cell shape 

indices. 

3.2.10 Protein isolation and western blot 

Protein was isolated from HBMEC tissues by lysing cells at 4°C in 

 

Figure 3.2 Schematic of cell jamming image analysis  

(A) Fluorescent image of VE-cadherin staining. (B) Skeletonized image of thresholded VE-cadherin stain (C) 

Overlay of VE-cadherin skeleton on fluorescent image of VE-cadherin and DAPI stains; red, VE-cadherin; green, 

skeleton; blue, DAPI; scale = 20 µm. (D) Quantification of cell area from skeletonized images; n ≥ 300 cells per 

condition; ** P < 0.01 for Mann-Whitney rank sum test. (E) Schematic of cell shape index changes in unjammed 

and jammed states. Cells in unjammed state are more motile and elongated with a higher cell shape index, whereas 

jammed tissues have cells with more consistent geometries that approach ideal hexagons. 
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radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich, St Louis, MO, USA) plus Complete 

Mini (Roche, Indianapolis, IN, USA). A capillary-based Wes Simple Western system 

(ProteinSimple, San Jose, CA, USA) was used to quantify protein expression levels according to 

the manufacturer’s protocol. In brief, 0.5 µg lysate samples were loaded into each capillary, and 

proteins were separated by size in the separation matrix. Target junction and adhesion proteins 

were identified with the following primary antibodies: PECAM-1, VE-cadherin, Claudin-5, 

Vinculin, and Focal Adhesion Kinase. See Table 3.1for antibody sources.  GAPDH was used as a 

loading control to normalize expression levels in each sample. The proteins were immunoprobed 

using mouse and rabbit secondary antibodies and chemiluminescent substrates provided by the 

manufacturer. Chemiluminescent signals were detected and quantified using Compass Software 

(ProteinSimple).  

 

Table 3.1 List of antibodies used during immunostaining and western blot 

Target Antibody Type Catalog # Supplier 

Claudin-5 (EPR7583) Rabbit monoclonal ab131259 ABCAM 

Fibronectin Mouse monoclonal ab6328 ABCAM 

Focal Adhesion Kinase Mouse monoclonal AHO1272 Invitrogen 

GAPDH Rabbit polyclonal ab9485 ABCAM 

Myosin light chain Rabbit polyclonal ab2480 ABCAM 

Occludin Rabbit polyclonal ab31721 ABCAM 

PECAM-1/ CD 31 Mouse monoclonal ab119339 ABCAM 

VE-cadherin Rabbit polyclonal ab33168 ABCAM 

Vinculin Rabbit polyclonal ab73412 ABCAM 

 

3.2.11 Traction force microscopy 

Traction force microscopy was performed as previously described.220 Briefly, HBMECs 

were seeded at a density of 6500 cells cm-2 on patterned hydroxy-pAAm gels embedded with 

fluorescent beads. Culture medium was exchanged with growth or cAMP media 24 hours after 

seeding, and experiments were performed on day 3. Differential contrast images of the cell pairs 
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and fluorescent images of suspended microbeads were taken before and after cell detachment using 

0.05% Trypsin/EDTA (ThermoFisher Scientific, Waltham, MA, USA). Bead displacement 

between the two images were used to calculate a traction stress field using constrained Fourier 

transform traction cytometry in MATLAB.221  To calculate the total strain energy, U, applied by 

the cell on the elastic substrate, we used the equation as described in McCain et al. 195: 

𝑈 =
1

2
∑𝐴𝑛(𝑢𝑥,𝑛𝑇𝑥,𝑛 + 𝑢𝑦,𝑛𝑇𝑦,𝑛)

𝑛

 

where ui and Ti are the displacement and traction forces vectors in the i-direction, and A is the 

discretized unit surface area of the cell. To calculate the maximum traction force applied by the 

cell-pair on the substrate, we compared the magnitudes of traction force vectors �⃗� 𝑛 applied on 

discretized surface 𝐴𝑛 over all discretized cell surfaces, selected the highest and divided it by the 

discretized cell surface: 

𝑇𝑚𝑎𝑥 =
𝑇𝑛,𝑚𝑎𝑥

𝐴𝑛
 

3.2.12 ENM synthesis 

The ENMs used in our experiments were procured, synthesized, and characterized by 

Engineered Nanomaterials Coordination Core (ERCC) which is part of Nanotechnology Health 

Implications Research (NHIR) Consortium at Harvard T.H. Chan School of Public Health.  

Specifically, citrate-capped Au nanoparticles were synthesized according to a modified version of 

the Turkevich method optimized for increased control over particle size and size polydispersity. 

Details on the synthesis and characterization of pristine Au nanoparticles are presented by Dong 

et al.222  The synthesis of Ag-SiO2 and CeO2 was performed using flame-spay pyrolysis using a 

procedure optimized for the synthesis of nanoparticles for toxicological research.223 Details on the 

synthesis parameters and characterization of the particles have been presented by Beltran et al.224  
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3.2.13 ENM dispersion and colloidal characterization 

Following a previously reported dispersion protocols,225–227 the Ag-SiO2 and CeO2 

colloidal suspensions were prepared at a concentration of 500 μg mL-1 by sonicating the ENMs 

dispersed in ultrapure, DNase/RNase free distilled water (Invitrogen, Carlsbad, CA). We used an 

ultrasonic processor/sonic dismembrator (FB-505, Fisher Scientific, USA)  with an acoustic power 

of 2.51 J/s, calibrated according to a literature protocol.228 As previously described,229 the 

sonication time for the Ag-SiO2 and CeO2 colloidal solutions depends on the critical delivered 

sonication energy (DSEcr) pre-determined for each ENM type (DSEcr, Ag-SiO2= 480 J mL-1; 

DSEcr, CeO2= 630 J mL-1). The 10 μg mL-1 working solutions used in ENM exposure experiments 

were prepared by diluting the 500 μg mL-1 stock solutions in HBMEC culture medium. For AuNPs, 

the supplied colloidal solutions were concentrated to 1200 μg mL-1 by using ultracentrifugation at 

13,000 RPM for 20 min at 4°C, which was then re-dispersed in DI H2O, vortexed for 30 s, and 

then diluted to the final working concentrations with HBMEC culture media. The hydrodynamic 

diameter (dH) of ENMs in water of HBMEC suspension were measured using dynamic light 

scattering (DLS; Malvern Nanosizer, Worcestershire, UK). 

3.2.14 ENM cytotoxicity, oxidative stress, and reactivity testing 

To measure the effect of ENMs on HBMEC viability, a commercially-available 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

assay kit (Abcam, MA, USA) was used to detect mitochondrial reductase activity. For this test, 

HBMECs were seeded on 96-well plates at a density of 1300 cells cm-2. The absorbance of MTS-

treated culture media at 490 nm was recorded using a plate reader (Synergy HT; BioTek, NJ, 

USA). The background signals at 650 nm and at 490 nm from each ENM suspension in fresh 

culture media were subtracted from the recorded absorbance values. Percent mitochondrial 
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reductase activity for each ENM treatment group were normalized to the control group. To 

measure the oxidative stress generated upon exposure to ENMs, a fluorogenic CellROX® green 

probe (Invitrogen; Carlsbad, CA) assay was performed. For this test, HBMECs were seeded on 

24-well plates at a density of 2500 cells cm-2. One group of cells was treated with 200 µM 

menadione (Sigma-Aldrich, St Louis, MO, USA) for 1 hour as a positive control for oxidative 

stress.  After ENM and menadione treatment, cells were incubated in 5 µM CellROX® green and 

20 ng mL-1 Hoescht stain (ThermoFisher Scientific, Waltham, MA, USA) for 30 minutes. Samples 

were rinsed with PBS, fixed in 4% PFA, and imaged immediately using an EVOS M7000 Imaging 

System (ThermoFisher Scientific, Waltham, MA, USA). CellROX intensity values were 

normalized to the number of Hoescht positive cells and corrected for background fluorescent 

intensity of cells and ENMs without the CellROX. An Amplex Red hydrogen peroxide/peroxidase 

assay (Invitrogen, Carlsbad, CA) was used to test the oxidative capacity of the CeO2 nanoparticles. 

CeO2 nanoparticles were added to a solution of hydrogen peroxide containing the Amplex Red 

reagent, and fluorescent intensity between 530 and 590 nm was measured every 10 minutes. A 

standard curve was generated using serial dilutions of hydrogen peroxide, which was used to 

calculate final hydrogen peroxide concentrations in CeO2 and blank solutions.  

3.2.15 Similarity index calculations 

The similarity index was used to compare the ENM-treated tissues and cell pairs versus 

unexposed, cAMP-treated controls. The index applies a modified Hellinger distance formula to 

compare the similarity between two probability distributions. The index is given by: 

𝑆𝑐𝑜𝑟𝑒 = 100 ×  [√
2σ𝑎σ𝑏

σ𝑎
2 + σ𝑏

2  𝑒
− 

(μ𝑎−μ𝑏)2

4(σ𝑎
2+σ𝑏

2) ] 

where μ is the mean and σ is the standard deviation of each metric. The calculated index ranges 
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from 0 to 100, where 0 indicates complete dissimilarity and 100 indicates identical distributions. 

Similarity indices were calculated for tissue metrics (cell area and cell shape index), cell pair 

metrics (nuclear area, nuclear eccentricity, nuclear distance, junction span, and junction area), and 

permeability. Combines scores were determined by averaging the evaluated parameters.  

3.2.16 Statistical analysis 

Statistical analysis was conducted using SigmaPlot (Systat Software, Inc., San Jose, CA); 

data were first tested with the Shapiro–Wilk test for normality and the Levene median test for 

equal variance. Two-sample t-test tests were conducted for normally distributed datasets. 

Alternatively, Mann-Whitney rank sum test was used for non-parametric analysis if samples did 

not meet normality and equal variance assumptions. For multiple comparison to control samples, 

such as in pharmacological and ENM-exposure studies, Holm-Sidak method was used. Principal 

Component Analysis (PCA) was performed using custom-made code in R. The data was first 

standardized and the PCA was ran on the standardized dataset using the Vegan package in R. 

 

3.3 Results 

3.3.1 Controlling cell pair architecture using soft lithography 

The blood-brain barrier is primarily composed of confluent endothelial cells that form tight 

and adherens junctions between cells to regulate paracellular transport into and out of the brain.230 

Here, we used a minimalist model that incorporates two cells to recapitulate this important 

interaction in the blood-brain barrier (Figure 3.3A). We used soft lithography to microcontact print 

islands of extracellular matrix and build geometrically controlled endothelial cell pairs, thereby 

limiting the variability of cell structure while enabling comparison between different test 

conditions.218 To determine the appropriate size of each patterned cell, we measured the surface 
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area of confluent HBMECs and used VE-cadherin immunostaining to delineate cell borders 

(Figure 3.3B). We found that the average cell area was 1683 ± 863 µm2 (mean ± std; n = 262 

measurements) (Figure 3.3C). We then developed an island pattern that contained two adjacent 

hexagons with areas of 2500 µm2 each, 5000 µm2 total, selecting hexagonal cell islands as they are 

the most common polygonal shape observed in endothelial tissues.231 Using polydimethysiloxane 

(PDMS) stamps with bihexagonal features, we patterned PDMS-coated coverslips with fibronectin 

islands and seeded these substrates with HBMECs (Figure 3.3D-E). Using this method, we 

confirmed high fidelity printing of fibronectin islands and geometrical control of cell pair 

architecture, thereby constructing a minimalist model to probe the regulatory role of subcellular 

structures in blood-brain barrier integrity.  

 

Figure 3.3 A minimalist model of the blood-brain barrier using microvascular endothelial cells 

(A) Schematic of the cell pair concept. (B) Representative image of a brain endothelial tissue; scale bar = 20 µm; 

red, VE-cadherin; green, actin; blue, DAPI. (C) Histogram of individual cell areas measured in confluent tissues; 

n = 282 cells; (D) Representative image of HBMEC cell pair; red, actin; green, VE-cadherin; blue, DAPI; scale 

bar = 20 µm. (E) Schematic of microcontact printing protocol.  
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3.3.2 Structural metrics to evaluate microvascular cell pairs 

To identify key structural features of the cell and cell-cell interface that contribute to blood-

brain barrier function, we treated HBMEC cell pairs with pharmacological agents known to 

modulate endothelial structure and permeability. For each condition, cell pairs were cultured in 

growth media for 48 hours, replenishing media 24 hours after seeding (Figure 3.4A). For drug 

treatment conditions, we dosed cell pairs with drugs that activate and inhibit the Rho pathway for 

4 hours. Activation and inhibition of the Rho pathway are both known to induce barrier leakiness 

in endothelial culture.232 We also dosed cell pairs with a cAMP analog, 8-(4-

chlorophenylthio)adenosine 3’-5’-cyclic monophosphate, and a selective inhibitor of cAMP-

specific phosphodiesterase for 24 hours, which has been shown to improve barrier function.233 We 

then fixed and stained untreated and treated cell pairs to visualize the nucleus, cell-cell junctions, 

and cytoskeleton (Figure 3.4B-E). To generate average composite images for each condition, cell 

pairs were aligned based on the geometry of the underlying fibronectin islands (Figure 3.5). 

Finally, we quantified changes in nuclear morphology, junction area, and actin span to identify 

unique structural phenotypes that map to tissue permeability. 
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Figure 3.4 Assessment of nuclear, cytoskeletal, and junction morphology in cell pairs  

(A) Experimental timeline of culture and dosing procedure. (B) Schematic of structural components evaluated; 

Representative fluorescent images of untreated cell pairs and cell pairs dosed with Rho Activator, cAMP, and Rho 

Inhibitor stained for (C) nuclei, (D) VE-cadherin, and (E) actin. (F-H) Quantification of structural metrics (F) 

Distance between nuclear centroids; (G) Average VE-cadherin junction area; (H) Length of actin spanning the cell 

pair junction; n  ≥  24 cell pairs per condition; box = median ± quartiles; whiskers = 5 and 95 percentiles; *** P < 

0.001, ** P < 0.01, and * P < 0.05 using Holm-Sidak method for multiple comparisons versus control. 
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 Nuclear morphology is intimately linked to cell shape and actin cytoskeleton organization, 

and has been previously shown to play an important role in regulating endothelial function and 

vascular contractility.140,234 As a result, we examined nuclear morphology as a metric of barrier 

permeability. To quantify nuclear shape and location within each pair, we measured nuclear 

eccentricity and the distance between nuclei (Figure 3.4F, Figure 3.6). We expected to see nuclear 

elongation in cell pairs that were under increased cytoskeletal tension, i.e. Rho activation, with 

decreased internuclear distance as the cytoskeleton draws nuclei towards the junction. However, 

we observed nuclear elongation in both Rho activation and inhibition (6% and 10%, respectively). 

Upon closer inspection, Rho inhibition caused a 40% decrease in nuclear area along with a 41% 

increase in nuclear separation, indicating cell detachment or apoptosis as a potential cause of 

 

Figure 3.5 Composite images of untreated and treated cell pairs 

(A) Average nuclear composites; (B) Average VE-cadherin composites (C) Average actin composites; pixel 

intensities normalized per stain on a scale of 0 to 1; scale bar = 20 µm. n ≥ 25 cell pairs per condition and stain. 
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nuclear deformation rather than increased cytoskeletal tension (Figure 3.6B-C). We expected and 

observed the opposite trend for nuclear shape and localization in cAMP-treated cell pairs. Nuclei 

in cAMP-treated pairs were rounder and further apart, suggesting either cytoskeletal 

rearrangement or relaxation that relieved tension across the nucleus and potentially at cell-cell 

junctions. These differences in nuclear eccentricity and area, as well as internuclear distance, 

provide valuable metrics to evaluate cell shape and health that influence barrier permeability.  

To quantify structural integrity of endothelial junctions in each cell pair, we measured the 

area of VE-cadherin in the central region of each cell pair island. VE-cadherin is the primary 

adhesion molecule that modulates attachment between brain endothelial cells and therefore 

regulates barrier permeability.235,236 We expected to see an increase in cadherin area in cAMP-

treated pairs, as cAMP stabilizes junction adhesion to the cytoskeleton.233 cAMP-treated pairs 

showed a 55% increase in VE-cadherin area at the cell-cell junction (Figure 3.4G), as well as 

increased cadherin expression throughout the cell pairs (Figure 3.5B). Cell pairs treated with Rho 

activator showed little change in junction area, while those treated with Rho inhibitor exhibited a 

more heterogeneous response. Some Rho-inhibited pairs had intact or unchanged cell-cell 

Figure 3.6 Quantification of nuclear morphology and localization 

 (A) Schematic of metrics quantified during cell pair analysis, including nuclear area, distance between nuclei, 

and nuclear eccentricity. (B) Comparison of nuclear eccentricity. (C) Comparison of nuclear area; n ≥ 48 cells per 

condition; box = median ± quartiles; whiskers = 5 and 95 percentiles; *** P < 0.001 and ** P < 0.01 Holm-Sidak 

method for multiple comparisons versus control. 
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junctions, while others had diminished junction staining between cells with severely retracted cell 

bodies (Figure 3.4D). Differential junction size as measured by the area of cadherin staining at the 

cell-cell junction provides a promising metric of barrier integrity to infer paracellular permeability.  

The organization of the actin cytoskeleton contributes to nuclear morphology and junction 

size, as actin filaments bind to adhesion proteins at cell-cell and cell-matrix contacts and regulate 

cell architecture and barrier function.237 To observe actin cytoskeleton in the cell pairs, we stained 

for f-actin filaments using a phalloidin (Figure 3.4E). Untreated control cell pairs showed a variety 

of actin polymerization patterns, with both stress fibers that span the cell and cortical rings that 

localize to the cell border. We expected to see differences in actin organization in each treatment 

group, shifting either towards more stress fiber generation or cortical actin stabilization. As 

expected, Rho Activation induced a hyper-polymerization of stress fibers that span the cell body, 

while cAMP treatment reduced stress fiber formation and stabilized cortical rings. Rho-inhibition 

induced a loss of both stress fibers and cortical actin, with actin stain localizing to the perinuclear 

region of collapsed cell bodies. We averaged the distribution of actin across the vertical and 

horizontal axes of each cell pair condition and confirmed increased cortical actin in cAMP-treated, 

stress fiber formation in untreated and Rho-activated pairs, and reduced actin content in Rho-

inhibited pairs (Figure 3.7). Interestingly, we also observed differences in width of actin staining 

across the cell-cell junction, or center of the vertical axis, despite constraining geometries with 

fibronectin islands. This junction span increased by 20% in cAMP-treated pairs, extending past 

the central width of the patterned island, while Rho inhibitor treated-cell pairs were 38% thinner 

at the junction (Figure 3.4H).  By analyzing actin organization within each cell pair, we gain insight 

into the cytoskeletal integrity of each cell, which is suggestive of potential to form stable barriers. 
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Collectively, these quantitative metrics capture key features of intercellular and subcellular 

structures in our cell pair platform that have been shown to contribute to brain endothelial tissue 

homeostasis and barrier permeability. Next, we measured the effects of each pharmacological 

agent on barrier permeability and compared these results to the structural phenotypes observed in 

each group at the cell pair level.  In doing so, we sought to identify metrics that correlate directly 

to barrier permeability and to assess the ability of our platform to serve as a predictive tool for 

screening pharmacological agents that perturb barrier function. 

3.3.3 Mapping cell pair structural metrics to tissue-level structure and permeability 

To evaluate the barrier function of endothelial tissues with and without pharmacological 

Figure 3.7 Analysis of junction span and actin intensity across the cell pair  

(A) Average composite image of actin staining for cAMP-treated cell pairs; scale bar = 20 µm (B) Thresholded 

image of representative actin stain, labelled with maximum and minimum y-values cell pair junction to calculate 

junction span. (C) Average actin intensity over the vertical cross-section of the cell junction (D) Average actin 

intensity over the horizontal cross-section of the entire cell pair; n ≥ 24 per condition. 
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agents, we measured the transport of 1.2 kDa fluorescent particles during static diffusion across 

cultured endothelial barriers. In this experiment, HBMECs were grown to confluence in Transwell 

culture dishes for 3 to 4 days. Confluent tissues were treated with cAMP for 24 hours or with a 

Rho Activator or Inhibitor for 4 hours before fixing at a final timepoint of 48 hours in culture 

(Figure 3.8A). To measure permeability, fluorescent tracers were added to media in the top insert 

and were allowed to diffuse across the barriers for 30 minutes. Fluorescent intensities of the media 

collected from the top insert and bottom well were used to calculate permeability coefficients 

before and after exposure. These coefficients were then normalized to the untreated condition to 

find the percent change in permeability (Figure 3.8B). HBMECs treated with both Rho activator 

and inhibitor showed an increase in permeability coefficients and barrier leakiness (~100% and 

200% increases, respectively). Conversely, treatment with cAMP decreased permeability and 

increased barrier function by approximately 44%. Collectively, these conditions represent a range 

of endothelial tissue permeabilities, allowing us to map their respective cellular structures to 

barrier function or leakiness. 

To determine the cellular characteristics that contribute most to tissue function, we 

performed principal component analysis (PCA), generating biplots of each condition and the 

measured variables (Figure 3.8C). The first two principal components account for 90.4% of the 

variation observed in the data. This analysis showed that cAMP and Rho-inhibited pairs were 

distinct from each other and untreated cell pairs, but Rho-activated pairs were similar to untreated 

controls with respect to the principal components. Analysis of cell pair characteristics show that 

nuclear eccentricity is positively correlated with barrier permeability such that nuclear elongation 

is associated with more barrier leakiness. Further, size of the cell-cell interface, including junction 

span and area, were negatively correlated with change in barrier permeability; reduction of 
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junction area and span mapped to more barrier leakiness. Taken together, this analysis allows us 

to establish a structural phenotype for chemically-induced high and low permeability endothelial 

tissues that can be used to probe underlying mechanisms of barrier function and screen potentially 

bioactive reagents in a high-throughput manner. 

 

 

 

Figure 3.8 Mapping structural metrics to barrier function 

(A) Experimental timeline of barrier testing protocol, which schematic of fluorescent tracer transport across a 

transwell barrier tissue. (B) Quantification of HBMEC barrier function in untreated and treated tissues, reported 

as percent change in permeability coefficients, P, or 1.2 kDa tracers relative to untreated controls; n = 7+ wells 

per condition; box = median ± quartiles; whiskers = 5 and 95 percentiles; *** P < 0.001 for Holm-Sidak methods 

for multiple comparisons versus control. (C) Principal Component (PC) Analysis biplot containing average 

projection for each condition and impact of each measured variable. (D) Extended barrier experiments for 

untreated and cAMP-treated tissues, reported as permeability coefficients of 1.2 kDa tracers measured every two 

days over 21 days in culture; n = 12 wells per condition; mean ± standard deviation. (E) Immunohistochemistry 

of untreated and cAMP-treated tissues at day 10. blue, DAPI; white, actin; green, VE-cadherin; scale bar = 50 µm. 

(F) Cell shape index for high and low permeability tissues; n ≥ 300 cells per condition; *** P < 0.001 for Mann-

Whitney rank sum test. 
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Based on these observations, we sought to further probe the contribution of cell and tissue 

structure in the resulting high and low permeability states. We selected cAMP-treated tissues as 

representative for the low permeability condition and untreated tissues in normal growth medium 

as the high permeability condition. Then we further tested their functional phenotypes by 

evaluating barrier permeability over extended culture times, observing a sustained 40% 

improvement in barrier function in the cAMP-treated condition over the course of three weeks 

(Figure 3.8D). To assess the tissue organization of high and low permeability states, we stained 

confluent endothelial tissues for the actin cytoskeleton and VE-cadherin (Figure 3.8E). Similar to 

the trends observed in cell pairs, we observed more cortical actin rings in low permeability tissues 

and more stress fibers in high permeability tissues. Staining for junction proteins showed that low 

permeability tissues had more VE-cadherin localization to the cell-cell junction compared to more 

diffuse staining in the high permeability case. Western blot analysis of additional junction proteins 

confirmed that low permeability tissues expressed almost twice as much VE-cadherin. Finally, we 

noted each condition showed unique cellular organization within the tissues. Low permeability 

tissues had more rounded or cobblestone-like cell shape, whereas high permeability tissues had 

more elongated cells that appeared more motile.  

To quantify structural differences in the confluent tissues, we measured differences in cell 

area and cell shape using thresholded images of VE-cadherin to identify cell borders (Figure 3.2). 

Reports have shown that epithelial tissues undergo a morphological transition from a fluid-like 

state to a solid, or jammed, state when a major phenotypic switch occurs, such as during 

development or the transition from a healthy to a pathological state.238 Jammed cells are more 

round and non-motile relative to each other (low cell shape index), while unjammed cells adopt a 

more elongated shape as they flow or migrate through the tissue (high cell shape index) 219. Both 
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high and low permeability tissues had a cell shape index above a predefined jamming transition of 

3.81 (normal = 4.86 ± 0.62; cAMP = 4.71 ± 0.47; mean ± std) indicating that neither of the two 

tissues are completely jammed (Figure 3.8F). However, we observed a lower cell shape index in 

low permeability tissues, trending towards the liquid-to-jammed transition. This suggests that low 

permeability tissues are relatively stable compared to the high permeability tissues, and that the 

cellular organization within tissues contributes to barrier permeability.  

3.3.4 The role of tension in high and low permeability microvascular cell pairs 

Based on the structural observations in high and low permeability cell pairs and tissues, we 

hypothesized that tension across the cell-cell junction may contribute to the barrier leakiness. To 

understand the molecular contributors associated with increased tension in our cell pairs, we 

examined both focal adhesion complexes and myosin light chain expression, which work 

concertedly with actin to regulate force transmission, cell motility, and barrier permeability (Figure 

3.9).239–242 Vinculin focal adhesion staining was localized to the cell periphery in both high and 

low permeability cell pairs (Figure 3.9A). Focal adhesions in high permeability pairs were 

elongated and aligned toward the cell-cell junction, whereas focal adhesions in low permeability 

cell pairs were more punctate. We also observed an increase in myosin light chain that was 

colocalized with actin stress fibers in high permeability cell pairs (Figure 3.9B), indicating 

activation of the contractile apparatus. Quantification of positive vinculin staining outside the 

nucleus showed increased focal adhesion formation in high permeability pairs compared to low 

permeability pairs (control = 175 ± 8 µm2, cAMP = 148 ± 7 µm2, mean ± SEM) (Fig. 4D). Taken 

together, increases in focal adhesion complexes and myosin light chain activation further 

suggested an increase in cell contractility and tension across the cell pair. 
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To evaluate the relationship between tissue permeability and intercellular tension, we 

performed traction force microscopy on cell pairs prepared on soft hydroxy-polyacrylamide 

(PAAm) hydrogels with embedded fluorescent beads (Young’s modulus = 8.7 kPa). By measuring 

the displacement between the beads before and after trypsinization, we generated a map of traction 

stresses generated by cell pairs in the high and low permeability states. Typical maps for high and 

low permeability cell pairs show that stresses localized to the cell periphery, with high permeability 

cell pairs generating more force than low permeability pairs (Figure 3.9C).  Integration of the 

traction stresses over the surface area occupied by each cell pair also show higher strain energies 

 

Figure 3.9 Evaluating differences in contractile state of high and low permeability cell pairs 

(A) Representative fluorescent images of vinculin staining in high and low permeability cell pairs. (B) 

Representative fluorescent images of myosin light chain staining in high and low permeability cell pairs. (C) 

Traction stress maps of high and low permeability cell pairs; scale bar = 20 µm. (D) Focal Adhesion area excluding 

the nuclear area mask for high and low permeability cell pairs; n ≥ 14; mean ± SEM. (E) Average strain energy 

of control and cAMP-treated cell pairs. (F) Maximum traction generated by each cell pair; n ≥ 17; mean ± SEM; 

* P < 0.05 and *** P < 0.001 for two-sample t-test.  
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in high permeability cell pairs (Figure 3.9E). On average, high permeability pairs generated larger 

traction stresses and more strain energy (3.2 ± 0.65 kPa and 0.59 ± 0.13 pJ, mean ± SEM, n =17), 

compared to low permeability pairs (1.6 ± 0.33 kPa and 0.21 ± 0.10 pJ, mean ± SEM, n = 26) 

(Figure 3.9E-F). These results suggest that high permeability cell pairs are more contractile than 

low permeability cell pairs, indicating that intercellular tension plays an important role in 

regulating brain endothelial barrier function.  

3.3.5 Screening microvascular cell pair response to ENM exposure 

To test the ability of our platform to detect organizational alterations in response to 

potential toxicants, we exposed brain endothelial tissues and cell pairs to a variety of ENMs. ENMs 

are increasingly used in commercial products and biological therapies,243 but their potential to 

induce endothelial toxicity or manipulate blood-brain barrier permeability is not well understood. 

As a result, there is still a need for improved in vitro methods to study the toxicity of these 

materials, making them ideal candidates to evaluate using this cell pair system. We selected 18 nm 

AuNP as an inert control,244 10% 7 nm silver supported on 10 nm silica (Ag-SiO2) as an engineered 

composite known to disrupt cell integrity,224 and 10 nm CeO2 as a test nanoparticle that is currently 

being studied as a potential treatment for neurodegenerative disorders.245 We evaluated the 

structural phenotype of both cell pairs and confluent tissues exposed to these ENMs at a 

concentration of 10 µg mL-1 dispersed in cAMP media, a concentration at the lower end of typical 

metal and metal oxide nanoparticle toxicology studies,246,247 and compared them to cAMP-treated 

cell pairs as a control. Finally, we evaluated our minimalist predictive model by measuring the 

permeability coefficients of endothelial monolayers that underwent the same ENM exposure 

conditions as the cell pairs. 
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Figure 3.10 Response of endothelial cell pairs and tissues to ENM exposure 

HBMEC cells were cultured in cAMP media and exposed to gold nanoparticles (AuNP), silver nanoparticles 

suspended in nano-silica (Ag-SiO2), and nanoceria (CeO2) for 24 hours. (A-C) Composite images of untreated 

and ENM-treated pairs stained for nuclear, junction, and cytoskeletal proteins; pixel intensities normalized per 

stain on a scale of 0 to 1; scale bar = 20 µm. (D) HBMEC barrier function in response to ENM exposure; n = 8 

samples per condition; mean ± SEM; *** P < 0.001 for Holm-Sidak test for multiple comparisons versus control. 

(E) Similarity index map of structural metrics measured in HBMEC tissues and cell pairs, comparing 

characteristics of ENM-treated conditions to cAMP-treated controls. The similarity index applies a modified 

Hellinger distance formula to compare the probability distributions of each measurement, where 0 represents 

complete dissimilarity and 100 represents identical distributions. 
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To assess potential disruptions in subcellular organization, we measured nuclear 

morphology and localization, cadherin junction area, and actin organization in cAMP-treated 

controls and ENM-exposed cell pairs (Figure 3.10A-C and Figure 3.11). Composite images of the 

nuclei show minimal differences between ENM-treated pairs and the controls (Figure 3.10A), and 

the quantified nuclear distances were also similar (Figure 3.11B). Composite images of VE-

cadherin composites show differences in expression in exposures groups. Ag-SiO2 -treated pairs 

had reduced cadherin staining overall, while CeO2-treated pairs showed an increase in nuclear 

cadherin intensity (Fig. 5B, Supp. Fig. S8C). Quantification of VE-cadherin area shows a 

significant decrease in junction size for Ag-SiO2-treated pairs, but no change in junction span 

(Figure 3.11D-E). Finally, actin composites show some remodeling in Ag-SiO2- and CeO2-treated 

cell pairs (Figure 3.10C), where the ratio of cortical actin intensity to centralized actin intensity 

increased in CeO2-treated pairs (Figure 3.11F). One explanation for the variation in structural 

changes observed in Ag-SiO2-treated and CeO2-treated cell pairs is differences in oxidative stress 

within the cell. Silver nanoparticles readily generate reactive oxygen species,248 while nanoceria 

can act as radical-mediated antioxidant (Figure 3.12A-C). In Ag-SiO2-treated HBMECs, we found 

that oxidative stress doubled when compared to cAMP-treated controls, while CeO2-treated 

HBMECs remained unchanged. Importantly, these differences in reactive oxygen species 

generation and subsequent cellular oxidative stress  can lead to impaired actin polymerization in 

vitro.249  

We also compared structural changes in confluent tissues treated with ENMs (Figure 

3.11A). In confluent tissues, the cell shape index decreased in both AuNP- and Ag-SiO2-treated 

tissues, suggesting a decrease in cell motility and an increase in tissue jamming (Figure 3.11H). 

However, Ag-SiO2-treated samples also showed a modest decrease in average cell area (13% 
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reduction compared to cAMP-treated) (Figure 3.11I). To test if this was a result of cell retraction 

due to cell death, the mitochondrial reductase activity of cells treated with nanoparticles was 

measured using a colorimetric assay (Figure 3.12D). ENM-treated samples displayed similar 

activity as untreated controls, indicating that cell proliferation and viability were unchanged. 

Together, the structural characteristics at the pair and tissue level predict more barrier leakiness in 

Ag-SiO2-treated tissues and potential barrier improvement in CeO2-treated tissues.  

Finally, we evaluated the barrier function of HBMECs treated with AuNP, Ag-SiO2, and 

CeO2 (Figure 3.10D) using the permeability coefficient of a 1.2 kDa fluorescent tracer. We 

observed 238% increase in permeability for Ag-SiO2-treated tissues, and a 22% decrease in 

permeability for CeO2-treated tissues compared to controls. These changes in tissue function map 

to the combined structural metrics we observed at both the cell and tissue level. To quantitatively 

compare the similarity between ENM-treated and control tissues, we calculated a similarity index 

based on Hellinger distances (Figure 3.10E) as previously used to assess the outcome of stem cell 

therapies of myocardial infarction,250 wound healing efficacy, 251,252 and ENM cytotoxicity.216 For 

this index, a score of 100 indicates identical distributions and a score of 0 indicates no similarity. 

The combined score for AuNP-treated cells and tissues was 98.4, which is very similar to untreated 

controls. Both Ag-SiO2- and CeO2-treated groups showed a decrease in similarity, with scores of 

85.2 and 89.2, respectively. We also repeated the principal component analysis using the 

nanoparticle-treated groups and found that junction span and junction area were similarly 

correlated with barrier permeability, while nuclear eccentricity was less correlated than in the 

previous pharmacological studies (Figure 3.11G).  In summary, we found that CeO2 and Ag-SiO2 

nanoparticles induced mild to moderate changes in brain endothelial cell pair structure that map to 

similar differences in barrier permeability. 
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Figure 3.11 Additional analysis of ENM-exposed cell pairs and tissues  

(A) Representative immunostains of cAMP-treated controls and ENM-treated endothelial tissues; red, actin; green, 

VE-cadherin; blue, DAPI; scale bar = 25 µm. (B) Comparison of nuclear distance in ENM-treated and cAMP-

treated control pairs; n ≥ 30 cell pairs per condition. (C) Comparison of nuclear cadherin intensity in ENM-treated 

and control pairs; n ≥ 14 (D) Comparison of junction area in ENM-treated and control pairs; n ≥ 14 cell pairs per 

condition. (E) Comparison of junction span in ENM-treated and control pairs; n ≥ 24 cell pairs per condition. (F) 

Comparison of cortical actin ratio (intensity of cortical actin versus centralized actin) in ENM-treated and control 

cell pairs. (G) PC analysis biplot for ENM-treated and cAMP-treated control cell pairs. (H-I) Comparison of cell 

shape index and cell area observed in nanoparticle treated tissues; n ≥ 230 cells per condition; *P < 0.05, ** P < 

0.01, and *** P < 0.001 for Holm-Sidak test. 
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3.4 Discussion 

In this study, we evaluated the response of the blood-brain barrier to drug and toxicant 

exposure by relating the structural changes in geometrically confined brain endothelial cell pairs 

to monolayer tissue permeability. We identified structural characteristics of HBMEC cell pairs and 

tissues treated with a variety of pharmacological agents that influence cell structure and tissue 

permeability. We investigated the contribution of cellular tension in regulating barrier function by 

 

Figure 3.12 Quantification of ENM reactivity, cytotoxicity, and oxidative stress  

(A) Standard curve of hydrogen peroxide concentration versus fluorescence intensity of Amplex Red (B) Graph 

of hydrogen peroxide concentration over time in blank and CeO2 solutions, demonstrating the ability of 10 nm 

nanoceria to oxidize hydrogen peroxide in solution. (C) Cellular oxidative stress after 24 hours of exposure to 

select nanoparticles was assessed using a fluorescent CellROX assay; measurements are normalized to number of 

Hoechst stained nuclei per well and corrected for background fluorescent intensity of cells and ENMs without 

CellROX; n = 3 wells per condition; 3 fields of view per well; ** P < 0.01 for Holm-Sidak test. (D) Cellular 

viability after 24 hours of exposure to select nanoparticles was assessed using a colorimetric assay for measuring 

mitochondrial reductase activity; measurements are normalized to cAMP-treated control absorbance values; n = 

10 measurements per condition. 
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performing traction force microscopy of high and low permeability cell pairs on soft deformable 

substrates. Finally, we assessed the structural and functional impact of ENM exposure on HBMEC 

cell pairs and tissues, further demonstrating the utility of this cell pair model to screen and predict 

the effects of bioactive agents on brain endothelial function. 

Using pharmacological agents that modulate the cytoskeleton and endothelial barrier 

function, we found that HBMEC tissue permeability is regulated by the structure of intra- and 

intercellular components that coordinate tension within and between cells. We suggest one 

mechanism of barrier disruption is a result of increased cellular tension and associated cytoskeletal 

remodeling, which leads to a decrease in cell-cell junction integrity and increase in barrier 

permeability (Figure 3.13).  Previous studies have shown that mechanical forces on the cell can 

actively deform the nucleus via the cytoskeleton, where nuclear elongation occurs concomitantly 

with actin stress fiber formation.253,254 Similarly, here we demonstrated that high permeability cell 

pairs had more elongated nuclei, reduced internuclear distance, and an increase in actin stress fiber 

formation. In addition to this cytoskeletal remodeling, high permeability cell pairs showed 

activation of contractile actin-myosin machinery and reinforcement of focal adhesions at the cell-

matrix interface, suggestive of increased cytoskeletal tension. Traction force microscopy of cell 

pairs confirmed increased tension in high permeability cell pairs, which translates to increased 

stress at the cell-cell junction. We have previously shown that coordinated remodeling of cell-

matrix and cell-cell adhesions is necessary to balance forces between coupled cardiac myocytes 

and their underlying matrix in order to achieve structural and electro-mechanical coupling.195,255 

In the brain microvascular cell pairs presented here, the absence of cooperative remodeling of cell-

cell adhesions to compensate for additional stress at the junction led to weakened intercellular 

junctions and barrier leakiness. Our experiments suggest that lower permeability and lower traction 
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cell pairs have larger cadherin junctions than high permeability pairs, which is consistent with 

previous reports that indicate intracellular cAMP stabilizes VE-cadherin mediated adhesions 

between cells and cortical actin that improves endothelial barrier function.233 Additionally, we 

observed adherens junction assembly and disassembly in HBMECs that was consistent with the 

remodeling previously reported in pulmonary artery endothelial cells in high and low stress 

regimes.215 Taken together, these results suggest an optimal balance of inter- and intracellular 

stresses that regulate vascular permeability. 

When examining the structural metrics in HBMEC cell pairs exposed to ENMs, we were 

able to detect intracellular and intercellular changes that mapped to differences in tissue level 

function. In our negative nanoparticle treatment control, AuNP-treated cell pairs showed minimal 

 

Figure 3.13 Summary of structural and functional changes in stable and leaky HBMEC tissues 

Relaxed cytoskeletal tension confers a more stable cellular phenotype – marked by round nuclei, punctate focal 

adhesions, and intact cortical actin – leading to stabilized cell-cell junctions and reduced barrier permeability in 

cAMP-treated brain endothelium.  (A) Reduction of cytoskeletal and cadherin expression and cell retraction leads 

to destabilized cell-cell junctions, thereby reducing junction integrity and increasing barrier leakiness, such as in 

the case of Rho inhibition and Ag-SiO2 exposure. (B) Increased cytoskeletal tension – marked by increase in 

traction forces, nuclear eccentricity, focal adhesion area, and stress fiber generation – leads to a decrease in cell-

cell junction integrity and increase in barrier leakiness, as observed in Rho activation and untreated HBMECs. 
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disruptions in brain endothelial cell morphology and permeability, which was consistent with 

previous experiments in HBMECs.256 In our positive nanoparticle treatment control, Ag-SiO2-

treated pairs showed severe disruption of VE-cadherin junction expression, but only minimal 

changes were observed in cytoskeletal organization. While certain nanoparticles can induce actin 

rearrangement and barrier dysfunction like the tension-mediated mechanism described above,257 

our results suggest that Ag-SiO2 particles reduced barrier permeability through a mechanism 

independent of cellular tension (Fig. 6). An alternative explanation for Ag-SiO2-mediated barrier 

disruption could be direct interference of cell-cell junctions, as select metal nanoparticles can 

interfere with homophilic interactions between VE-cadherin adhesions.258  

In the test case of nanoceria exposure, we were interested to see if CeO2 nanoparticles 

could improve HBMEC structure and function as it is currently being researched as a potential 

therapeutic for neurodegenerative diseases.259 It is hypothesized that the antioxidative capacity of 

CeO2 reduces cellular oxidative stress within the tissue, thereby improving barrier function. In our 

experiments, CeO2-treated pairs and tissues showed slight improvements in barrier function and 

increase in actin and VE-cadherin staining. Based on the structural and functional metrics 

measured, CeO2-treated cell pairs had lower similarity indexes like Ag-SiO2-disrupted cell pairs 

when compared to cAMP-treated controls. This is because our model assumes that any deviation 

from the cAMP-treated control state represents disruption to homeostasis, independent of whether 

the outcome is positive or negative. While this is an acceptable metric for determining toxicant 

risk, when determining drug efficacy intending to improve barrier function, it may be preferable 

to modify the index to signify whether a test agent improves or disrupts the function of the cells. 

Nevertheless, these findings demonstrate the utility of this minimalist model to detect changes in 

blood-brain barrier function using structural features of cell pairs.  
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4 Conclusions and future perspectives 

Biological barriers, including the placental and blood-brain barrier, must reconcile two 

opposing forces that drive barrier formation and function: the need to deliver nutrients to 

underlying organs and the need to protect these organs from xenobiotic exposure. Because 

biological barriers divide the body into compartments, the way in which barriers control 

permeability and selectivity is pertinent to both predicting chemical distribution and drug delivery. 

By understanding these mechanisms, we can exploit them to shuttle drugs into hard-to-reach areas 

or to prevent toxin transport to vulnerable tissues. In the studies presented thus far, we examined 

the role of underlying barrier structure on tissue-level function using microphysiological systems 

of two of the most vulnerable compartments in the body: the placental and blood-brain barriers. 

Here, we integrate our findings from engineering models of these barriers with existing knowledge 

of how permeability is regulated in vivo and discuss advantages and disadvantages of 

microphysiological systems to recapitulate barrier form and function in vitro. 

In vivo, barrier structure and function is dynamically regulated throughout development 

and disease,260 resulting in heterogeneous populations of epithelial tissues and endothelial vessels 

that regulate biological distribution. During development, endothelial cell fate is specified before 

cells reach their final destination in the body, though exposure to morphogen gradients and 

mechanical signaling throughout embryogenesis contributes to barrier diversity.261 At the cellular 

level, differences in actin organization, junction expression, and extracellular matrix composition 

contribute to distinct barrier phenotypes.262,263 Because many of the differentially expressed 

junction proteins264 and cytoskeletal components265 are involved in mechanosensitive pathways in 

vivo, we sought to better understand the effects of biophysical cues in the regulation of placental 

and blood-brain barrier homeostasis in vitro.  
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We found that barrier structure and function is regulated in part by mechanical cues 

between cells and their microenvironment. In the placental system, we showed that trophoblast 

fusion is sensitive to extracellular matrix composition and mechanical stiffness, which leads to 

differences in hormone secretion and placental barrier function. These findings have implications 

for understanding and treating obstetric diseases that arise from placental malformations or 

aberrations in the womb microenvironment. In the blood-brain barrier system, we found that 

barrier integrity is dynamically regulated by a balance of tension across the cell-cell junction, 

offering insight into how the spatiotemporal control of brain microvasculature affects 

permeability. In the future, these findings can be leveraged to improve drug transport to the brain 

or increase treatment specificity of neurodegenerative diseases that impair microvascular function.  

Across these systems, we showed that barrier integrity is regulated by a balance of forces 

between cell-cell and cell-matrix connections. In the placental system, trophoblasts fused more on 

softer substrates, which is consistent with previous observations that softer substrates tend to 

promote cell-cell adhesions,194 a prerequisite for cell fusion.266 Furthermore, softer substrates may 

contribute to more cooperative tissue behavior and junction remodeling that supports barrier 

homeostasis, as opposed to the decoupling and migration typically observed in stiff 

microenvironments.267 In addition to mechanical signals from the extracellular microenvironment, 

mechanotransduction across the cell-cell junction is important for barrier homeostasis.268 By 

controlling brain microvascular tissue geometry and manipulating internal cell architectures using 

chemical cues, we found that tension must be balanced across the cell-cell junction in order to 

generate stable barriers. If there is too much tension across the cell-cell junction, increased stress 

fiber formation and tractional stresses can cause gaps in between cells, resulting in barrier 

leakiness. However, if there is too little tension at the junction, either by impaired cytoskeletal 
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polymerization or inhibited junction communication, the intracellular junction cannot maintain 

itself, also leading to barrier leakiness. From these findings, we believe dynamic balancing of cell-

cell and cell-matrix tension in barrier tissues regulates barrier integrity in health and disease.  

Here, we presented two models of barrier function that recreate native tissue structure using 

chemical and biophysical cues from the extracellular matrix. Each system represents a distinct 

approach to modeling barrier function, and thus has its own advantages and disadvantages for 

predicting potential developmental toxicity. In the placental system, we built a trophoblast barrier 

using fibrous gelatin scaffolds that improved trophoblast barrier integrity. Though our proof-of-

concept tested the permeability of fluorescent tracers, the model can also be applied to measure 

transport of specific drugs or nanoparticles.269,270 However, we found that static barrier testing is 

sensitive to sampling variability and is often limited to single time point measurements after 

exposure or disruption. Therefore, incorporation of real-time sensors that measure properties of 

barrier integrity, such as trans-epithelial resistance, can enable more dynamic and longer-term 

monitoring of barrier function.271,272 However, increased tissue complexity and measurement 

capabilities often come at the expense of ease of manufacturing, which must be balanced to achieve 

high throughput screening. To address this challenge, we took a minimalist approach to modeling 

the blood-brain barrier. Using existing knowledge of cellular and subcellular regulators of barrier 

function in vivo, we developed predictive structural metrics using only two cells confined to a 

matrix island. This approach offers advantages over traditional barrier models, namely increased 

throughput and ability to observe structural mechanisms of barrier disruption. However, because 

barrier permeability is not measured directly, this approach it is better suited for detecting changes 

in barrier integrity rather than absolute chemical transport. Furthermore, this approach assumes 

that two cells is the minimum functional unit necessary to recreate tissue-level function. For tissues 
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whose function relies on more than two-cell interactions, such as multinucleated syncytia, this 

approach can be modified to use larger matrices of three or more cells while still benefitting from 

the geometric constraints of extracellular matrix islands. Balancing structural complexity with ease 

of manufacturing and quantitative readouts is key for microphysiological systems of biological 

barriers to be widely adopted for the study of drug delivery or developmental toxicity.  

Here we show that extracellular cues influence cellular mechanotransduction and 

contribute to the balance of intra- and extracellular tension necessary to achieve homeostasis in 

the placental and blood-brain barrier. Altogether, our findings offer deeper insight into the critical 

mechanobiological control of barrier structure and function and advance the goal to develop more 

physiologically relevant models of barrier function for predicting developmental toxicity. 

Considering these findings, we suggest that both chemical and mechanical cues from the 

extracellular microenvironment be incorporated when engineering future in vitro models of 

biological barriers.  
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