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Abstract 
 
The blood-brain barrier (BBB) is the interface between the circulatory system and the 

brain, which is responsible for maintaining brain homeostasis by controlling the cellular 

and molecular transport into the brain. Due to phenotypic differences between the BBB of 

mice and humans, substantial attention has been placed on the development of in vitro 

platforms that are able to recapitulate the key features of the human BBB. BBB models 

derived from human induced pluripotent stem cells (hiPSCs) exhibit superior barrier 

properties compared to other existing models; however, most studies with these cells have 

been carried out in conventional 2-D platforms that lack certain features of the human BBB.  

 

The purpose of this dissertation is to improve the functionality of hiPSC-derived BBB 

models by adding physiologically relevant complexity to their culture systems. In chapter 

1, the BBB structure and function is discussed in more detail and the advantages and 

drawbacks of existing in vivo and in vitro models of the BBB are reviewed. In chapter 2, a 

BBB-on-a-chip device that supports perfusion and co-culture with an astrocyte-laden 3-D 

hydrogel is described. Since all the cells used to seed the devices were differentiated from 

hiPSCs, the fabricated BBB-on-a-chip platform can be used for genetic and rare disease 

modeling and personalized medicine applications. In chapter 3, the effect of laminins 

present in the endothelial basement membrane, specifically laminin 411 and laminin 511, 

on iBMEC functionality was investigated and compared to a commonly used collagen IV 

and fibronectin mixture. Based on our results, incorporation of laminin 511 in hiPSC-

derived BBB models resulted in enhanced long-term barrier properties and improved shear 

stress response in the cells. In chapter 4, the effect of IL-1β, which was highly upregulated 
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in brain-seeking triple negative breast cancer cells (TNBCs), on barrier tightness, gene and 

protein expression of (iBMECs) was studied. Moreover, using the BBB-on-a-chip device 

described in chapter 2, the extravasation potential of TNBCs in different conditions was 

assessed. Our results suggest a promoting function for IL-1β in TNBC transmigration into 

the brain. Finally, concluding comments and recommendations for future studies are 

offered in chapter 5. 
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 - Introduction 
 
 

1.1 Blood-brain barrier structure and function 
 
The blood-brain barrier (BBB) is located between the lumen of cerebral capillaries and the 

brain parenchyma in the central nervous system (CNS) and is responsible for maintaining 

homeostasis in the brain by controlling the transport of solutes between the circulatory 

system and the CNS [1]. The BBB consists of brain-specific microvascular endothelial 

cells (BMECs) which are tightly connected to each other. Other cells in the neurovascular 

unit (NVU) include pericytes and astrocytes, which control the barrier function of the BBB 

by interacting with endothelial cells through paracrine signaling [2].  

 

Figure 1-1. Neurovascular unit structure. Configuration of the brain-specific 
endothelial cells, astrocytes, and pericytes is demonstrated. Tight junction proteins 
are located at the border between neighboring endothelial cells. adapted from 
Tornabene et al [3]. 
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Figure 1-1 demonstrates the placement of each type of cell in the NVU. The substantial 

barrier properties of the BBB are due to the presence of tight junction (TJ) proteins between 

adjacent endothelial cells, lack of fenestrae, and low pinocytotic activity in brain 

endothelium [4]. The tight junction molecules include claudins, occludin, and junctional 

adhesion molecules (JAMs) [5]. Importantly, zonula occludens-1 (ZO-1), a membrane 

associated protein, acts as a link that binds tight junction and adherens junction proteins to 

the actin cytoskeleton. These molecules work together to maintain BBB integrity , and each 

can affect the function of the other [6]. The BBB not only controls the traffic of solutes 

across the brain microvessels and capillaries, but it also limits the migration of cells such 

as leukocytes and cancer cells into the brain [7]. While the free diffusion of molecules 

across the BBB is limited due to the presence of junctional proteins, there are specialized 

transporters and ion channels that selectively transfer the required molecules into and out 

of the brain [8]. The BBB plays a crucial role in protecting the brain, and its dysfunction 

has been reported in various diseases of the CNS [9]. However, it is not fully understood 

whether BBB dysfunction is the cause or consequence of neurodegenerative diseases [10]. 

Moreover, delivering therapeutics to the brain is highly challenging since many large 

molecules and biologics are not able to cross the BBB [11]. Due to the unaddressed 

questions and existing challenges associated with the BBB, there is a need for BBB models 

that mimic the key features of the human BBB and enable the researchers to study the role 

of BBB in CNS diseases in more detail. 
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1.2 Platforms to study the BBB 
 
Historically, animal models have been extensively used to study the BBB. As the most 

complex existing BBB model, they are essential for drug development [12]. While animal 

models share many features with the human body, there are inherent differences between 

the organs of human and animals. In the BBB, there are differences in the expression of 

transporters such as P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and  

L-type amino acid transporter-1 (LAT-1) between humans and mice. Additionally, there 

are multiple transporters that are expressed in mouse models of the BBB, but not in the 

human BBB [13]. Due to these issues, around 90% of drugs that work in animal models 

fail in early clinical trials [14]. Further, it is not possible to model certain human diseases 

such as meningitis in other species [15]. Because of their complexity, animal models are 

not suitable to study the parametric effects of individual factors. The limitations in 

microscopy and visualization and challenges in conducting large scale screening studies 

are additional drawbacks of using in vivo animal models. 

 

In vitro models could complement animal models by addressing some of the 

aforementioned issues. For in vitro BBB models, primary rat or primary human brain 

endothelial cells are mainly used. The drawbacks of using primary endothelial cells include 

lack of scalability, dedifferentiation ex vivo, and difficulties in harvesting them in sufficient 

quantities [16]. Consequently, primary endothelial cells are not an ideal choice for in vitro 

studies. Immortalization of brain endothelial cells solves the scalability issue; however, 

immortalized cells lack the physiological characteristics of endothelial cells in the brain, 

most notably, high barrier properties [17,18]. Due to the significant differences in function 
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and morphology of endothelial cells in distinct tissues, the use of endothelial cells that 

possess key tissue-specific properties is critical for in vitro studies [19]. Previous studies 

have also utilized commonly used human umbilical vein endothelial cells (HUVECs) co-

cultured with pericytes and astrocytes to model the BBB in vitro [20]. Similar to 

immortalized brain endothelial cells, HUVECs also fail to recapitulate the barrier 

properties of the in vivo BBB. 

 

Differentiation of pluripotent stem cells to endothelial cells is of great interest, as human 

induced pluripotent stem cells (hiPSCs) and human embryonic stem cells can undergo 

extensive expansion in the undifferentiated state and have the capacity for differentiation 

to any cell type in the adult. As such, a protocol was developed that can differentiate hiPSCs 

into brain-specific microvascular endothelial cells (iBMECs), which is scalable and 

capable of being used for in vitro studies [21,22]. This differentiation method utilizes 

microenvironmental cues such as signaling and growth factors, ECM matrix proteins, and 

additional small molecules to add tissue-specific characteristics to the endothelial cells 

[16]. With in vivo-like  barrier properties such as high TEER and low solute permeability, 

iBMECs express key BBB markers including essential tight junction and efflux transporter 

proteins, making them a good choice for in vitro modeling of the healthy and diseased BBB 

[23]. Since hiPSCs can be generated by reprogramming donor cells from patients and 

healthy individuals, they are indispensable for genetic and rare disease modeling.  
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The majority of in vitro BBB models utilize cell culture inserts in which BMECs are 

cultured on a porous membrane. The use of cell culture inserts results in the formation of 

two compartments, apical (top part) and basolateral (bottom part), separated by the BMECs 

(Fig. 2A). Other cells of the CNS, such as astrocytes or pericytes, can be co-cultured with 

BMECs in these platforms. Recently, differentiation methods for generating pericytes and 

astrocytes from hiPSCs have been developed [24,25], which enables isogenic modeling of 

the BBB and the surrounding cells, meaning that all cells are differentiated from the same 

hiPSCs (Figure 1-2A, B). Isogenic models can be used for development of more 

sophisticated patient-specific in vitro platforms for drug screening and studying genetic 

disorders of the BBB.  

 

Although iBMECs offer numerous advantages over the cell lines and primary cells, there 

are some concerns regarding the developmental stage and maturity of these cells [27]. 

Transcriptomic analyses have recently shown that iBMECs also express epithelial markers 

[28]. Workman et al compared RNA sequencing data from iBMECs, immunopanned brain 

Figure 1-2. in vitro BBB models. (A) Cell culture inserts capable of recapitulating apical and 
basolateral BBB. (B) iBMECs, astrocytes, and pericytes can be generated from the same hiPSC 
line. (C) Cells differentiated from the same hiPSC line can be cultured in the cell culture inserts in 
order to create an isogenic BBB model. Adapted from Seo et al [26].   
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endothelial cells from post-mortem samples, and immortalized cell lines, and the results 

indicated considerable differences between the analyzed groups [27]. It should be noted 

that it is not uncommon for hiPSC-dervied cells to not fully recapitulate their in vivo 

equivalents. Overall, modification of the iBMEC culture conditions by adding 

physiologically relevant factors can potentially result in improved maturation and 

functionality of these cells.  

 

1.3 Blood-brain barrier-on-a-chip models 
 

Although significant progress has been made in developing methods to differentiate the 

hiPSCs to different cell types of the neurovascular unit, in most of the studies so far 

conventional cell culture platforms such as culture inserts and tissue culture dishes have 

been utilized. These simple yet practical models lack some characteristics of the human 

BBB, such as three-dimensionality and presence of fluid flow in the lumen of the blood 

vessels, that could be critical for certain studies.  Microfluidics, as an emerging tool to 

model the BBB, show promise in overcoming the aforementioned issues regarding in vivo 

and conventional in vitro models. Owing to the fact that it is possible to precisely control 

the geometry, chemical and mechanical factors, and cell-cell interactions through the co-

culture of various cell types, microfluidic platforms are potential candidates to properly 

model physiologically relevant conditions. In addition, the ability to support fluid flow, 

especially for modeling blood vessels, makes microfluidics suitable to model dynamic 

phenomena. Shear stress is involved in endothelial cell differentiation and is a regulator of 

gene expression, cytoskeletal organization, junctional protein association, permeability, 

and growth inhibition [29,30]. Importantly, by providing substantially lower surface-to-
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volume ratios compared to conventional in vitro systems, BBB-on-a-chip devices can 

facilitate paracrine signaling between the cultured cells in the device.  Another advantage 

of these devices is their suitability for imaging.  

 

There are several types of microfluidic devices that have been employed to build in vitro 

models of microvessels and the BBB. One strategy is to fabricate cylindrical channels 

seeded with endothelial cells along the channel wall to mimic the structure of the 

microvessel or BBB [31–37]. Another major type of BBB-on-a-chip platform is a 

membrane-based device, which is inspired by cell inserts. These devices consist of two 

layers separated by a porous membrane, with cells cultured on one or both sides of the 

membrane. Commonly, these devices are considered two-dimensional since cells are 

cultured on different sides of a 2D membrane [38–40]. However, it is also possibile to 

incorporated hydrogels into in these types of devices, as has been reported in some studies 

[41,42], so that the three-dimensionality of the in vivo environment can be recapitulated. 

Transendothelial electrical resistance (TEER) of the endothelial layer, an essential 

parameter to assess tight junction integrity, can also be measured in these devices. Finally, 

extracellular matrix (ECM)-based devices utilize polydimethylsiloxane (PDMS) pillars 

that are aligned in small intervals—less than 200 µm [43]—to hold the ECM in the channel 

through capillary forces while allowing the interaction of two channels (Figure 1-3C). 

Recently, some studies have exploited this system to fabricate microfluidic BBB platforms 

[44,45]. Overall, BBB-on-a-chip models are able to add physiologically relevant 
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complexities to in vitro systems in order to bridge the gap between highly complex animal 

studies and over-simplified conventional in vitro platforms.  

 
1.4 The basement membrane and its role in endothelial 

function 
 
The basement membrane (BM) is a thin layer of extracellular matrix (ECM) proteins 

located underneath the endothelial cells. The structure and function of the BM changes 

during development and in many pathological conditions. During the BBB development, 

the BM is initially rich in fibronectin; however, as the blood vessels and BM mature, 

expression of fibronectin decreases, while laminin expression increases [46]. In the BM of 

healthy adults, fibronectin is absent or minimally expressed [47,48], while laminins 

together with collagen IV make up the major polymeric networks of the BM [49]. While 

collagen IV is responsible for protecting the BM from mechanical stress, laminins are 

considered the biologically active component of the BM and strongly interact with the cell 

receptors including integrins [50,51]. At least sixteen isoforms of laminin have been 

identified in the human body, which show tissue and developmental stage specificity. 

Figure 1-3. Different types of BBB-on-a-chip device. (A) Cylindrical channel, (B) 
membrane-based, and (C) ECM-based devices. Adapted from Bogorad et al [43]. 
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Laminin 211, Laminin 411, and laminin 511 are the only isoforms found in the vascular 

BM. As shown in Figure 1-4A and B, laminin 211 is the main component of the 

perivascular BM, while laminin 411 and laminin 511 are predominantly found in the 

endothelial BM [52,53]. Laminin 411 is present from the early embryonic stages in the 

endothelial BM; however, laminin 511 appears after birth. Further, laminin 411 is 

expressed uniformly throughout the vascular tree of all tissues of the body, whereas laminin 

511 is absent in the vascular BM of some tissues, and it has a patchy expression in post-

capillary venules [47]. Based on previous studies, laminins play a critical role in various 

biological phenomena such as endothelial interactions with immune cells and cancer cells, 

shear-induced responses in endothelial cells, and endothelial junctional tightness [54–56]. 

As a result of interactions with different integrins, laminin isoforms exhibit distinct 

biological functions. For instance, it has been shown that leukocytes cross post-capillary 

venules at the sites where laminin 511 is not expressed, implying an inhibitory effect of 

laminin 511 in leukocyte extravasation [55]. 

 

 Despite their critical and distinct functions, specific laminin isoforms have not been widely 

used for in vitro studies, mainly due to difficulties in their isolation [57]. In recent years, 

methods for expression of laminins and their fragments in mammalian cells have been 

developed, opening the door for studying and utilizing them in vitro [57–59]. The use of 

chemically defined laminin isoforms in vitro would better recapitulate physiological 

conditions and investigation of the role of each isoform in BBB function. 



 10 

 

Figure 1-4. Distribution of BM laminins at BBB. (A) Schematic of the BBB structure, showing 
endothelial and parenchymal BM location. (B) Electron microscopy image showing endothelial 
BM and parenchymal BM and the main isoforms of laminin found in each region. Adapted from 
Nirwane et al [52]. 

 

1.5 Disruption of the vasculature during cancer metastasis 
 
Cancer metastasis is defined as dissemination of cancer cells from the primary tumor to 

other parts of the body. Metastasis is responsible for the majority of deaths caused by 

cancer [60].  As shown in Figure 1-5, metastasis is comprised of several steps. First, cancer 

cells separate from the primary tumor and invade the tissue where they reside—a process 

known as invasion. Secondly, intravsation occurs and the invading cancer cells enter the 

lymphatic or circulatory system through the microvasculature of the tissue. After entering 

the bloodstream, cells need to survive in the new environment until they reach the 

microvessels and capillaries of the destination tissue. Afterwards, cancer cells cross the 

microvessel or capillary walls, a process called extravasation, and enter the new organ. 

Finally, during the colonization step, a small portion of cancer cells survive and adapt to 

the microenvironment of the secondary organ to eventually proliferate and establish a 

(Laminin 211)

(Laminin 411 and 511)
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secondary tumor [61]. Despite the advances in understanding cancer metastasis in recent 

years, the molecular mechanisms of cancer cell extravasation are not well-established [62].  

 

 

Figure 1-5. Schematic of metastasis Cascade. Adapted from Saxena et al [62]. 

 

 
Each type of cancer shows an organ-specific metastasis pattern. For instance, while the 

brain is a common site of metastasis for primary lung, melanoma, kidney, and breast tumors 

[63–66], other types of cancer such as prostate, liver, and pancreatic cancer rarely 

metastasize to the brain [67–69]. After several decades of studies, the exact mechanisms 
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and factors regulating the selection of specific target organs by each tumor type are still 

under investigation. 

 

Importantly, extravasation and colonization are the rate limiting steps of the metastasis 

process [70,71]. Before arrest and extravasation, cancer cells are exposed to shear stress 

and immune cells in the blood stream, which results in the death of a large portion of 

disseminated cells [72]. As a result, targeting the extravasation step by inhibiting the ability 

of cancer cells to cross the BBB increases their exposure to the detrimental blood stream 

factors that can eliminate them. Moreover, after extravasation, targeting cancer cells is 

highly challenging since the BBB acts as a protective barrier that limits the transport of 

commonly used chemotherapy drugs. A recent study showed that impeding the cancer 

reseeding substantially improves the effectiveness of chemotherapy [73]. Altogether, 

targeting extravasation, especially in metastasis into the brain, is a promising approach to 

halt disease progression.   

 

 
1.6 Transmigration of cancer cells across the blood-brain 

barrier  
 
 After arresting in the microvessels, cancer cells need to transmigrate across the 

endothelium to enter the secondary site. Transmigration of cells through the endothelial 

cell layer occurs via two distinct pathways. One route is through intercellular junctions—

known as paracellular pathway. Alternatively, cells are able to pass through a single 

endothelial cell in the transcellular pathway [62]. Transmigration of leukocytes has been 

studied in detail, and it is known that leukocytes utilize both pathways. The chosen pathway 
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depends on the subpopulation of leukocyte, the presence of chemokines and cytokines at 

the transmigration site, and the tissue where extravasation takes place [7,74]. Previous 

studies have shown that in more than 90% of leukocyte extravasation cases in the brain, 

leukocytes use the paracellular pathway to cross the BBB [75,76].  

 

Transmigration of tumor cells across the endothelium has been investigated recently by 

several groups. In one study using a 3D microvascular network, researchers studied the 

transmigration of different cancer cell types in microvessels and observed that the 

mechanism of cancer cell extravasation is similar to the paracellular extravasation of 

leukocytes [77]. However, tissue-specificity of endothelial cells was not investigated in 

this study. Furthermore, Fan et al. studied the transmigration of breast cancer cells across 

the brain and lung endothelial layer, and reported that approximately 98% of cells 

transmigrate through the bi-junction or tri-junction of endothelial cells [78]. Mouse brain 

microvascular endothelial cells were utilized in this study, which cannot fully mimic the 

main characteristics of human brain microvascular endothelial cells. Based on an in vivo 

study of melanoma and breast cancer cell extravasation across the BBB, melanoma cells 

mostly tended to transmigrate via the paracellular pathway; breast cancer cells, on the other 

hand, commonly utilized the transcellular pathway [79]. A recent in vitro study also 

demonstrated that breast cancer cells could cross the primary brain microvascular 

endothelial layer using both paracellular and transcellular pathways [80]. Overall, there is 

a discrepancy between in vivo and in vitro studies on the main pathway used by cancer 

cells to transmigrate across the BBB. Use of in vitro models which exhibit in vivo-like 
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barrier properties could result in a better understanding of the transmigration pathway and 

molecular mechanisms of cancer cell extravasation into the brain.  

 
 

1.7 Role of astrocytes in extravasation of cancer cells 
 
Tight junction and adherens junction proteins are responsible for maintaining the integrity 

and permeability of the BBB. Astrocytes regulate these proteins through the secretion of 

soluble factors and physical contact [81]. Under homeostatic conditions, the interactions 

between endothelial cells and astrocytes result in a tight barrier that regulates the transport 

of molecules and cells across the endothelial layer. In vitro studies also show that the co-

culture of astrocytes and BMECs enhances TEER in BBB models [82,83]. Under 

pathological conditions, the BBB permeability can increase dramatically due to the loss or 

modification of normal BMEC-astrocyte interactions [81,84].  

 

Astrocytes turn to an activated form, also known as the reactive form, as a result of many 

pathologies occurring in the CNS such as tumor growth, trauma, and stroke [85]. Reactive 

astrocytes express glial fibrillary acidic protein (GFAP), which is a biomarker for astrocyte 

activation. Considerable heterogeneity has been observed among activated astrocytes 

depending on the type of stimulus. As a result of this heterogeneity, activated astrocytes 

either enhance or reduce the permeability of the BBB based on their secreted factors [81].  

Activated astrocytes can strengthen the barrier properties of the BBB through upregulation 

of molecules such as angiopoietin 1, Norrin, retinoic acid, and sonic hedgehog, which can 

decrease BBB permeability through different pathways. On the other hand, activated 

astrocytes can also release pro-inflammatory cytokines and chemokines including 
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interleukin-6 (IL-6), IL-7, IL-1b, and vascular endothelial growth factor, which increase 

the permeability of the endothelial layer. For instance, IL-6 degrades tight junction protein 

ZO-1 and enhances permeability [81,86]. Recently, it was demonstrated that melanoma 

cells activate astrocytes, which in turn increases the secretion of IL-23. IL-23 upregulates 

the expression of MMP-2 in melanoma cells. Consequently, melanoma cells become more 

invasive, since the MMP-2 molecules can degrade the basement membrane and tight 

junction proteins and facilitate the transmigration of endothelial cells [87]. In addition, it 

was demonstrated that astrocytes become activated during the extravasation of breast 

cancer cells into the brain while cancer cells are located in the lumen of the brain 

microvessels and before their transmigration [88]. These findings suggest involvement of 

astrocytes in extravasation of cancer cells into the brain, which needs to be studied in detail.  

 
1.8 Scope and organization of thesis 

 
The scope of this thesis is to improve the hiPSC-derived in vitro models of the BBB by 

adding physiologically relevant features to the system and using the improved in vitro 

models to study the molecular mechanisms of triple negative breast cancer cell 

extravasation across the BBB. Chapter 2 will focus on fabrication of a BBB-on-a-chip 

system that supports perfusion and 3-D culture of hiPSC-derived astrocytes and iBMECs. 

In Chapter 3, the effect of physiologically relevant endothelial laminins on improving 

iBMEC functionality will be investigated. The focus of Chapter 4 is on identifying 

potential mechanisms of triple negative breast cancer cell extravasation across the BBB 

using the BBB-on-a-chip system that was discussed in Chapter 2. The major contributions 
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of the presented research and recommendations for future directions will be discussed in 

Chapter 5.    
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 - A BBB-on-a-chip device using hiPSC-derived cells 
 

Reproduced from “Motallebnejad P, Thomas A, Swisher SL, Azarin SM. An isogenic 

hiPSC-derived BBB-on-a-chip. Biomicrofluidics 13, 064119 (2019)”, with the permission 

of AIP Publishing. 

2.1 Introduction 
 
There has been an increasing interest in the development of physiologically relevant in 

vitro models of the human tissues and organs for drug development and disease modeling 

in recent years, mainly due to the failure of animal models to precisely recapitulate the 

physiology of the human body. In fact, 90% of drugs fail in the early clinical trials because 

they cause toxic responses in humans or they do not demonstrate the same efficacy [14]. 

Even different individuals might respond in heterogeneous ways to certain therapeutics as 

a result of genetic differences [14,89]. The use of human induced pluripotent stem cells 

(hiPSCs) to develop in vitro models of human tissues is a promising approach to overcome 

the aforementioned issues. Harvesting cells from the skin or blood of patients and 

reprogramming them to pluripotent stem cells, which have a high self-renewal capacity 

and ability to differentiate to most human cell types, enables establishment of patient-

specific in vitro models of different organs in the body. However, the conventional static, 

2-D cell cultures lack certain important characteristics of the human body such as 

biomechanical forces, three-dimensionality, and relevant surface-to-volume ratios [90,91].  
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Utilizing microfluidic platforms for cell culture addresses these limitations to a certain 

extent. Hence, integration of hiPSC-derived cells and microfluidic platforms to create in 

vitro models of the human tissues is a promising alternative to animal models and 

traditional 2-D in vitro models for human disease modeling and drug discovery. The blood-

brain barrier (BBB) has been a particularly challenging part of the body to model in vitro 

since none of the available immortalized human cell lines or primary cells are able to mimic 

the in vivo barrier properties of the BBB [92,93]. hiPSC-derived brain-specific 

microvascular endothelial cells (iBMECs), on the other hand, have been shown to better 

mimic the characteristics of the in vivo BBB, such as possessing high trans-endothelial 

electrical resistance (TEER) and expressing all of the crucial tight junction proteins, efflux 

transporters, and solute carriers that are found in the brain-specific microvascular 

endothelial cells (BMECs) lining the human brain microvessels [18,22,94,95]. Further, it 

is not fully understood whether BBB disruption is the cause or consequence of various 

neurodegenerative diseases [10], and isogenic hiPSC-based models of the neurovascular 

unit can be used to address this question, as protocols have been established to differentiate 

multiple cell types of the neurovascular unit from hiPSCs, including astrocytes, microglia, 

and recently pericytes [96,97]. For instance, it is reported hiPSC-derived astrocytes from 

patients with Alzheimer’s disease [98–100] or multiple sclerosis [25] exhibit genetic and 

molecular differences compared to those derived from healthy individuals. Isogenic 

models that combine multiple patient-derived cells of the neurovascular unit could enable 

studies to determine whether these changes affect barrier properties of the BBB. 
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The BBB-on-a-chip platforms that have been developed can be categorized into 

extracellular matrix (ECM)-based and membrane-based devices [43]. In one type of ECM-

based device, BMECs are cultured on a hydrogel, with the BMEC monolayer perpendicular 

to the bottom surface of device. While it is possible to culture the other cell types, such as 

astrocytes and neurons, in 3-D in these types of devices, the orientation of the BMECs 

makes imaging of the cells and tight junction proteins as well as measuring TEER 

challenging. In addition, a recent study has shown that the direct seeding of iBMECs onto 

hydrogels significantly reduces their barrier tightness [37]. In another type of ECM-based 

device, a cylindrical lumen structure is fabricated in a hydrogel to better mimic the 

geometry of human vessels. However, since previous studies have reported a lack of 

response by the iBMECs to flow and curvature [101–103], geometry might not be a crucial 

factor in improving the functionality of these cells. Membrane-based devices, in which the 

BMECs are cultured on a membrane sandwiched between two layers, provide better control 

over the surface area of the BMEC monolayer and enable measurement of TEER as well 

as easy visualization of the BMECs. However, in most membrane-based devices, cells are 

cultured in 2-D on each side of the membrane. Recently, models constructed using self-

organized microvessels in ECM have been developed that possess in vivo-like geometry 

[104,105]. Nevertheless, it is challenging to quantify the barrier properties of the BMECs 

in these devices. While primary and immortalized human cell lines have been used in the 

majority of BBB-on-a-chip devices [35,39,40,44,45,106–108], in recent years a few studies 

have reported the use of iBMECs in fabrication of their devices. However, these systems 

use either iBMECs alone [36,37,109] or iBMECs co-cultured in 2-D with primary rat 

astrocytes [38] or primary human astrocytes and pericytes [110,111]. Astrocytes are the 
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most abundant cells in the brain [81] that are located in close proximity to the brain 

microvasculature. Covering 99% of the microvasculature surface in the brain by their 

endfeet [112], astrocytes play a key role in controlling the permeability of the BBB by 

secreting various factors during BBB homeostasis or upon stimulation in different disease 

conditions [81]. Therefore, incorporation of human astrocytes into BBB-on-a-chip devices 

is essential to appropriately model regulation of the healthy and diseased BBB. Recently, 

pre-rosette neural progenitor cells derived from hiPSCs were used in a device in co-culture 

with iBMECs [111], but they were maintained in 2-D and contained a mixture of multiple 

cell types.   

 

Here, we report an isogenic hiPSC-derived BBB-on-a-chip platform consisting of an 

iBMEC monolayer and astrocytes cultured in 3-D. Our device design is a combination of 

membrane-based and ECM-based devices, enabling us to make use of the advantages of 

both types of devices. Three-dimensional culture of astrocytes has been shown to affect 

their function and support physiologically relevant culture of these cells [113,114]. Also, 

3-D culture of astrocytes was shown to differentially modulate BBB integrity compared to 

2-D culture of astrocytes [115]. Hence, in this study, the astrocytes were cultured in a 3-D 

hydrogel, while necessary nutrient to support their normal culture was provided by medium 

in adjacent channels. iBMECs were cultured on a membrane located on top of the hydrogel 

channel enabling easy visualization and control over the surface area of the iBMEC 

monolayer. Membranes with 0.4 µm or 8.0 µm pore diameters were used to fabricate the 

devices. Use of membranes with 8.0 µm pore diameters allows the study of transmigration 

of different cells to the brain, while membranes with 0.4 µm pore diameters are commonly 
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used to investigate molecule transport across the BBB. We also demonstrated the ability to 

evaluate the electrical properties of the iBMECs monolayer using impedance spectroscopy. 

Finally, as an example of utilizing this device for disease modeling, the impact of adding 

TGF-β1 to the apical channel on BBB integrity and its effect on the activation of astrocytes 

was shown. Being an hiPSC-derived model with ability to recapitulate the key 

characteristics of the BBB in vivo, this platform is able to be used in various applications 

including disease modeling, mechanistic studies, and therapeutic development. 

 

2.2 Materials and methods 
 
Microfluidic device fabrication 
 
Two different masters for the top and bottom layer of the device were fabricated using SU-

8 2100 (MicroChem Corporation) and following the manufacturer’s procedures to achieve 

structures with the desired thickness. In order to fabricate the top and bottom layer, the 

Sylgard 184 (Corning, USA) pre-polymer and cross-linker were mixed at a 1:10 ratio and 

subsequently defoamed using a THINKY planetary centrifugal mixer. Next, this mixture 

was cast on the fabricated masters and degassed for more than one hour in a desiccator 

prior to baking in an 80° C oven for at least two hours to crosslink the pre-polymer. The 

cross-linked polydimethylsiloxane (PDMS) was peeled off of the masters and cut into 

rectangular pieces. Holes were punched at the ends of each channel using biopsy punches.  

Polyethylene terephthalate (PET) membranes with two different pore sizes, 0.4 µm and 8.0 

µm, were sandwiched between the fabricated PDMS layers using the method developed by 

Aran et al [116].  In brief, membranes were first cut out with a scalpel from BD Falcon 

Cell Culture Inserts (6 well plate inserts) and then oxygen plasma-treated, followed by wet 
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chemical silanization in 3-amino-propyltriethoxysilane (APTES) solution. Next, PDMS 

pieces were plasma oxygen-activated, and the silanized membrane was directly bonded to 

the top layer, followed by bonding the top PDMS layer-membrane complex to the bottom 

PDMS layer. Finally, the assembled devices were attached to No. 1 microscope coverslips 

by oxygen plasma treatment of both the devices and the coverslips. For devices with 

hydrogels, the hydrogel channel in the bottom layer was coated with poly-D-lysine in order 

to enhance the adhesion of the hydrogel to the PDMS posts by establishing stronger 

physical interactions between the hydrogel and the PDMS surface.  

 

Design of the microfluidic device 
 
Top and front views of the fabricated device are shown in Figure 2-1A and 1B, 

respectively. The BBB-on-a-chip device used in this project consists of a track-etched 

polyethylene terephthalate (PET) membrane sandwiched between two PDMS layers. We 

used membranes with 0.4 µm or 8.0 µm pore sizes, which are suitable for different 

applications. The 0.4 µm membrane is commonly used to study the transport of molecules 

and drugs across the iBMEC layer, while the 8.0 µm membrane can be utilized for 

investigating the extravasation of immune cells and cancer cells into the brain. The bottom 

layer includes three channels; a hydrogel channel in the middle and two adjacent medium 

channels that are separated from the hydrogel channel by PDMS posts, which are in 

trapezoid shapes with 160 µm and 220 µm bases (Figure 2-1B). The distance between the 

larger bases of two consecutive PDMS posts is 130 µm (Figure 2-1B). The PDMS posts 

retain the hydrogel in the middle channel while allowing it to be in contact with the cell 

culture medium in order to prevent the dehydration of hydrogel and to provide the 
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astrocytes that are encapsulated in the hydrogel with the required nutrients. Additionally, 

the medium channels were used to insert electrodes for TEER measurements, and they 

could also be used for conducting assays to measure the cytokines and growth factors 

secreted by astrocytes upon stimulation. The large size of the astrocytes cultured in the 

hydrogel channel and the effect of channel height on current distribution in impedance 

analysis [117] have been taken into account in selecting the channel heights (Figure 2-1B). 

The top layer has a single rectangular channel in which the differentiated iBMECs are 

cultured on the collagen IV and fibronectin-coated PET membrane. As the two main 

components of the basement membrane in the brain [8], these proteins enhance the 

adhesion of iBMECs to the membrane by providing an in vivo-like surface for the cells. 

The length of the straight part of this channel is 7 mm. Figure 2-1C contains images of the 

fabricated device showing the position of each channel. 

 

 

Figure 2-1. Schematics and images of the fabricated BBB-on-a-chip device. A) Top view schematic 
of the device and the positions of the channels. (B) Cross-sectional view schematic of the fabricated 
device and the channel dimensions. (C) Images of the fabricated device, with different-colored dyes 
used to visualize the various channels. 
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iBMECs differentiation and culture 
 
The protocol developed by Hollmann et al [95] was used to differentiate hiPSCs to 

iBMECs. In summary, IMR90-4 hiPSCs were maintained on 6-well plates coated with 

hESC-qualified Matrigel (Corning) in TeSR- E8 medium (STEMCELL Technologies) 

until they reached about 80% confluency. At this point (Day -1), cells were detached and 

singularized using Accutase (STEMCELL Technologies) and seeded at 160,000 cells per 

well in Matrigel coated 6-well plates using TeSR-E8 medium supplemented with 10 µM 

Y-27632 (STEMCELL Technologies). The next day (Day 0), the medium was switched to 

TeSR-E6 (STEMCELL Technologies), and the medium was changed every day for the 

next three days (Day 1-3). On day 4 of differentiation, the medium was switched to human 

endothelial serum free medium (Thermo Fisher Scientific) containing 1% bovine platelet 

poor plasma-derived serum (Fisher Scientific), which is referred to as EC medium 

throughout the text, supplemented with 10 µM retinoic acid (Sigma-Aldrich) and 20 ng/ml 

human basic fibroblast growth factor (Peprotech). On day 6, cells were subcultured onto 

6-well plates that were coated with collagen IV and fibronectin to purify iBMECs through 

selective adhesion. One day after subculture, iBMECs were ready to be seeded in the 

devices.  

 

 
Astrocyte culture 
 
Differentiated astrocytes were a kind gift from Dr. Ethan S. Lippmann (Vanderbilt 

University). Astrocytes were also differentiated from IMR90-4 iPSCs using the protocol 

developed by Hollmann et al [95]. This differentiation protocol produces a mixture of 
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astrocytes and progenitor glial cells. Since the majority of these cells express GFAP (an 

astrocyte marker), they are referred to as “astrocytes” throughout the text.  A vial of 

differentiated astrocytes was thawed and cultured on Matrigel-coated 6-well plates in 

TeSR-E6 medium supplemented with recombinant human epidermal growth factor 

(Peprotech) and recombinant human ciliary neurotrophic factor (Peprotech). The medium 

was changed every other day until the cells were seeded into the fabricated device.  

 

Seeding cells in the device 

Devices without hydrogels in the middle bottom channel were used to study the 

biocompatibility of the chemically modified membrane for culture of iBMECs and to 

confirm the formation of a barrier on the membrane. Devices with hydrogels either 

contained astrocyte-laden hydrogels (“devices with astrocytes”) or hydrogels without cells 

(“blank hydrogel”). Fabricated devices were sterilized by adding 70% ethanol to the 

channels, followed by aspirating the ethanol and drying in a biosafety cabinet under 

laminar flow. The membrane in the top channel was coated with collagen IV (1 mg/ml, 

Sigma) and fibronectin (1 mg/ml, Sigma) for 4 hours. For devices with a hydrogel in the 

bottom channel, the astrocyte-laden or blank hydrogel was then introduced into the 

hydrogel channel and incubated at 37 °C for 30 minutes to crosslink the hydrogel. The 

hydrogel consisted of collagen type I (4 mg/ml, corning), growth factor reduced Matrigel 

(2 mg/ml, corning), and Glycosil hyaluronic acid (2mg/ml, Sigma). Next, EC medium was 

introduced to the two adjacent channels. For devices without hydrogels, EC medium was 

placed in the middle bottom channel. 
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Purified iBMECs were treated with Accutase until about 90% of cells were visually 

detached from the surface. The detached cells were centrifuged and seeded in the device at 

a ratio of 1 well of a 6-well plate to 3 microfluidic devices (around 500,000 cells per device) 

by directly adding a 100 µl of cells in EC medium to the reservoirs in the top channel. 

These reservoirs consisted of 1000 µL pipette tips inserted into the inlet and outlet of the 

channel, which facilitated the cell seeding process and allowed for culture of cells under 

both static and dynamic conditions. Cells were allowed to attach to the coated membrane 

for at least 1 hour, followed by removal of non-adherent cells by introducing EC medium 

to the reservoirs to apply flow and collecting the non-adherent cell solution from the outlet 

reservoir. At this point, the devices could be connected to a syringe pump for dynamic 

culture or they could remain under static culture by keeping the medium reservoirs attached 

to the device. For the sake of convenience, we kept the iBMECs under static culture prior 

to conducting experiments that involved flow, namely, addition of TGF-β1 to the apical 

channel to determine its effect on barrier properties and astrocyte activation. iBMEC 

barrier formation was confirmed by TEER measurements under both dynamic and static 

cultures in the device. 

 

Immunostaining and imaging of cells  
 
 iBMECs were stained with calcein AM (Thermo Fisher Scientific) following the 

manufacturer’s protocol to visualize live cells. Calcein AM and phase contrast imaging 

was performed using the EVOS FL Auto microscope (Thermo Fisher Scientific). All the 

other imaging was performed with the Nikon A1Rsi Confocal with SIM Super 

Resolution. 
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iBMECs that were cultured in the fabricated devices were fixed with 4% paraformaldehyde 

in PBS for 10 minutes. Then, the cells were permeabilized with 0.2% Triton X-100 in PBS 

for an additional 5 minutes. Next, the cells were blocked in normal goat serum for one hour 

before they were incubated with primary antibodies, namely occludin (1:200, mouse 

monoclonal OC-3F10, Invitrogen), claudin-5 (1:200, mouse monoclonal 4C3C2, 

Invitrogen), or ZO-1 (1:200, rabbit polyclonal, Invitrogen) at 4°C overnight. The next day, 

the cells were washed 3 times with PBS prior to adding the secondary antibodies. Goat 

anti-rabbit IgG H&L, Alexa Fluor 594 conjugated (1:200, Invitrogen) was added for ZO-1 

staining and Goat anti-mouse IgG H&L, Alexa Fluor 488 conjugated (1:200, Invitrogen) 

was added for occludin and claudin-5 staining to the apical channel of the device and 

incubated for one hour at room temperature. Finally, the cells were washed three times 

with PBS before imaging. Astrocytes were either pre-stained with membrane dyes 

(Cellbrite Green or Texas Red-conjugated Wheat Germ Agglutinin) or stained after 

fixation following the manufacturer’s protocol. In order to stain for glial fibrillary acidic 

protein (GFAP), astrocytes in hydrogels in the device were fixed with 4% 

paraformaldehyde for 15 minutes and then permeabilized with 0.2% Triton X-100 in PBS 

for 7 minutes. The blocking and primary antibody incubation steps were the same as for 

the iBMEC staining. GFAP antibody (1:500, rabbit monoclonal EPR1034Y, abcam) and 

Goat anti-rabbit IgG H&L, Alexa Fluor 488 conjugated (1:500, abcam) were the primary 

and secondary antibodies used for astrocytes staining. The cells were incubated with 

secondary antibodies for two hours followed by three PBS washes. All steps for astrocytes 
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staining were conducted using the pipette tip reservoirs connected to the medium channels 

adjacent to the hydrogel channel.   

 

Efflux transporter activity assay 

Two days after seeding the BMECs in the devices, the medium was removed and the cells 

were washed once with HBSS (Thermo Fisher Scientific). Next, the devices were treated 

for 15 minutes with 100 μM verapamil (Abcam) in HBSS with 25 mM HEPES (Thermo 

Fisher Scientific). The control devices received HBSS with 25 mM HEPES. Subsequently, 

devices were incubated with 2 μM of calcein AM for 20 minutes. Then calcein AM was 

removed and the cells were washed with HBSS prior to imaging with the EVOS Fl Auto 

microscope. Three devices were tested per condition, and three images were taken for each 

device using the 20x objective. The fluorescence intensity was evaluated by calculating 

average pixel intensity for each image using ImageJ. 

 
 
Impedance spectroscopy  
 
Two sintered Ag/AgCl electrode pellets (1 mm diameter, Harvard Apparatus) were used to 

measure the electrical impedance across the iBMEC monolayer. These electrodes were 

connected to an LCR meter (Keysight Technologies, E4980AL/032), and impedance 

magnitude and phase angle were recorded in the range of 20 Hz to 100 kHz. In order to 

account for the effect of the electrodes, first, the electrode impedance across a membrane 

coated with collagen IV and fibronectin (blank device) was measured by immersing the 

electrodes in the medium reservoirs. Based on the type of the device (with hydrogel or 

without hydrogel) the appropriate pair of reservoirs was chosen. One of the selected 
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reservoirs was connected to the apical channel, while the other one was connected to the 

basolateral part of the device. For devices with hydrogels, the basolateral reservoir was 

connected to one of the adjacent medium channels and for devices without hydrogel the 

reservoir was connected to the middle channel that was filled with medium.. After cell 

seeding and formation of a confluent monolayer, the same procedure was repeated for 

devices with iBMECs. Based on an electrical circuit model, the electrode effect was 

extracted. Next, by knowing the electrode effect, the values of other elements were 

determined by fitting the measured impedance magnitude and phase angle to the proposed 

model using a least squares optimization method.  

 

TEER and cell membrane capacitance calculation 
 
The equivalent electrical circuit of the device is shown in Figure 2-8C. By lumping together 

the impedance of the two electrodes as well as the resistance of the medium in the apical 

and basolateral channels (above and below the cellular layer), the reduced electrical circuit 

would be represented as in Figure 2-8D. The electrode impedance (𝑍") and cell membrane 

impedance are the frequency-dependent components of the circuit. The membrane 

impedance is modeled as a constant phase element (CPE). The impedance of a constant 

phase element (𝑍$%",$) is shown in Equation (1), where 𝑖 is the imaginary unit and 𝑓 is the 

frequency. 𝑄$	and 𝑛 are the constants that determine the behavior of a CPE.  For the case 

of n=1, the constant phase element acts like an ideal capacitor and 𝑄$  becomes capacitance. 

 

𝑍$%",$ =
-

./(12)3
	 , 𝜔 = 2𝜋𝑓	, 0 < 𝑛 < 1         (1) 
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The other elements of the model, namely the medium resistance (𝑅;) and the trans-

endothelial electrical resistance or TEER (𝑅<""=), are not frequency-dependent. The TEER 

and the cell membrane CPE are due to the formation of a BMEC monolayer in the system. 

The cell layer impedance (𝑍>?@@) is the parallel combination of 𝑅<""=	and 𝑍$%", such that 

the impedance of the BMEC layer is given by Equation (2) . 

 

𝑍>?@@ =
=ABBC

-D=ABBC.E(12)3
                     (2) 

 

The overall impedance of a device with BMECs (𝑍FGFH@) can be calculated using Equation 

(3).  

 

𝑍FGFH@ = 	𝑍>?@@ + 	𝑍" +	𝑅; = =ABBC
-D=ABBC.E(12)3

+ 𝑍" +	𝑅;																	(3) 

 

 

Before we can find the TEER and the cell membrane capacitance, we first need to 

determine 𝑍" and 𝑅;. For a device without BMECs (blank device) there is no 𝑍>?@@, so the 

impedance of the blank device reduces to Equation (4). 

 

𝑍J@HKL = 𝑍" + 𝑅;																				(4) 

 

It is known that the Ag/AgCl electrodes are non-polarizable, and as a result at very high 

frequencies (𝑓 → ∞) the electrode impedance approaches zero. Therefore, the measured 
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impedance at high frequencies when the phase angle becomes zero (𝑝ℎ𝑎𝑠𝑒 → 0) 

approaches the medium resistance, which is shown in Equation (5). Then, by subtracting 

the medium resistance from the measured impedance of a blank device, we can determine 

the electrode impedance (Equation (5)). 

 

𝑅; = lim
%WHX?®	Y

𝑍J@HKL																																				(5) 

𝑍" = 𝑍J@HKL − 𝑅;																																									(6) 

 

Theoretically, by using the same electrodes immersed in the same electrolyte (EC medium) 

for each round of impedance measurement, the electrode impedance (𝑍") must remain 

constant in different devices. We tested this hypothesis by measuring impedance in 

multiple devices without BMECs (blank devices). We confirmed that the electrode 

impedance remains almost constant for each round of impedance measurement in different 

blank devices (data not shown). Moreover, since we use Ag/AgCl electrode pellets with 

1.5 mm diameter and immerse them in the EC medium reservoirs, the electrode impedance 

in general is negligible compared to cell layer impedance, as shown in Figure 2-9A and B. 

 

Once the electrode impedance (𝑍") is known, it can be subtracted from the measured 

impedance of a device with BMECs (𝑍FGFH@). We can then find the impedance for each of 

the remaining components of the system by fitting the measured data to the circuit model. 

The electrical circuit model that was used for fitting is composed of the cell layer 

impedance (𝑍>?@@) in series with medium resistance (𝑅;). Since 𝑅; varies from device to 

device, medium resistance is included in this model to eliminate any error due to path 
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length difference between two electrodes. Based on Equation (2), at high frequencies the 

cell layer impedance approaches zero, so the total impedance approaches the medium 

resistance. This value was used as the initial guess and to determine the upper limit and 

lower limit of 𝑅; during the fitting procedure. For all the mathematical operations, 

including the subtractions and fitting, the measured impedance was converted from polar 

form (magnitude and phase angle) to cartesian form (real and imaginary). We used an open 

source code in MATLAB (ZfitGUI) to fit the data and find the unknown parameters of our 

system. This code receives impedance data at several frequencies and allows the user to 

create an electrical circuit model with initial guesses. Using the least squares method, the 

program returns parameters that best fit the circuit model. In our model, the cell layer 

impedance is in series with medium resistance, and the outputs of the code are 𝑅<""=, 𝑄>, 

𝑛, and 𝑅;. The cell layer capacitance (𝐶>) can be calculated using Equation (7).  

 

𝐶>= (.E×=ABBC)
^ 3_

=ABBC
																																			(7) 

 

This equation is accurate for 𝑛 > 0.75, and the reported capacitance values in this paper 

fulfill this requirement. It is important to mention that only the measured impedance points 

that possess negative phase angle values have been used to fit the data. In our system, at 

very high frequencies, the measured phase angle becomes positive. This is most likely due 

to parasitic impedances in the cabling, connections, etc. However, based on the electrical 

circuit that is used to model the system, phase angle cannot exceed zero. Therefore, using 

impedance values with positive phase angle causes a large error in the fitting process.  
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As an example, the fitted parameters for the sample shown in Figure 2-9A and B and Figure 

2-10A and B are 𝑅<""= = 21550	Ω, 𝑄> = 9.840 × 10hiΩh-𝑠hY.jYk,	𝑛 =

0.905, 𝑎𝑛𝑑	𝑅; = 62810	Ω. By using Equation (7), the cell capacitance can be determined 

as 𝐶> = 5.156 × 10hiF. In order to eliminate the effect of cell surface area that contributes 

to the TEER and capacitance, the determined values can be normalized. The membrane 

surface area that is in contact with the medium in the top channel and the hydrogel or EC 

medium in the bottom channel is 0.065 cm2, calculated by scanning the membrane area by 

phase contrast microscopy and ImageJ. Thus, the normalized TEER and capacitance are 

1400.8 Ω.cm2 and 0.79 µF/cm2, respectively. Moreover, in order to take into account the 

contribution of the entire BMEC monolayer to TEER and capacitance, two impedance 

measurements were conducted per device using different pairs of reservoirs in each device 

(Figure 2-8A and B), and the TEER and cell membrane capacitance values reported for 

each device are the averages of the calculated values for these two measurements. 

 
Fluorescein permeability measurement 
 
In order to determine the permeability of fluorescein molecules across the iBMEC 

monolayer, sodium fluorescein powder was dissolved in EC medium and filter sterilized. 

A 10 µM fluorescein solution was introduced to the top channel in the medium reservoirs, 

while the bottom channel was filled with EC medium without sodium fluorescein. The 

amount of medium in the reservoirs was adjusted such that the height of medium in each 

reservoir was approximately equal in order to minimize the effect of fluorescein transfer 

across the channel due to the pressure difference. After 1 hour, the medium from the bottom 
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channel was removed, and the concentration of sodium fluorescein was determined using 

a Synergy H1 hybrid multi-mode plate reader (BioTek). Approximating that the 

concentration across the top channel remains relatively constant, the permeability of the 

cell monolayer can be found using equation (8). In this equation, 𝐶JHXGis the concentration 

of fluorescein in the basolateral part of the device after 1 hour, 𝑉JHXGis the volume of the 

EC medium in the basolateral channel, 𝐶Ho1>H@ is the concentration of fluorescein that was 

introduced in the apical channel, 𝐴  is the common surface area between apical and 

basolateral channel, and 𝑡 is the incubation time. After determining the permeability of the 

devices with iBMECs and blank devices (without iBMECs), the permeability of the 

iBMEC layer can be found using equation (9). 

 

𝑃 =
𝐶JHXG 	× 	𝑉JHXG
𝐶Ho1>H@ 	× 	𝐴	 × 	𝑡

																			(8) 

1
𝑃s;"$

=
1

𝑃FGFH@
−

1
𝑃J@HKL

															(9) 

 
 
TGF-β1 treatment of iBMECs 
 
For the devices that were treated with TGF-β1, EC medium containing 25 ng/ml 

recombinant human TGF-β1 (Abcam) was added to the apical part of the device under 4 

µL/min flow, while the same flow rate of EC medium was applied to the control devices. 

The flow was stopped after 6 hours, and the reservoirs were connected to the devices for 

impedance spectroscopy. After impedance spectroscopy, the devices were reconnected to 

the syringe pump until the next day (32 hours after introducing TGF-β1), when the cells 

were fixed and permeabilized for immunostaining. 
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2.3 Results and discussion 
 
2.3.1 Culture of iBMECs in the device 
 
Due to the change in the surface chemistry of the membrane and the new conditions (such 

as higher surface to volume ratio, different oxygen and carbon dioxide concentration and 

so on) that iBMECs face when seeded in the device, biocompatibility of the fabricated 

devices for the culture of iBMECs and formation of a confluent layer in the device was 

assessed. Purified iBMECs attached to the collagen IV- and fibronectin-coated membranes 

and formed a confluent layer one day after seeding (Figure 2-2A and D), and the cells 

remained viable and confluent two days post-seeding on the 0.4 µm (Figure 2-2B and C) 

and 8.0 µm (Figure 2-2E and F) membranes. For the 0.4 µm membrane, monolayer 

formation was observed in both devices with and without hydrogels in the bottom channel. 

However, for devices with the 8.0 µm membrane, having hydrogel in the bottom channel 

was necessary to form a confluent layer since in the absence of a hydrogel, the iBMECs 

migrated through the membrane pores and either detached from the membrane or in some 

locations formed a double iBMEC layer. The hydrogel in the bottom channel prevented the 

migration of iBMECs and by doing so enabled the formation of a confluent monolayer of 

iBMECs on 8.0 µm membranes. To the best of our knowledge, this is the first report of 

culturing the hiPSC-derived iBMECs on a membrane with 8.0 µm pore size that results in 

a successful formation of a cellular monolayer, which is essential for the studies concerning 

transport of cells such as cancer cells and immune cells across the BBB.  
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Figure 2-2. iBMECs cultured in the device remain viable and form a confluent monolayer in 
devices with a hydrogel. (A-C) Phase contrast image (A) and Calcein AM staining (B-C) of 
iBMECs in devices with a 0.4 µm membrane show full coverage of the membrane with live cells. 
(D-F) Phase contrast image (D) and calcein AM staining (E-F) of iBMECs in devices with an 8.0 
µm membrane show full coverage of the membrane with live cells. Phase contrast imaging was 
performed one day after seeding, and live cell staining was performed two days after seeding. Scale 
bars for A, B, D, and E indicate 400 μm, and scale bars for C and F indicate 1000 μm. 

 
 
 
2.3.2 Characterization of hiPSC-derived astrocytes and their culture in 

the device  
 
Immunofluorescence analysis of differentiated astrocytes and glial progenitors grown in 2-

D culture was performed to evaluate expression of GFAP (Figure 2-3A). Quantification of 

the images by evaluating the ratio of GFAP-expressing cells to total cells showed that 

75.8±5.7% of the cells were GFAP-positive, which was expected as the differentiation 

protocol used to derive these cells produces a mixed population of astrocytes and glial 

progenitors [118]. The astrocytes were cultured in a hydrogel that was introduced to the 
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basolateral channel of the device. Imaging of the astrocyte-laden hydrogel demonstrated 

that it remained confined to the middle channel in the bottom layer of the device (Figure 

2-3B-C), which was in contact with the membrane on which the iBMECs are seeded. 

Partial contact between astrocyte endfeet and iBMECs was observed in 8.0 µm membrane 

devices, as shown in Figure 2-3D.  Astrocytes cultured in the device developed expected 

morphologies for astrocytes cultured in 3-D (mostly stellate, but others bipolar or round 

[119,120]) and remained alive for at least three days in the device (Figure 2-4A). A 3-D 

image of the device containing differentiated astrocytes and iBMECs is shown in Figure 

2-4B, demonstrating the localization of each cell type in the isogenic BBB-on-a-chip 

device. 

 

 

Figure 2-3. Culture of astrocytes in 3D in the device and in 2D. (A) GFAP (red), DAPI (blue), and 
membrane (green) staining of astrocytes cultured on ibidi μ-slides. Scale bar indicates 1000 μm. 
The ratio of GFAP expressing cells to the total number of cells is reported as the percentage of 
astrocytes in the mixture of differentiated glial cells. (B-C) Images of astrocytes labelled with WGA 
to demonstrate that the hydrogel and cells remain within the hydrogel channel (basolateral part of 
the device). The white dashed lines indicate the position of the PDMS posts. Scale bars indicate 
400 μm for B and 200 μm for C.  
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Figure 2-4. Visualization of astrocyte morphology and their localization in the device. Z-stack 
imaging of the astrocytes cultured in the device and stained with WGA Texas Red-X conjugate (A) 
and GFAP (B) demonstrates development of physiological morphology by astrocytes in the 
hydrogel. Scale bars indicate 200 μm. (C) 3-D image of the device with astrocytes stained with 
Cellbrite Green (membrane dye) and iBMECs stained with Cell Tracker Red. Scale bars in x,y, and 
z direction indicate 200 μm. 

 
 

2.3.3  Efflux transporter activity 
 
Calcein AM diffuses into the cells through the plasma membrane. After being metabolized 

by esterases inside the cells, it becomes fluorescent and hydrophilic, and thus is unable to 

diffuse out of the cells [121]. Calcein AM is a substrate of the efflux pumps multidrug 

resistance-associated protein 1 (MRP1) and P-glycoprotein 1 (P-gp or MDR1), which can 

actively pump this molecule out of the cells [122]. As a result, Calcein AM can be used to 

study efflux transporter activity. Verapamil, which inhibits the activity of both MRP1 and 

P-gp  [44], was used to evaluate efflux transporter activity within the device. The cells that 

were treated with verapamil showed 53% higher fluorescence intensity, indicating higher 

calcein AM retention in the cells when efflux transporter activity was inhibited (Figure 2-

5A and B). These results demonstrate that the iBMECs retain functional efflux activity 

when cultured in the device. 
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Figure 2-5. Efflux transporter activity of iBMECs seeded in device. (A) Images of control and 
verapamil-treated iBMECs incubated with calcein AM. (B) Quantified fluorescence intensity in 
control and verapamil-treated samples. Values are normalized to control samples and reported in 
percent format (* indicates P < 0.005 compared to control). Higher fluorescence intensity is 
indicative of increased retention of cytoplasmic calcein AM due to inhibition of P-gp and MRP-1 
efflux activity by verapamil.  

 

2.3.4  Expression of tight junction proteins 
 
Immunocytochemistry of tight junction proteins is a commonly used technique to visualize 

and quantify the expression of these molecules as well as to determine their localization 

[124,125]. The horizontal placement of iBMEC layer on the membrane in our device 

enables us to utilize this approach to visualize the tight junction molecules and to study 

alterations in their expression or localization. Two days after seeding the device, the 

confluent iBMEC monolayer was fixed and stained for ZO-1, occludin, and claudin-5, the 

tight junction proteins that are responsible for the low permeability of the BBB [126]. 

Figure 2-6A-F shows the requisite expression and continuous junctional localization of 

these proteins on iBMECs throughout the membrane in both devices with 0.4 µm and 8.0 

µm membranes.  
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Figure 2-6. iBMECs seeded in the devices with a hydrogel show proper tight protein expression. 
Immunostaining of the iBMEC layer on a 0.4 µm membrane for ZO-1 (A), occludin (B), and 
claudin-5 (C). Immunostaining of the iBMEC layer on an 8.0 µm membrane for ZO-1 (D), occludin 
(E), and claudin-5 (F). Scale bars indicate 200 μm. 

 

2.3.5  Evaluating permeability of the iBMEC monolayer within the 
device 

 
In order to prove the formation of a tight barrier in the fabricated device seeded by 

iBMECs, we quantified the permeability of sodium fluorescein across the cell layer by 

introducing a solution of this molecule to the apical channel of the devices without 

hydrogels and measuring the fluorescence intensity in the bottom channel. As shown in 

Figure 2-7A, the permeability of the cell monolayer is close to (within the same order of 

magnitude) the values of the hiPSC-derived iBMECs when cultured on Transwells [95] for 

at least two days. This shows the compatibility of the fabricated device for culture of 
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iBMECs and its ability to support the formation of a cellular barrier that mimics the in vivo 

characteristics of the BBB.  

 

Figure 2-7. Permeability and Electrical properties of the iBMEC monolayer in the devices without 
hydrogel. (A) Sodium fluorescein permeability values of the iBMECs monolayer over first two 
days after seeding iBMECs, which is a metric of passive transport across the monolayer. (B) TEER 
and normalized capacitance of the iBMECs layer in devices without hydrogel over time.  

 

It is possible to determine the permeability of the iBMEC monolayer to different molecules 

of interest in a device with a hydrogel, which is an important parameter for drug delivery 

applications, using confocal laser scanning microscopy and knowing the ECM diffusivity 

in the absence of a pressure difference across the iBMECs monolayer [42]. However, this 

assay might not be ideal for characterizing barrier properties of the iBMEC layer at various 

time points because it is invasive, time consuming, and prone to error due to possible batch 

to batch variability in hydrogel properties and limitations of the confocal optical section 

thickness.  

 

2.3.6 Impedance spectroscopy to determine TEER and membrane 
capacitance 
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Evaluating the electrical resistance is a standard and non-invasive alternative assay to 

assess the integrity of the cellular barriers. Common approaches to determine the TEER in 

microfluidic devices are measuring the difference in impedance magnitude at high and low 

frequencies [127] or measuring the impedance at a constant frequency for a device without 

cells and devices with cells and calculating the difference due to the addition of cells to the 

system [38,45,128–132]. These approaches, however, can produce inaccurate results 

because of the fact that small variabilities between the devices at the micro-scale can cause 

large differences in the measured values and higher inaccuracy of the devices used to 

measure impedance at very low or very high frequencies. Impedance spectroscopy is able 

to determine electrical properties of the cellular monolayer as well as the background 

resistance of the device in a more accurate way by analyzing each device individually and 

taking into account multiple measured points throughout a frequency range to determine 

electrical properties of the system, rather than measuring impedance at two points. There 

are several papers that have reported employing this technique to find TEER [133–135]. In 

this study, a 2-probe method was applied using two sintered Ag/AgCl electrodes. Different 

inlets were used to insert the electrodes and measure the impedance across the cellular 

barrier based on the type of the device used for the experiment, as shown in Figure 2-8A 

and 5B. The same pair of electrodes and the same electrolyte (EC medium) were used to 

record the impedance values for all the devices, so the impedance of electrodes is 

theoretically the same for all samples. The cell monolayer behaves as a capacitor due to 

the very thin plasma membrane of cells composed of an insulating phospholipid bilayer 

that separates the ions located inside and outside the cells. This can be modeled as a non-

ideal capacitor, commonly as a constant phase element or CPE [133,134]. The junctional 
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proteins that firmly link the iBMECs together act like an electrical resistance that impedes 

the movement of ions across the iBMECs monolayer. This electrical resistor is in parallel 

with the CPE of the cell membrane, while other electrical components of the device such 

as medium resistance and electrode impedance are in series with the cell layer components. 

 

Figure 2-8. Electrode placement for 2-point impedance spectroscopy and the electrical circuit 
model of the device. (A-B) Schematics showing the inlets used for placement of electrodes for 
devices without a hydrogel (A) and with a hydrogel (B). (C) The electrical circuit diagram for the 
device with iBMECs showing the various elements that contribute to the overall impedance. (D) 
The reduced electrical circuit model that has was used for fitting the measured data and finding the 
electrical properties of the cellular barrier.  

 
First, the effect of culturing iBMECs in the device on the impedance between the two 

points, one located in the top channel reservoir and the other in the bottom channel 

reservoir, was evaluated by measuring impedance magnitude and phase angle as a function 

of frequency before and after seeding iBMECs in the device. As shown in Figure 2-9A-B, 

there was a visible shift in the measured impedance magnitude and change in the behavior 

of the phase angle over frequency due to formation of a cellular barrier by iBMECs cultured 

on the membrane. Subsequently, in order to determine the important electrical parameters 
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of the monolayer, TEER and cell membrane capacitance, the data was fit to a model using 

the least-squares fitting method in MATLAB. In summary, the impedance of the electrodes 

 

Figure 2-9. Effect of iBMECs on the measured impedance of the device. (A) Impedance magnitude 
and (B) phase angle for a device before seeding iBMECs (blank device) and 1 day after seeding 
the iBMECs. The dashed line in (B) shows the zero value for phase angle, and the values above 
that dash line (positive phase angle) do not follow the prediction from the electrical circuit model. 

 
was first determined in a blank device, which refers to the same type of device without 

iBMECs for each group. Next, using the same electrodes in the same electrolyte, the 

impedance over frequency for the devices with iBMECs was recorded. By subtracting the 

effect of the electrodes and fitting the real and imaginary parts of the measured impedance 

to the equivalent electrical circuit, TEER, membrane capacitance, and medium resistance 

could be found. An example of the fitted data is demonstrated in Figure 2-10A and 9B. The 

normalized TEER and membrane capacitance for this device are 1400.75 Ω.cm2 and 0.79 

µF/cm2, respectively.  TEER and capacitance were evaluated for devices with hydrogel 

(Figure 2-10C and D) and without hydrogel (Figure 2-7B). The average TEER values on 

day 1 for iBMECs cultured in devices with a hydrogel using the 0.4 µm or 8.0 µm 

membrane, were 1589.9 ± 213.7 Ω/cm2 and 1368.6 ± 134.3 Ω/cm2, respectively, showing 

the formation of a tight barrier as early as one day after cell seeding. The TEER value 

A B



 45 

remained in an acceptable range for studying transport of small and large drug molecules 

[136] for at least three days. The calculated normalized cell membrane capacitance in the 

device (Figure 2-10C and D), is within the range of reported cell membrane capacitance 

values for different cell types (approximately 0.5-2 µF/cm2) [137,138]. Evaluating 

capacitance of the cellular layer could potentially be used to study physiological 

phenomena involving alteration of cell membrane surface area, such as endocytosis and 

exocytosis [139,140]. Impedance spectroscopy has been also used to distinguish between 

paracellular and transcellular resistance and the difference between apical and basolateral 

membrane capacitance upon stimulation by various factors [141,142].   

 

Figure 2-10. Impedance spectroscopy results and the calculated electrical properties of iBMECs 
layer. (A-B) Plot of measured points and the calculated points (connected with lines) based on the 
fitted values for impedance magnitude (A) and phase angle (B) as a function of frequency for 
devices with iBMECs. (C-D) TEER and the normalized membrane capacitance of the iBMECs 
layer in devices with a hydrogel in the basolateral channel with 0.4 μm (C) and 8.0 μm (D) 
membrane evaluated 1, 2 , and 3 days after seeding iBMECs in the devices. Each group had 3 
samples and two measurements were conducted for each sample.  

 
 

C

DB

A



 46 

2.3.7 Effect of TGF-β1 on TEER in the BBB model 
 
TGF-β1 is known to be present at higher levels in the plasma of patients suffering from 

acute liver failure as well as melanoma patients. The high level of TGF-β1 in the plasma 

results in increased permeability of the BBB in the case of liver failure [143,144] and is 

thought to be involved in extravasation of melanoma cells to the brain by causing iBMECs 

to undergo an endothelial to mesenchymal transition [145]. In order to recapitulate the 

effect of TGF-β1 on BBB permeability, 25 ng/mL TGF-β1 was added to the apical part of 

the device at a flow rate of 4 µL/mL, and both TEER and expression of F-actin and 

junctional proteins were evaluated 6 hours after TGF-β1 administration (Figure 2-11A and 

B). Similar to other reports [146], F-actin staining indicated formation of stress fibers in 

the treated samples, which commonly results in increase in permeability of endothelial 

layers [147] (Figure 2-11A). In addition, staining for VE-cadherin and claudin-5 showed 

decreased junctional localization of these proteins upon TGF-β1 treatment (Figure 2-11A). 

Finally, even though ZO-1 expression remained junctional, more regions of discontinuity 

and frayed junctions (shown with white arrows) were evident in the treated samples (Figure 

2-11A). The addition of TGF-β1 to the apical channel decreased the TEER in devices with 

iBMECs alone as well as in devices containing co-cultures of astrocytes and iBMECs by 

24% and 28%, respectively (Figure 2-11B), further confirming disruption of the BBB after 

treatment with TGF-β1.  

 

2.3.8 Evaluation of astrocyte activation in the basolateral channel 
 
Astrocyte activation or reactive gliosis is observed in various pathologies of the central 

nervous system [148] and is thought to be a promising therapeutic target [113]. Astrocyte 
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activation is characterized by hypertrophy of astrocyte processes and upregulation of 

multiple markers including GFAP, vimentin, and s100β [85,113,148–151]. Staining 

astrocytes for GFAP expression in order to detect their activation during various brain 

pathologies is a standard in vivo assay. However, using this assay in conventional in vitro 

platforms is challenging since astrocytes cultured in 2D are already in a highly reactive 

state [113,152,153], and thus it is difficult to monitor changes in their activation. Moreover, 

reactive gliosis is a heterogeneous state and depending on the stimulus causing activation, 

the response from astrocytes is different [154]. Therefore, starting from an already reactive 

population of astrocytes complicates the analysis. The use of a previously optimized 

hydrogel for culturing human astrocytes in this study enables evaluation of changes in 

GFAP expression and astrocyte morphology in order to study astrocyte activation due to 

different factors, since basal astrocyte reactivity markedly decreases when cultured in 3-D 

in the hydrogel [113]. As TGF-β1 is unable to cross an intact BBB [155], we hypothesized 

that the disruption of the iBMEC barrier observed upon TGF-β1 addition to the apical 

channel of the devices would facilitate the transport of TGF-β1 to the hydrogel channel 

due to the increase in permeability. In order to test this hypothesis, devices that were treated 

with 25 ng/mL of TGF-β1 were fixed, and the astrocytes in the basolateral channel were 

stained for GFAP and labeled with WGA TX-Red®-X conjugate after 32 hours of 

treatment. Using confocal microscopy, an increase in expression of GFAP by astrocytes in 

the devices that were treated with TGF-β1 was observed, indicating activation of the 

astrocytes and consistent with previous reports that TGF-β1 induces upregulation of GFAP 

in astrocytes [113,148,156–159]. These results are also in agreement with the mechanism 
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proposed by McMillin et al in which high levels of TGF-β1 on the blood side of the BBB 

due to acute liver failure result in the penetration of TGF-β1 and other toxins into the brain 

 

Figure 2-11. Studying changes in barrier properties and junctional protein expression of iBMECs 
and activation of astrocytes after TGF-β1 treatment.  (A) The effect of TGF-β1 on the formation of 
stress fibers and junctional protein expression. White arrows show frayed junctions in ZO-1 
staining. (B) The effect of TGF-β1 on TEER of the iBMEC layer for devices with only iBMECs 
(mono-culture) and co-culture of iBMECs and astrocytes (* indicates P < 0.05 compared to 
control). (C-E) Astrocytes cultured in an untreated device fixed and stained with WGA (C) and for 
GFAP (D). (E) The 3-D image of the astrocytes stained for GFAP (green) and cell membrane 
(WGA; red) in an untreated device. (F-H) Astrocytes cultured in devices treated with TGF-β1 in 
the apical channel fixed and stained with WGA (F) and for GFAP (G). (H) The 3D image of 
astrocytes stained for GFAP (green) and cell membrane (red) in a treated device showing 
upregulation of GFAP expression in the astrocytes. Scale bars indicate 200 μm. 
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through disruption of the BBB integrity [143,160]. These results indicate the utility of this 

model for screening for astrocyte activation, and future studies could utilize activated 

astrocytes in the model to understand their role in BBB modulation. 

2.4 Conclusion 
 
Incorporation of hiPSC-derived cells in a microfluidic device is a promising approach 

toward the establishment of tissue-on-chip platforms that can better resolve the current 

limitations associated with the animal studies. Here, we report a BBB-on-a-chip platform 

that is composed of iBMECs that form a highly selective barrier and astrocytes, the most 

abundant cells in the brain that are active players in the central nervous diseases. iBMECs 

and astrocytes that were utilized in our device were differentiated from the same hiPSC 

cell line to make an isogenic in vitro model of the BBB. This is particularly important for 

the personalized medicine applications since it demonstrates the possibility of creating 

patient-specific BBB-on-a-chip platforms. iBMECs can be cultured and form a monolayer 

barrier on membrane with 8.0 µm pore size, which can be used to study the interaction of 

immune cells and cancer cells with the BMECs and astrocytes during their adhesion to the 

BMEC layer and their transmigration into the brain. We also report the ability to measure 

TEER in the device using impedance spectroscopy via a 2-probe method. Furthermore, 

capacitance of the cell monolayer, another useful characteristic of the cellular barrier, can 

be determined using this approach. As an example of modeling a disease condition, we 

demonstrate that high levels of TGF-β1 in the apical channel of the device decrease the 

TEER and can activate the astrocytes in the basolateral part of the device, which are seeded 

in 3-D in an optimized hydrogel for physiologically relevant culture of human astrocytes. 

Further molecular assays for studying role of astrocytes in different diseases could be done 
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on our fabricated platform. The use of hiPSC-derived cells also enables studying rare 

diseases and examining potential therapeutic strategies in a dynamic system. Other hiPSC-

derived cell types found in the neurovascular unit such as neurons and microglia that play 

a vital role in certain diseases could be also added to the basolateral part of the device when 

needed. Overall, we think that this device has the potential to be incorporated in many in 

vitro studies due to its ability to support various standard in vitro assays such as 

immunocytochemistry, TEER and permeability measurement, and ELISA assays on the 

conditioned medium, while the cells are cultured in 3D in presence of flow. 
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 - Evaluating the effect of endothelial laminins on 
iBMECs functionality 
 
Adapted with permission from “Motallebnejad P, Azarin SM. Chemically defined human 
vascular laminins for biologically relevant culture of hiPSC-derived brain microvascular 
endothelial cells. Fluids Barriers CNS (2020) 17:54.” © The Author(s) 2020. 
 
 
3.1 Introduction 
 
Blood brain-barrier (BBB) is a term to describe the microvasculature of the brain, which is 

composed of brain-specific microvascular endothelial cells (BMECs) and possesses unique 

properties including a highly tight paracellular barrier that limits the free diffusion of 

substances into and out of the brain and expression of specific ion channels, efflux 

transporters, and receptors that selectively transfer the required ions and molecules across 

the BBB [4]. Human induced pluripotent stem cell (hiPSC)-derived BMECs (iBMECs) 

have recently been developed to model the BBB in vitro [18,23]. iBMECs possess superior 

barrier properties compared to primary BMECs and existing BMEC cell lines, and they are 

invaluable for genetic disease modeling and personalized medicine applications [23]. 

However, some reports have shown that the barrier properties of these cells are not stable 

when the cells remain in culture for an extended period of time [110,161,162]. In addition, 

expression of VE-cadherin, an essential endothelial marker, is not distinctly junctional in 

some reports [96,162,163]. There is also concern about the developmental stage and 

maturation of stem cell-derived cells, including iBMECs [27]. Shear stress acting on 

endothelial cells due to presence of flow is a significant factor that contributes to 

endothelial differentiation and function [30,164–166]. Applying fluid shear stress to 

primary BMECs results in upregulation of essential adherens and tight junction proteins 
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and a significant increase in cytoskeletal association of proteins as well as inhibition of 

endothelial proliferation [167]. However, studies using iBMECs point out the lack of 

response to shear stress in terms of junctional protein expression enhancement and 

morphological changes [101]. Identifying and incorporating key factors of the in vivo 

BMEC microenvironment into the in vitro development and maintenance of iBMECs could 

address these current limitations. 

 

In the original iBMEC differentiation protocol and most of the subsequent studies using 

iBMECs, type IV collagen and fibronectin have been utilized to provide the iBMECs with 

an adhesion layer. Fibronectin, a commonly used cell adhesion molecule, plays a major 

role during development and some pathological conditions; however, it is not in contact 

with endothelial cells of healthy adults [55,168]. In vivo, the basement membrane (BM) 

underneath epithelial and endothelial cells that separates them from connective tissue [49] 

consists of two major networks of proteins, laminin and type IV collagen. Laminins, of 

which there are at least 16 isoforms that exhibit tissue and developmental stage specificity 

[51], are major players in physiological endothelial-BM interactions. While the laminin 

network closely interacts with the receptors on the cell surface and is the only required 

component for BM assembly and formation [169], the type IV collagen network stabilizes 

the BM and protects it from mechanical stress [50,170]. Interestingly, the BM composition 

of the BBB and the expression of integrins on the BMECs change during development. In 

vivo studies have shown that BMEC integrin expression switches from a4b1 and a5b1 to 

a1b1 and a6b1 during maturation of the brain vasculature [46]. Furthermore, the 

expression of fibronectin, which binds to a4b1 and a5b1 integrins, is downregulated, 
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while the expression of laminins, which interact with a6b1 integrin, is upregulated during 

development [46]. These results suggest that there is a switch from fibronectin-mediated 

signaling during angiogenesis in development to laminin-mediated signaling during 

maturation. In addition, laminins are involved in many physiological phenomena 

concerning blood vasculature such as shear stress response, cancer and immune cell 

extravasation, and endothelial junctional tightness [54–56]. Accordingly, culture of 

iBMECs on laminins may be more suitable for maintaining physiologically relevant 

functionality.  

 

Recently, the use of laminin isoforms during the differentiation of iBMECs has been 

studied, suggesting laminin 221 (LN 221) as an enhancer of iBMEC barrier properties, but 

this study did not evaluate the effect of laminin isoforms of the endothelial BM on the 

culture of differentiated iBMECs [171]. Another study reported the effect of different ECM 

proteins including laminin on TEER of differentiated iBMECs; however, specific laminin 

isoforms of the endothelial BM were not investigated [37]. Laminin 411 (LN 411) and 

laminin 511 (LN 511) are the two main isoforms that are present in the endothelial BM of 

mature vasculature [54,168,172–174]. In contrast to LN 411, which is detectable in the BM 

of all blood vessels throughout development, LN 511 appears in the endothelial BM of 

some blood vessels after birth, roughly at the time of pericyte recruitment to the developing 

vessels [168]. Pericytes, together with endothelial cells, contribute to the formation of 

mature endothelial BM by secreting LN 411 and LN 511 [52,53,168,175]. In addition, 

interaction of endothelial cells and pericytes results in alteration of BM protein secretion 

profile in both cell types [176]. The brain possesses the highest density of pericytes, and 
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inhibition of laminin production by pericytes in conditional knockout mice results in BBB 

breakdown in an age dependent manner, suggesting a key role of pericytes in vascular BM 

formation in the brain [177]. In mature vasculature, the LN 411 isoform is continuously 

expressed throughout the vascular tree independent of vessel type; however, expression of  

LN 511 is nonuniform and patchy in venules and postcapillary venules and absent in the 

BM of some fenestrated capillaries and peritubular capillaries in the kidney [175]. 

Capillaries and arterioles of most other organs and tissues, including the BBB, exhibit 

uniform expression of LN 511 in their BM [53]. Previous in vitro studies suggest that LN 

511, but not LN 411, increases the tightness of the endothelial barrier in primary rat brain 

endothelial cells and the bEND.5 cell line [55,178]. LN 411 and LN 511 interact with 

distinct set of integrins and exhibit substantially different integrin-binding affinity, with 

LN 511 binding to more integrins with a stronger binding affinity [59,179]. As a result, 

endothelial cell interactions with each of these laminin isoforms can activate distinct 

signaling pathways and cellular responses.  

 

Due to difficulties in isolation and purification of specific isoforms of native pure laminins 

from tissues, the use of tissue-specific laminins for in vitro studies has been limited [57]. 

The laminins that have traditionally been commercially available are laminin 111 (from 

Engelbreth-Holm-Swarm murine sarcoma basement membrane), a mixture of laminin 211 

and laminin 221 (from human placenta), or a mixture of various laminin isoforms 

(pepsinized human laminin), which are not specific to the BM of endothelial cells. 

Recently, recombinant laminins and laminin fragments have been produced, enabling the 

use of specific isoforms of laminins for in vitro studies [57,169,180,181]. In addition to 
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being more physiologically relevant molecules for modeling the BM in vitro, recombinant 

laminins are chemically defined and do not suffer from limitations of animal-derived 

extracellular matrix (ECM) molecules such as batch-to-batch variability [182].  

 

BM molecules are known to control the function of endothelial cells through interaction 

with cellular integrins, and they contribute to inducing an activated endothelial phenotype 

[183]. For instance, endothelial laminins and laminin-binding a6b1 are the predominant 

BM component and integrin in normal mature vessels of the central nervous system; 

however, expression of fibronectin and fibronectin-binding a5b1 rapidly increases when 

angiogenesis begins after hypoxia [184–186], suggesting a key role of integrin-BM 

interactions in endothelial activation. Activation of endothelial cells happens in different 

pathological conditions such as inflammation and angiogenesis and results in various 

cellular responses, including stress fiber formation, increased permeability, and changes in 

gene and protein expression [187,188]. Binding of integrins to different ECM molecules 

regulates the organization of the actin cytoskeleton and actin filament assembly [189]. 

Generally, two types of actin bundles are observed in endothelial cells: junction-associated 

circumferential actin filaments, which are mainly found in mature, resting vasculature, and 

contractile actomyosin bundles, also known as stress fibers, which are observed in 

activated endothelial cells during various physiological and pathological conditions [190]. 

One consequence of stress fiber formation is elevation of endothelial layer permeability 

due to the formation of gaps in intercellular regions [187]. Furthermore, matrix 

metalloproteinases are upregulated in inflammation and angiogenesis and are involved in 

remodeling of BM and degradation of tight junctions, thereby increasing the endothelial 
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layer permeability [191,192]. Angiopoietin-2 (Ang-2), an autocrine molecule that 

destabilizes the endothelial layer [193], is also involved in angiogenesis and inflammation 

and its expression is upregulated in various diseases [194]. Due to appearance of stress 

fiber formation together with upregulation of MMPs and Ang-2 in various BBB 

pathologies that result in endothelial activation, these markers are commonly analyzed to 

identify the activated endothelium. Since fibronectin is upregulated in many vascular 

pathologies that result in endothelial activation, while laminins are the main component of 

healthy adult vascular BM, the use of endothelial BM laminins instead of fibronectin could 

help maintaining endothelial cells in resting, non-activated phenotype. 

 

In this study, we examined the effect of endothelial BM laminins, LN 411 and LN 511, on 

iBMEC functionality in comparison to the standard mixture of collagen IV and fibronectin 

(CN IV - FN). E8 fragments of LN 511 and LN 411 (LN 511-E8 and LN 411-E8, 

respectively), which retain most of the integrin binding activity of full length laminins and 

are commonly used as an alternative to full length laminins for in vitro studies [57,195–

198], were used for the majority of the experiments in this work. TEER measurement, 

immunocytochemistry, and qRT-PCR were utilized to investigate changes in iBMECs 

barrier properties, junctional protein expression, and alteration of genes associated with 

activated endothelial phenotype. Our results indicate that iBMECs exhibit a resting 

endothelial phenotype with improved long-term barrier stability when cultured on LN 511-

E8 compared to the standard CN IV - FN mixture. In addition, we show that culturing 

iBMECs on LN 511-E8 improves their shear stress response, as indicated by changes in 

cell morphology, surface area, and junctional protein expression. As these results show that 
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the BM has a significant influence on iBMEC functionality, we think the use of the 

physiologically relevant and chemically defined LN 511-E8 molecule is essential for 

studies that require a healthy BBB phenotype for an extended time, such as mechanistic 

studies of various damage-inducing factors on the BBB, neurological disease modeling and 

investigating the effect of potential therapeutics on the BBB, and analyzing cancer or 

immune cell interactions with the BBB. 

 

3.2 Materials and methods 
 
Cell culture and differentiation 

iBMECs were differentiated from hiPSCs (IMR-90-4 cells from WiCell and ACS-1024 

from ATCC) according to Stebbins et al [199]. On day 8, cells were placed onto CN IV - 

FN coated plates for selective purification of endothelial cells. After 1 to 2 hours, 

unattached cells were removed, and cells were washed once with Dulbecco's Phosphate-

Buffered Saline (DPBS). The purified endothelial cells were then subcultured at a density 

of 1 million cells/cm2 onto ECM protein-coated ThinCert cell culture inserts (Greiner Bio-

One), well plates or ibidi µ-slides and cultured for one day to reach 100% confluency in 

endothelial cell medium, which consists of human endothelial serum free medium (Thermo 

Fisher Scientific) supplemented with 1% bovine platelet-poor plasma derived serum (Alfa 

Aesar) or 2% fetal bovine serum (Thermo Fisher Scientific), 10 ng/ml basic fibroblast 

growth factor (bFGF) (PeproTech), and 10 µM retinoic acid (Millipore Sigma). After 

approximately 24 hours, the medium was changed to endothelial cell medium without 

retinoic acid and bFGF. The medium was not changed after this point. iBMECs that were 

subcultured into well-plates were used for qRT-PCR, while the cells in ibidi µ-slides and 
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ThinCert cell culture inserts were used for immunocytochemistry. The well plates, 

ThinCert cell culture inserts and ibidi µ-slides were pre-coated with the ECM proteins: 1 

µg/cm2 LN 511-E8 or LN 411-E8 (iMatrix, iWAi), 1 µg/cm2 full length laminin 511 

(Biolamina), 100 µg/ml fibronectin (Millipore Sigma), or a mixture of 400 µg/ml collagen 

IV (Millipore Sigma) and 100 µg/ml of fibronectin.  

 

TEER measurements 

TEER was evaluated using the EVOM2 voltohmmeter with STX2 chopstick electrodes 

(World Precision Instruments). TEER was measured one day after iBMECs were 

subcultured onto cell culture inserts (ThinCerts) and approximately every 24 hours 

thereafter. A ThinCert coated with the ECM proteins, but without cells, was used to 

subtract the medium and membrane effects on TEER. The reported values are 

multiplication of surface area and measured electrical resistance of the iBMEC layer to 

eliminate the effect of cell culture area on the electrical resistance.  

 

Immunocytochemistry and F-actin staining of iBMECs  

The primary antibodies and the secondary antibodies used in this study and their dilution 

factors are listed in Supplementary Tables 1 and 2. iBMECs cultured on ibidi µ-slides or 

cell culture inserts were fixed for 15 minutes in 4% paraformaldehyde (PFA) and 

permeabilized with 0.3% Triton X-100 in DPBS for another 10 minutes. Subsequently, 

cells were blocked for 1 hour in 10% goat serum at room temperature. Next, cells were 

incubated overnight at 4 °C or for 1 hour at room temperature with primary antibodies 

diluted in 10% goat serum in DPBS. After aspirating primary antibody solutions, cells were 
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washed three times with DPBS prior to adding 1:200 diluted secondary antibodies in 10% 

goat serum solution. Samples were washed three times with DPBS and stained with DAPI. 

For F-actin staining, after blocking the samples, cells were incubated for 30 minutes with 

0.165 µM Alexa Fluor 488-conjugated phalloidin (Thermo Fisher Scientific) at room 

temperature and then washed three times with DPBS. Fluorescence imaging in Figures 3-

3, 3-4, 3-6, 3-8, 3-9, and 3-10 was performed on a Nikon TiE stand with an A1Rsi confocal 

scan head, powered by NIS-Elements confocal software (Nikon, Japan). A 20x objective 

with numerical aperture of 0.75 (Figures 3-3, 3-4, 3-6, and 3-8) or a 60x objective with 

numerical aperture of 1.4 (Figures 3-9 and 3-10) were used for confocal imaging. 

Excitation for fluorescence images was performed sequentially via 405, 488, and 561 nm 

lasers. Laser intensity and exposure were identical for imaging of a specific protein in 

different conditions within each figure, and NIS-Elements software was used for image 

visualization. Fluorescence images in Figures 3-7, Figure 3-13, and Figure 3-14 were 

obtained using the EVOS FL Auto microscope (Thermo Fisher Scientific).  

 

Table 3-1. Primary antibodies used for immunocytochemistry. 

Primary Antibody (Vendor, Clone or Product 
Number) 

Dilution Factor 

Mouse monoclonal Occludin (Invitrogen, OC-3F10) 1:200 
Mouse monoclonal Claudin-5 (Invitrogen, 4C3C2) 1:100 

Rabbit polyclonal PECAM-1 (Lab Vision, RB10333P) 1:50 
Mouse monoclonal VE-cadherin (Santa Cruz, BV9) 1:50 

Rabbit polyclonal ZO-1 (Invitrogen, 40-2200) 1:100 
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Table 3-2. Secondary antibodies used for immunocytochemistry. 

Secondary Antibody Conjugate (Vendor) Dilution Factor 
Goat anti mouse Alexa Fluor 488 (ThermoFisher) 1:200 
Goat anti mouse Alexa Fluor 594 (ThermoFisher) 1:200 
Goat anti rabbit Alexa Fluor 488 (ThermoFisher) 1:200 
Goat anti rabbit Alexa Fluor 594 (ThermoFisher) 1:200 

 

Fluid endocytosis assay 

Four days after subculture onto LN 511-E8 or CN IV-FN coated ibidi µ-slides, rhodamine 

B-labeled, 10 kDa neutral dextran (ThermoFisher Scientific) was added to the iBMEC 

culture medium at a concentration of 1 mg/ml and incubated for 50 minutes. Next, iBMECs 

were washed 3 times with ice cold PBS and fixed in 4% PFA for 15 minutes. After fixation, 

iBMECs were stained with wheat germ agglutinin (WGA)-Oregon Green 488 conjugate 

(ThermoFisher Scientific) for 5 minutes. iBMECs were washed 3 times with PBS and 

imaged using a Nikon TiE stand with an A1Rsi confocal scan head, powered by NIS-

Elements confocal software via a 60x objective with numerical aperture of 1.4.  Two 

images were taken from the middle of each well, and 4 independent wells were imaged per 

condition for each biological replicate. Images were analyzed in Fiji (ImageJ) to quantify 

the number of vesicles and pixel intensity.  

 

Gene expression analysis  

RNA was extracted using the RNeasy Mini Kit (Qiagen) following the manufacturer’s 

instructions. QIAshredder columns (Qiagen) were used to homogenize the cell lysate, and 

the RNase-free DNase Set (Qiagen) was used to remove any residual DNA. Using an 

OmniScript Reverse Transcriptase Kit (Qiagen) and Oligo(dT)20 Primers (Life 
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Technologies), RNA was reverse-transcribed into cDNA. Quantitative PCR was conducted 

using PrimePCR SYBR Green Assays (Bio-Rad) and iTaq Universal SYBR Green 

Supermix (Bio-Rad). Primers used in this study are listed in Supplementary Table 3. 

Relative expression of mRNA was quantified using the cycle threshold (Ct) determined by 

the BioRad CFX Connect Real-Time PCR Detection System and the DDCt  method. 

GAPDH was used as the housekeeping gene in the qRT-PCR experiments. 

 

Table 3-3. Primers used for qRT-PCR assays 

Gene Name Unique ID or Forward and Reverse Sequence Vendor 
VWF qHsaCED0043330 BioRad 

CDH5 qHsaCID0016288 BioRad 
OCLN qHsaCED0038290 BioRad 
TJP1 qHsaCID0018062 BioRad 

CLDN5 qHsaCED0047644 BioRad 
ANGPT2 qHsaCID0017615 BioRad 
MMP2 qHsaCED0042560 BioRad 
MMP9 qHsaCID0011597 BioRad 
MMP1 qHsaCED0048106 BioRad 
LAMA5 qHsaCED0044330 BioRad 

FN1 qHsaCED0043611 BioRad 
PECAM1 Fwd sequence: 

TGCCGTGGAAAGCAGATACT 
Rev sequence: 

TTCCAGGGATGTGCATCTGG 

BioRad 

GAPDH qHsaCED0038674 BioRad 
ANGPT1 qHsaCED0045626 BioRad 

 

 
Wound healing assay 

Differentiated iBMECs were purified on CN IV - FN and subsequently subcultured onto 

2-well plates with silicone inserts (ibidi) designed for the wound healing assay. The wells 
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were pre-coated with LN 511-E8 or CN IV - FN. The next day, the inserts were removed 

and the medium was changed to endothelial cell medium without bFGF and retinoic acid. 

Using an EVOS FL Auto microscope, phase contrast images were taken every three hours 

from the same spot, and the area void of cells in each image was calculated using ImageJ. 

Three independent replicates per condition were evaluated for this experiment.  

 

Evaluating the effect of shear stress on iBMECs 

iBMECs were seeded in microfluidic devices with a single rectangular channel fabricated 

by soft lithography, where the channel width and height were 800 µm and 100 µm, 

respectively. The channels were pre-coated with LN 511-E8 or CN IV – FN and purified 

iBMECs were seeded into the pre-coated devices and maintained under static conditions 

for one day. The next day, half of the samples were connected to a syringe pump and were 

cultured under dynamic conditions for 24 hours. The shear stress value acting on the 

iBMECs was 4 dyne/cm2. This is in the range of physiological flow for larger capillaries 

and close to the shear stress that induces responses in primary BMECs  [14,60]. iBMECs 

in the device were fixed with 4% paraformaldehyde and prepared for immunostaining and 

microscopy.  

 

iBMECs stained for ZO-1 were used for cellular shape analysis due to clarity and 

distinction of the borders between the adjacent cells and negligible background signal. The 

ZO-1 images were converted to binary images and using the Shape Descriptor tool in  Fiji 

(ImageJ), the average surface area, aspect ratio, and circularity of the cells were analyzed. 

The inverse of aspect ratio (t1KGu	Hv1X
tHwGu	Hv1X

), a measure of elongation, and circularity 
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( xp×yu?H
(o?u1t?F?u)z

) are reported in this study. For reference, the circularity and inverse of aspect 

ratio of circles are 1, and these values become smaller for more elongated cells. Circularity 

also strongly depends on angularity of the analyzed shape. Therefore, inverse of aspect 

ratio is more suitable for measuring elongation.  

 

Statistical analysis 

Cell shape analysis data are reported by the median with interquartile range. All the other 

data are presented as the mean ± standard deviation. Unless otherwise stated in the figure 

legend, an unpaired Student’s t test was used to calculate the P values for data with less 

than 5 samples and Mann-Whitney test was performed for cell shape analysis results due 

to non-normality of data as determined by Kolmogorov-Smirnov test. P values smaller than 

0.05 were reported as statistically significant. Further information on P values can be found 

in the figure legends. Reported results are representative of three independent 

differentiations (biological replicates) each with three technical replicates per condition 

unless otherwise noted in the figure legend.  

 

3.3 Results 
 
3.3.1 LN 511 and LN 511-E8 improve long-term iBMEC TEER 

stability 
 
Differentiated cells were incubated on CN IV - FN for 1-2 hours in order to selectively 

purify the iBMECs. Purified iBMECs were then seeded on cell culture inserts coated with 

CN IV - FN, CN IV - LN 511, LN 511, or LN 511-E8 (Figure 3-1A). One day after seeding 

the cells, iBMECs that were cultured on CN IV - LN 511 and LN 511 exhibited higher 
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TEER than the other two conditions (Figure 3-1B); however, iBMECs on LN 511-E8 

showed the highest TEER on day 2, which is considered to be the peak TEER day. The 

TEER value compared to CN IV - FN samples for at least 5 days (Figure 3-1B). While 

repeating the experiments showed the peak TEER might not always be higher for LN 511-

E8 coated surfaces (Figure 3-1C), the reduction in TEER on day 3 and day 4 was 

consistently lower for the cells on LN 511-E8 compared to CN IV - FN (Figure 3-1D).  

 

 

Figure 3-1. TEER measurement results for iBMECs differentiated from IMR-90-4 hiPSCs after 
subculture on different ECM proteins. (A) Schematic of iBMEC purification and cell seeding on 
different protein-coated surfaces. (B) TEER results for the purified iBMECs subcultured on 
different ECM protein-coated inserts for 5 days. (C) Long-term TEER measurement to evaluate 
stability of the barrier after subculture onto LN 511-E8, LN 411-E8, or CN IV - FN. (D) Percent 
reduction in TEER compared to the peak TEER (TEER value on day 2) for the results shown in 
part (C), indicating formation of a more stable barrier for iBMECs cultured on LN 511-E8. * 
indicates P < 0.05 and ** indicates P < 0.001 compared to CN IV - FN samples on the same day. 

  

  

DCN IV - FN

Matrigel

Neural Cells and BMECs

BMECs

DCN IV - FN DLN 511

DLN 511-E8 DCN IV - LN 511

BMEC Selection

Subculture onto a new 
ECM-coated plate/insert

A B

Day 3 Day 4 Day 3 Day 4
0

20

40

60

80

TE
E

R
 r

ed
uc

tio
n 

(%
)

co
m

pa
re

d 
to

 p
ea

k 
TE

E
R

CN IV - FN
LN 511-E8

* **

C D



 65 

Additionally, measuring TEER values for two weeks demonstrated that the TEER remains 

high, and there is negligible fluctuation in TEER for LN 511-E8 samples (Figure 3-1C), 

making it suitable for long-term in vitro studies. remained significantly higher for CN IV - 

LN 511, LN 511, and LN 511-E8 samples LN 411-E8 was also used for TEER 

measurement experiments, but in some cases iBMECs failed to establish a monolayer 

barrier. An example of TEER values for iBMECs on LN 411-E8, when a barrier was 

formed, is shown in Figure 3-1C. Starting TEER values for iBMECs on LN 411-E8 were 

significantly lower than both the LN 511-E8 and CN IV - FN coated samples. Moreover, 

there was significant fluctuation in recorded TEER on LN 411-E8 (Figure 3-1C). Overall, 

iBMECs on LN 511 and LN 511-E8 demonstrated stable and high TEER values, especially 

after the peak TEER day. Due to the similar performance of full length LN 511 and LN 

511-E8, LN 511-E8 was primarily used for the remaining experiments. To demonstrate the 

robustness of the approach, the efficacy of LN 511-E8 was also confirmed using iBMECs 

differentiated from the ACS-1024 cell line (Figure 3-2A and B).  

 

 

Figure 3-2. TEER measurement results for iBMECs differentiated from the ACS-1024 cell line. 
(A) TEER values for ACS-1024-derived iBMECs cultured on LN 511-E8 compared to CN IV - 
FN. (B) TEER reduction compared to peak TEER for ACS-1024-derived iBMECs. * indicates P 
< 0.005 compared to the CN IV-FN condition on the same day. 

A B

* *
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3.3.2 Stronger junctional expression of adherens junction proteins is 
achieved on LN 511-E8 

 
VE-cadherin is an endothelial-specific adherens junction molecule that contributes to 

various endothelial processes such as junctional integrity, shear stress response, 

proliferation, and apoptosis [201,202]. After two days of subculture, immunostaining of 

iBMECs seeded on fibronectin-coated surfaces showed undetectable junctional expression 

of VE-cadherin (Figure 3-3). On the other hand, iBMECs on LN 511-E8 exhibited strong 

junctional VE-cadherin expression, while iBMECs on CN IV - FN had detectable 

junctional VE-cadherin expression, but with  weaker intensity than on LN 511-E8 (Figure 

3-3 and 3-4). Junctional expression of VE-cadherin was  patchy in iBMECs cultured on 

LN 411-E8 coated surfaces (Figure 3-4). Further, junctional expression of PECAM-1 was 

stronger on LN 511-E8 and LN 411-E8 compared to CN IV - FN (Figure 3-4). Four days 

after subculture, junctional expression of both VE-cadherin and PECAM-1 was still 

stronger on LN 511-E8 compared to CN IV - FN; however, compared to day 2, junctional 

expression of both proteins decreased (Figure 3-6I). Additionally, qRT-PCR analysis 

showed upregulation of VE-cadherin (CDH5) gene expression in some independent 

biological replicates while its expression remained unchanged in others (Figure 3-5) 

compared to CN IV - FN samples 4 days after subculture. The variability in VE-cadherin 

gene expression might stem from differences in differentiation efficiency across 

independent experiments, which is a common feature of stem cell differentiation due to 

multiple factors including batch-to-batch variability in the reagents used, some of which 

are animal-derived [203]. iBMECs on LN 411-E8 also exhibited similar levels of CDH5 

expression compared to CN IV – FN (Figure 3-12A). Finally,  PECAM-1 (PECAM1)  gene 
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expression remained unchanged on LN 511-E8 (Figure 3-5) and LN 411-E8 (Figure 3-

12A) compared to CN IV - FN.  

 

Figure 3-3. The presence of fibronectin decreases junctional expression of VE-cadherin. Imaging 
was performed 2 days following subculture of iBMECs onto the specified ECM. Top row shows 
images of VE-cadherin staining and bottom row shows merged images of VE-cadherin and nuclei 
(stained with DAPI and indicated in blue). Images are maximum intensity projections of confocal 
z-stacks. Scale bars indicate 200 μm. 

 
3.3.3 Subculture on LN 511-E8 impacts junctional expression of tight 

junction proteins 
 
Gene expression analysis of the cells seeded on CN IV - FN and LN 511-E8 indicated no 

statistically significant difference in expression of ZO-1 (TJP1), claudin-5 (CLDN5), or 

occludin (OCLN) between the two groups 4 days after subculture (Figure 3-5). Similar 

results were observed between iBMECs on CN IV - FN and LN 411-E8 (Figure 3-12A).  

Immunocytochemistry of claudin-5 on iBMECs cultured in cell culture inserts shows 

heterogeneity for the cells cultured on CN IV - FN, with areas with low level of expression  
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Figure 3-4. Immunocytochemistry of adherens junction proteins 2 days after subculture (peak 
TEER day). Fluorescence images of VE-cadherin (top row; red) and PECAM-1 (bottom row; 
green) in iBMECs cultured on LN 511-E8, LN 411-E8, or CN IV - FN. Nuclei are stained with 
DAPI and indicated in blue. Images are maximum intensity projections of confocal z-stacks. Scale 
bars indicate 200 µm. 

 
(yellow-outlined regions in Figure 3-6A) and areas with higher expression that contained 

mostly internalized claudin-5 (white-outlined regions in Figure 3-6A). In contrast, iBMECs 

cultured on LN 511-E8 show more homogeneous junctional expression of claudin-5 

throughout the iBMEC layer (Figure 3-6B), with fewer areas of low junctional expression 

compared to iBMECs on CN IV - FN. Higher magnification images of claudin-5 staining 

on CN IV - FN from a region with low claudin-5 expression (such as a region outlined in 

yellow in Figure 3-6C) confirms significantly weaker junctional expression compared to 

low claudin-5 regions on LN 511-E8 (Figure 3-6D). The aforementioned heterogeneity in 

claudin-5 staining is not observed in the low magnification images of ZO-1 staining from 
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the same region of iBMECs on CN IV - FN (Figure 3-6E). iBMECs on LN 511-E8 also 

exhibit strong junctional expression of ZO-1 throughout the monolayer (Figure 3-6F). 

However, higher magnification images of ZO-1 show a jagged pattern of ZO-1 expression 

in iBMECs on CN IV - FN, while iBMECs on LN 511-E8 exhibit strong and uniform 

junctional expression of ZO-1 (Figure 3-6G, H).   

 

Figure 3-5. Gene expression analysis of tight junction and adherens junction proteins in iBMECs 
on CN IV - FN or LN 511-E8 4 days after seeding on each ECM. (A) and (B) show the results for 
two separate biological replicates. Note that VE-cadherin (CDH5) expression is upregulated in (A), 
but unchanged in (B). Fold change is relative to CN IV - FN condition for each gene. * indicates P 
< 0.01 relative to CN IV - FN.  

 
Confocal microscopy of tight junction proteins 4 days after subculture on ECM protein-

coated surfaces (on ibidi µ-slides) showed a substantial difference between the iBMECs 

cultured on CN IV - FN compared to LN 511-E8 (Figure 3-6I). Claudin-5 staining was 

internalized, and its junctional localization was substantially reduced in most of the iBMEC 

layer on CN IV - FN. Moreover, occludin and ZO-1 staining demonstrated a higher number 

of frayed or jagged junctions (indicated by white arrows) on CN IV - FN. iBMECs on LN  

511-E8, on the other hand, showed more uniform junctional expression of tight junction 

proteins. Similar results were obtained for iBMECs differentiated from the ACS-1024 

hiPSC line (Fig 3-7). Together, these results explain the considerably lower TEER value 

for the iBMECs that are cultured on CN IV - FN compared to laminin 511 on day 4 and 

beyond, since tight junction proteins are the key regulators of TEER. 
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Figure 3-6. Immunocytochemical analysis of tight junction and adherens junction proteins on day 
4 after subculture. (A-H) Fluorescence images of iBMECs cultured in Thincert inserts. (A-B) Low 
magnification images of claudin-5 staining on CN IV - FN (A) and LN 511-E8 (B). Scale bars 
indicate 200 µm. In (A), examples of regions with internalized claudin-5 are outlined in white, 
while regions with low junctional expression of claudin-5 are outlined in yellow. (C,D) Higher 
magnification images of claudin-5 staining on CN IV - FN (C) and LN 511-E8 (D). Scale bars 
indicate 25 µm. The image in (G) is from a region with low junctional expression (i.e. yellow-
outlined region in (A)). (E,F) Low magnification images of ZO-1 staining on CN IV - FN (E) and 
LN 511-E8 (F). Scale bars indicate 200 µm. (G,H) Higher magnification images of ZO-1 staining 
on CN IV - FN (G) and LN 511-E8 (H). Scale bars indicate 25 µm. Note that for (A-H) the samples 
are double-stained, so claudin-5 and ZO-1 images are shown for the same cells in each group. (I) 
Immunostaining of junctional proteins for iBMECs cultured on ibidi μ-slides coated with CN IV - 
FN (top row) or LN 511-E8 (bottom row). Claudin-5 staining on CN IV - FN shows a region with 
significantly internalized claudin-5. White arrows on occludin and ZO-1 images indicate examples 
of frayed or jagged junctions. Scale bars indicate 50 µm. All images in (A-I) are maximum intensity 
projections of confocal z-stacks.  
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Figure 3-7. Immunocytochemistry and qRT-PCR results for iBMECs differentiated from the ACS-
1024 cell line after 4 days of subculture on CN IV - FN or LN 511-E8.(A-H) Fluorescence 
microscopy images of ZO-1 (A,B), occludin (C,D), and claudin-5 (E-H) on CN IV - FN (A,C,E,G) 
or LN 511-E8 (B,D,F,H). Scale bars indicate 200 μm for (A-F) and 25 μm for (G,H). For claudin-
5 images, both low (E,F) and high (G,H) magnification images are provided. The areas outlined in 
yellow in (F) indicate regions with internalized claudin-5, and areas outlined in white indicate 
regions with low junctional claudin-5 expression. For all markers, culture on LN 511-E8 improves 
junctional expression. (I,J) F-actin immunostaining of iBMECs on CN IV - FN (I) or LN 511-E8 
(J). Scale bars indicate 200 μm. Less stress fibers are visible in iBMECs on LN 511-E8. (K) qRT-
PCR analysis of MMP1, MMP9, ANGPT2, and VWF demonstrates that expression of all four genes 
is significantly lower on LN 511-E8 than CN IV - FN. Fold change is relative to CN IV – FN 
condition for each gene. * indicates P < 0.005 and ** indicates P < 0.01 relative to CN IV - FN. 

 
 
 
3.3.4 Stress fibers are substantially reduced in iBMECs on LN 511-E8  
 
F-actin staining was performed in order to analyze the organization of actin filaments in 

iBMECs cultured on different ECM proteins. Junctional association of F-actin was higher 
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1 day after seeding for the iBMECs on LN 511-E8 compared to CN IV - FN (Figure 3-8A-

D). Circumferential actin filaments were strongly expressed on LN 511-E8, while there 

were no visible stress fibers formed in the cells (Figure 3-8D). In contrast, formation of 

stress fibers was observed in iBMECs on CN IV - FN on 2 days after subculture (Figure 3-

8C). Furthermore, side views of the 3-D images of F-actin staining suggest a higher 

junctional height on LN 511-E8, which was determined by calculating the average height  

 

 

Figure 3-8. F-actin staining of iBMECs on CN IV - FN and LN 511-E8. (A,B) Images of F-actin 
(green) and nuclei (blue) for iBMECs on CN IV - FN (A) or LN 511-E8 (B) 2 days after subculture. 
(C,D) Middle plane image of F-actin staining with x and y axis projection of iBMECs on CN IV - 
FN (C) or LN 511 E8 (D) 2 days after sub-culture. Many stress fibers are visible in the CN IV - FN 
sample, while F-actin is mostly junctional on LN 511-E8. (E,F) Average height of F-actin 
expression for the iBMECs on CN IV - FN (E) and LN 511-E8 (F) 2 days after subculture. (G,H) 
F-actin staining 4 days after subculture on CN IV - FN (G) or LN 511-E8 (H). Nuclei are stained 
with DAPI and indicated in blue. Images in (A,B,G,H) are maximum intensity projections of 
confocal z-stacks, and scale bars indicate 100 µm. 

 
of the stained area in (Figure 3-8E, F). F-actin staining 4 days after subculture showed an 

increase in the number of stress fibers in iBMECs on CN IV - FN, while stress fibers were 

still not detected in most of the iBMEC monolayer on LN 511-E8 (Figure 3-8G, H).  
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3.3.5 Altered cell morphology observed in iBMECs on LN 511-E8 
 
Appearance of iBMECs on LN 511-E8 differed from iBMECs seeded on CN IV - FN. The 

junctions between adjacent cells were more distinct and visible on LN511-E8 (Figure 3-

9B, C), which might be due to the increased cell-cell contact area and more flattened cell 

morphology (Figure 3-9A). In addition, confocal z-stack and 3-D images of claudin-5 

staining showed that heigh of the cell-cell junction on LN 511-E8 was significantly higher 

than on CN IV - FN (Figure 3-9F-I), in agreement with the results for F-actin staining  

(Figure 3-9E, F). Figure 3-9D and 3-9E show 2-D maximum intensity projections of the 

claudin-5 staining demonstrating that junctional expression was stronger on LN 511-E8. 

Overall, these results suggest flattened morphology with increased junctional contact 

between adjacent cells on the LN 511-E8 matrix, as demonstrated in Figure 3-9A. 

 

3.3.6 iBMECs on LN 511-E8 demonstrate reduced fluid endocytosis 
rate  

 
Confocal microscopy of iBMECs that were incubated with rhodamine B-labeled dextran 

indicated a lower fluid endocytosis rate in iBMECs that were cultured on LN 511-E8 

compared to CN IV – FN, as evidenced by a decrease in the number of internalized 

fluorescent vesicles as well as lower pixel intensity of fluorescent dextran per analyzed 

image on LN 511-E8 (Figure 3-10). Low pinocytotic activity of BMECs is a distinct feature 

of the BBB [4], suggesting that iBMEC culture on LN 511-E8 better reflects key aspects 

of in vivo BBB transport mechanisms.  
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 Figure 3-9. Differences in endothelial cell morphology on CN IV - FN and LN511-E8.(A) 
Schematic representation of iBMEC morphology on CN IV - FN (left) and LN 511-E8 (right). 
(B,C) Phase contrast images of iBMECs cultured on CN IV - FN (B) or LN511-E8 (C) after 4 days 
of subculture. Scale bars indicate 400 μm. (D,E) Maximum intensity projections of confocal z-
stack images of claudin-5 staining in cell culture inserts 4 days after subculture on CN IV - FN (D) 
or LN 511-E8 (E). (F,I) Three-dimensional representations of the z-stack images showing the 
difference in junction height on CN IV - FN (F,H) compared to LN 511-E8 (G,I).  
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Figure 3-10. Analysis of fluid endocytosis level in iBMECs on LN 511-E8 compared to CN IV-
FN. (A) Confocal microscopy images of iBMECs (4 days after subculture) incubated with 1 mg/ml 
rhodamine B-conjugated dextran, followed by fixation and staining with Oregon Green 488- 
conjugated WGA. Scale bars indicate 50 μm and images are maximum intensity projections of 
confocal z-stacks. (B,C) Quantification of mean pixel intensity (B) and the number of fluorescent 
puncta per image (field of view) (C) in dextran images for iBMECs on CN IV-FN and LN 511- E8. 
* indicates P < 0.001. Results represent 16 analyzed images per condition (2 images per well) from 
2 independent rounds of differentiation. 

 
 

3.3.7 iBMECs on CN IV - FN show an activated endothelial phenotype 
 
Quantitative RT-PCR was conducted to quantify gene expression of angiopoietins, vWF, 

MMPs, and ECM proteins in iBMECs cultured on CN IV - FN, LN 511-E8, or LN 411-E8 

for 4 days. As shown in Figure 3-11A, ANGPT2 and VWF expression was significantly 

higher in iBMECs on CN IV - FN compared to LN 511-E8, but ANGPT1 expression was 

unchanged. MMP1 and MMP9 expression was also significantly higher on CN IV - FN, 

but the difference in MMP2 expression was not statistically significant (Figure 3-11B). In 

addition, expression of both FN1 and LAMA5 was highly upregulated in the iBMECs that  

CN IV - FN LN 511-E8
0

1

2

3

M
ea

n 
P

ix
el

 In
te

ns
ity

of
 F

lu
or

es
ce

nt
 D

ex
tr

an
 

CN IV - FN LN 511-E8
0

500

1000

1500

2000

N
um

be
r 

of
 P

un
ct

a 
pe

r 
Fi

el
d 

of
 V

ie
w

LN
 5

11
-E

8
CN

 IV
 -

FN

Dextran WGAA B

C

*

*

Dextran/WGA



 76 

  

Figure 3-11. iBMECs exhibit a more activated phenotype on CN IV - FN compared to LN 511-E8. 
(A-C) Fold change in gene expression level for ANGPT1, ANGPT2, and VWF (A), various MMPs 
(B), and ECM proteins (C) for iBMECs on LN 511-E8 relative to iBMECs on CN IV - FN. * 
indicates  P < 0.0005, ** indicates  P < 0.001, # indicates P < 0.05, and ## indicates  P < 0.01 via 
unpaired t-test compared to CN IV - FN for each gene. (D,E) Wound healing assay to assess 
migration of iBMECs on LN 511-E8 and CN IV - FN. (D) Representative images of the cells 
immediately after and 9 hours after the ibidi wound healing culture inserts were removed from the 
plates. Cell-free area is outlined in red. Scale bars indicate 500 μm. (E) Quantification of percentage 
of the initial wound area that has closed after 9 hours for each condition. # indicates P < 0.05 
compared to CN IV - FN. 

 
 
were cultured on CN IV - FN compared to LN 511-E8 (Figure 3-11C). All of the 

aforementioned genes, apart from fibronectin, exhibited the same pattern of differential 

expression on LN 411-E8 compared to CN IV - FN, but to a lesser extent (Figure 3-12B, 

C). These results were confirmed for iBMECs differentiated from the ACS-1024 cell line 

(Figure 3-7K). Next, a wound healing assay was used to evaluate the relative migration 

rates of iBMECs on different ECM-coated surfaces, since endothelial activation and Ang-

2 upregulation are associated with increased migration of endothelial cells [204]. The rate 
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of wound closure was higher on CN IV - FN compared to LN 511-E8 (Figure 3-11D, E). 

Overall, the gene expression and migration results suggest iBMECs on CN IV - FN exhibit 

an activated endothelial phenotype. 

 

Figure 3-12. Gene expression analysis of iBMECs on LN 411-E8 compared to CN IV-FN. (A-C) 
Expression of junctional proteins (A), ECM proteins (B), and genes associated with activated 
endothelium after 4 days of subculture on each ECM. Fold change is relative to CN IV – FN 
condition for each gene. * indicates P<0.05, # indicates P < 0.01, and ** indicates P < 0.005 relative 
to CN IV - FN. 

 
 
3.3.8 iBMECs seeded on LN 511-E8 show improved shear stress 

response 
 
Previous studies have reported a lack of expected response from iBMECs to shear stress in 

terms of cytoskeletal changes, elongation, and junctional protein expression [101]. 

However, a recent study suggested the essential role of LN 511 in the shear stress response 

of human umbilical artery endothelial cells and a mouse skin-derived endothelial cell line 

(sEND.1) through the interaction of laminin with b1 integrins [54]. Since junctional 
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expression of PECAM-1 and VE-cadherin is required for shear stress response of 

endothelial cells [202,205] and iBMECs on LN 511-E8 exhibited improved junctional 

expression of PECAM-1 and VE-cadherin, we hypothesized that seeding the differentiated 

iBMECs on LN 511-E8 might alter their response to shear stress. Morphological changes 

including elongation, but not alignment, of these cells and increase in average cell surface 

area were observed in phase contrast images of iBMECs on LN511-E8 under flow 

compared to static conditions (Figure 3-13A-C). Using Fiji (ImageJ), the average surface 

area, circularity, and inverse of aspect ratio of cells cultured under static and dynamic 

conditions Were calculated (Figure 3-13D-F). Based on the results, the inverse of aspect 

ratio of the cells decreased upon dynamic culture, indicating a more elongated cell 

morphology. Moreover, formation of stress fibers extended throughout the cytoplasm, 

which was absent in the static culture of these cells on LN 511-E8, was observed (Figure 

3-13G). Cortical F-actin in cell junctions was strongly expressed and not disrupted (Figure 

3-13G). Also, junctional expression of claudin-5, VE-cadherin, and ZO-1 was noticeably 

enhanced in iBMECs cultured under dynamic conditions (Figure 3-13G). A change in 

occludin expression due to shear stress was not noticeable with immunocytochemistry 

(Figure 3-13G). The effect of shear stress on iBMECs seeded on CN IV - FN was also 

investigated, and in agreement with a previous report [101], we did not observe a 

significant change in junctional protein expression (Figure 3-14).  
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Figure 3-13. iBMECs are responsive to shear stress on LN 511-E8. (A-C) Phase contrast images of 
iBMECs before the start of flow (A) or under static (B) and dynamic (C) conditions for 24 hours. 
White arrow indicates the flow direction. Scale bars indicate 200 µm. (D-F) Quantification of 
cellular shape factors including circularity (C), inverse of aspect ratio (D), average cell surface area 
(E) for iBMECs cultured under static or dynamic conditions for 24 hours. Median with interquartile 
range are shown, and * indicates P < 0.0001 compared to static conditions. (G) 
Immunocytochemical analysis of iBMECs under static and dynamic conditions shows 
improvement in junctional expression of ZO-1 and VE-cadherin and the formation of stress fibers 
under dynamic conditions. Scale bars indicate 200 µm.  

 
 
 

Static Dynamic
0.0

0.2

0.4

0.6

0.8

C
irc
ul
ar
ity

Static Dynamic
0.0

0.2

0.4

0.6

0.8

1.0

In
ve

rs
e 

of
 A

sp
ec

t R
at

io
Static Dynamic

0

1000

2000

3000

4000

Su
rf

ac
e 

A
re

a 
(µ

m
2 )

D E F

F-actinOccludin ZO-1 VE-cadherin

St
at
ic

A

G Claudin-5

A B C

Dy
na
m
ic

* *



 80 

 

Figure 3-14. Effect of shear stress on junctional protein expression of iBMECs cultured on CN IV-
FN. iBMECs were seeded in microfluidic devices and maintained under static conditions for 1 day 
to reach 100% confluency. Next, for culture under dynamic conditions, devices were connected to 
a syringe pump and were exposed to 4 dyne/cm2 shear stress for 24 hours before fixation and 
staining of the iBMECs. Nuclei are stained with DAPI and indicated in blue. Scale bars indicate 
200 μm.  

 
 

3.4 Discussion  
 
 
We show here that LN 511-E8, a chemically defined fragment of a main laminin isoform 

of the endothelial BM, is able to improve the barrier properties of the iBMECs and alleviate  

the activated endothelial characteristics observed in iBMECs cultured on CN IV - FN. In 

the original protocol for differentiation of iBMECs and most studies that followed, CN IV 

- FN was used as an adhesion layer due to the ability of this blend of ECM proteins to 

selectively purify iBMECs from the mixture of differentiated iBMECs and neuronal cells. 

However, fibronectin is minimally expressed in the endothelial BM of adults [47], and the 

role of collagen type IV in the BM is to provide the required mechanical support [50,168]. 

Laminins, on the other hand, are ubiquitously expressed in the endothelial BMs of adults 
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and are considered the biologically active components of the BM that bind to cellular 

integrins [168,206]. Accordingly, in this study, we conducted the endothelial purification 

step on CN IV - FN and subsequently subcultured the purified iBMECs on different ECM 

protein-coated surfaces.  LN 511-E8 was able to support long-term maintenance of a tight 

barrier formed by iBMECs, while there was a significant reduction in the TEER value of 

iBMECs on CN IV - FN after 3 or 4 days of subculture on cell culture inserts, 

demonstrating the suitability of using LN 511-E8 for studies that require a stable barrier 

over a longer period of time. Additionally, immunocytochemistry of tight junction proteins 

4 days after the start of subculture demonstrated improved junctional expression on LN 

511-E8 compared to CN IV - FN, specifically for claudin-5 expression, which showed 

uniform junctional expression in iBMECs on LN 511-E8, but exhibited reduced or 

internalized patterns of expression on CN IV-FN. Claudin-5 is considered to be a 

gatekeeper that is a key player in maintaining BBB homeostasis, and its expression is 

altered in various central nervous diseases [207]. As such, using LN 511-E8 in studies that 

require an intact BBB as well as in evaluating the effect of various damage inducing factors 

on the BBB would be advantageous. 

 

VE-cadherin, a vascular-specific cadherin, is a key regulator of endothelial monolayer 

permeability. Specifically, junctional expression of VE-cadherin is crucial for maintaining 

vascular homeostasis [208]. However, according to published reports using iBMECs 

derived from similar differentiation protocols, expression of VE-cadherin is sometimes 

non-junctional [163] or not distinctly junctional [94] on CN IV - FN. In this study, 

immunocytochemical analysis of adherens junction proteins, namely VE-cadherin and 
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PECAM-1, showed substantial enhancement in junctional association of these molecules 

on LN 511-E8 compared to CN IV - FN. The increased junctional expression of VE-

cadherin on LN 511-E8 may also contribute to the enhanced claudin-5 expression, since 

junctional expression of VE-cadherin is known to affect claudin-5 expression [207,209]. It 

has previously been reported that interaction of LN 511 with b1 integrins and activation of 

the RhoA pathway lead to strong junctional expression of VE-cadherin [54,55]. Moreover, 

one possible reason for the improved VE-cadherin junctional expression on LN 511 could 

be internalization of VE-cadherin on CN IV- FN as a result of the interaction of endothelial 

cell integrin avb3 with fibronectin, as reported by several studies [210–212]. When we 

compared junctional expression of VE-cadherin on FN only, CN IV - FN, and LN 511-E8, 

iBMECs from the same batch of differentiation exhibited no detectable junctional 

expression of VE-cadherin on FN, whereas some junctional expression was observed on 

CN IV - FN and strong junctional association was present on LN 511-E8. VE-cadherin and 

PECAM-1 are present in endothelial cells throughout the body and play an essential role 

in maintaining BBB homeostasis, and alteration in their expression is observed in various 

diseases of the BBB. Thus, their improved junctional expression on LN 511-E8 is highly 

beneficial for in vitro BBB modeling using iBMECs.   

 

F-actin staining of iBMECs cultured on CN IV - FN and LN 511-E8 showed a significantly 

higher numbers of stress fibers on CN IV - FN, which is an indicative of an activated 

endothelial phenotype. As the switch from cortical actin to stress fibers is a key 

characteristic of the endothelial response to inflammatory stimuli, F-actin reorganization 

plays an important role in endothelial barrier disruption [213]. The cell culture substrate is 
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known to be a significant factor in controlling actin filaments, and fibronectin may be a 

promoter of stress fiber formation [187]. Junctional association of cortical fibers in 

endothelial cells is accompanied by junctional maturation and changes in cell shape. As 

junctions mature, the area of contact between adjacent cells increases and cells become 

more polarized [214–216]. This could explain the higher junction height observed in 3-D 

immunostaining of claudin-5 and the distinct visibility of junctions on LN 511-E8 by phase 

contrast microscopy. 

 

In order to further analyze the activation of iBMECs and identify the possible molecules 

that might be involved in destabilizing the iBMEC layer on CN IV - FN, we conducted 

qRT-PCR analysis, which showed upregulation of ANGPT2, VWF, MMP1, and MMP9 in 

iBMECs cultured on CN IV - FN compared to LN 511-E8. Angiopoietins and their 

receptors play a critical role in angiogenesis and vascular stabilization and are almost 

exclusively specific to endothelial cells [217]. Angiopoietin-1 (Ang-1) is predominantly 

secreted by mural cells such as pericytes that wrap around mature vessels [218], whereas, 

Ang-2 is secreted by endothelial cells and functions as an autocrine factor [193]. 

Angiopoietins are involved in endothelial cell-matrix interactions through binding to both 

ECM and the TIE-2 receptor on cells [219,220] and upregulation of MMP-9 expression, 

which degrades ECM molecules [221,222]. While Ang-1 interaction with a confluent 

endothelial layer is reported to enhance the barrier properties of the cell layer, Ang-2 has a 

destabilizing effect on endothelial cells [217,223]. Also, Ang-2 expression is upregulated 

in specialized endothelial tip cells, tumor microvessels, and during hypoxic conditions 

[217], suggesting a key role for this molecule in activated endothelial cells. Moreover, vWF 
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is co-localized with Ang-2 in Weibel-Palade bodies of endothelial cells and is involved in 

regulating Ang-2 storage and release [224]. Since Ang-2 and vWF are considered 

functionally related, their expression might be co-regulated [225]. MMPs are also involved 

in numerous disease conditions of BBB and can degrade both tight junction and ECM 

proteins [191,192]. They are also active players in both physiological and pathological 

angiogenesis and are upregulated in activated endothelial cells [226]. Further, a wound 

healing assay confirmed the higher migration rate of iBMECs on CN IV - FN, which might 

be partly due to higher MMP activity in these cells. Additionally, mRNA levels of ECM 

proteins, fibronectin and laminin a5, were significantly higher on CN IV - FN.  

Upregulation of fibronectin and laminin a5 occurs in various diseases and during hypoxia 

and inflammation [178,227].  Overall, these results show that the iBMECs on LN 511-E8 

demonstrate a resting endothelial phenotype, while the iBMECs on CN IV - FN exhibit an 

activated phenotype.  

 

Finally, physiological fluid flow, which is capable of inducing BBB phenotype, 

suppressing inflammatory signaling, and improving the tightness of the BMEC barrier 

[30], was added to the system to determine whether culture on LN 511-E8 could improve 

the ability of iBMECs to demonstrate physiological responsiveness to shear stress. Other 

studies have reported iBMECs do not show morphological changes or alterations in 

junctional protein expression due to shear stress on CN IV – FN [38,101,109]. In contrast, 

we showed that applying shear stress to iBMECs cultured on LN 511-E8, which strongly 

interacts with b1 integrins, can result in morphological changes and improved junctional 

association of VE-cadherin, claudin-5, and ZO-1. This is expected due to the improved 
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junctional expression of PECAM-1 and VE-cadherin observed on LN 511-E8, as these two 

proteins are essential for inducing shear stress response in endothelial cells [202]. Overall, 

based on our results, adding a constant shear stress to iBMECs on LN 511-E8 improves 

their functionality by increasing the junctional expression of claudin-5, ZO-1 and VE-

cadherin. This could be highly beneficial for BBB-on-a-chip platforms that add fluid flow 

to iBMECs cultures in order to better recapitulate the in vivo BBB by including the 

physiological shear stress response in vitro. In addition, since in many BBB-on-a-chip 

platforms iBMECs are co-cultured with astrocytes and pericytes, inclusion of LN 211, 

which is the main component of the parenchymal BM and has been shown to be crucial for 

pericyte differentiation and astrocytic endfeet polarization [228,229], may provide further 

improvement in BBB function in co-culture models. 

 

3.5 Conclusion 
 

In summary, the use of LN 511-E8, a fragment of physiologically relevant BM protein, 

improves the barrier properties and long-term stability of iBMEC monolayers and results 

in a resting endothelial phenotype. This is critical for enabling in vitro iBMEC models to 

better mimic physiological BBB conditions for studies of drug delivery or molecular 

transport, mechanistic studies of diseases and damage inducing factors, and investigating 

cancer and immune cell interactions with the BBB. The fluid shear stress response of 

iBMECs was also improved on LN 511-E8 compared to CN IV - FN. Therefore, the use 

of LN 511-E8 to mimic the in vivo BM significantly improves the functionality of in vitro 

platforms using iBMECs to model the BBB.  
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 - Evaluating the Role of IL-1b in Extravasation of 
Triple Negative Breast Cancer Cells across the iBMECs 
 
4.1 Introduction 
 

Metastasis, one of the key hallmarks of cancer, is responsible for more than 90% of human 

cancer deaths [230,231]. It is estimated that in the United States 170,000 new cases of 

metastatic brain tumors are diagnosed every year, while the estimated number of new cases 

of primary brain tumors is 23,890 [232–234]. With 24% incidence, breast cancer is among 

the common primary tumors that metastasizes to the brain [233]. As advances in imaging 

technologies and improved therapeutics have resulted in longer survival time, the incidence 

of secondary brain tumors in breast cancer patients is increasing [233]. The blood-brain 

barrier (BBB), a highly selective interface between the central nervous system and the 

circulatory system, tightly controls the transport of molecules and cells into the brain. 

Consequently, most anti-cancer drugs are ineffective for brain tumors as they are unable to 

cross the BBB [231]. However, breast cancer cells are able to extravasate across the BBB 

to enter the brain during metastasis. Thus, targeting the extravasation step is a potential 

approach to prevent the formation of brain metastases. Understanding the mechanisms of 

cancer cell extravasation across the BBB is crucial for designing preventive therapies that 

inhibit brain metastasis.  

A study of initial events in breast cancer extravasation into the brain in a mouse model 

revealed that the majority of cancer cells spend 3-7 days inside the lumen part of capillaries 

before entering the brain [88]. The long interaction time between breast cancer cells and 

the brain-specific microvascular endothelial cells (BMECs) comprising the BBB might 
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result in phenotypic alterations in endothelial cells. BMECs possess an elaborate network 

of tight junctions and adherens junctions, which restrict the paracellular passage of cells 

and molecules through the intercellular spaces [235]. Cancer cells that are able to 

successfully extravasate into the brain need to overcome the BBB by transmigrating 

through intercellular junctions (paracellular pathway) or through a single endothelial cell 

(transcellular pathway). Additionally, astrocytes, the most abundant cells in the central 

nervous system [236], are located in close proximity to the brain microvasculature and can 

modulate BBB integrity via paracrine signaling. As highly secretory cells, astrocytes 

become activated in pathological conditions and secrete various factors that can result in 

BBB damage or repair depending on the pathology [237,238]. Interestingly, during the 

initial stages of cancer cell extravasation across the BBB, activated astrocytes were 

detected while cancer cells were arrested in the capillaries before transmigration in animal 

studies [88]. Thus, reactive astrocytes could play a significant role in extravasation of 

cancer cells into the brain, which needs to be studied in more detail.  

Both paracellular and transcellular pathways have been reported to be used by cancer cells 

to cross the BBB [78–80,239,240], but the molecular mechanisms that facilitate 

extravasation are not fully understood. Importantly, some types of cancer such as liver, 

pancreatic, and prostate cancer rarely metastasize to the brain [67–69], while lung and 

breast cancer commonly form brain metastases [241]. Among primary breast cancers, 

HER2-overexpressing and triple negative breast cancer (TNBC) cells are the most common 

brain metastasis-forming subtypes [242]. Previous studies showed cancer cell lines exhibit 

different extravasation potential based on their organ of origin and molecular subtypes 
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[45,88].  Additionally, generation of brain metastatic derivatives of existing cell lines 

through multiple rounds of in vivo selection have provided invaluable resources for 

studying molecular mechanisms of breast cancer extravasation into the brain. In these 

models, the brain-seeking variants of the parental cell lines exhibit significantly higher 

brain, but not bone and lung, metastases formation [243].   

A recent review article by Fares et al. summarizes the genes that have been reported to play 

a role in extravasation of cancer cells, including breast cancer, across the BBB 

[244]. ST6GALNAC5 overexpression in brain-seeking TNBC cells was shown to enhance 

adhesion of cancer cells to the brain endothelial cells [243]. Angiopoietin-2 and TNF-a 

have been also been reported to be involved in extravasation of breast cancer cells into the 

brain via BBB impairment [245,246]. Another study indicated a direct relationship between 

brain metastases formation and c-Met pathway activation in breast cancer patients [247]. 

Importantly, activation of this pathway results in upregulation of IL-1b in breast cancer 

cells. Furthermore, TNBC cells exhibit higher expression of c-Met compared to other 

subtypes of breast cancer, suggesting a potential role for IL-1b in TNBC extravasation 

across the BBB [247]. Therefore, studying the effect of IL-1b on brain endothelial cells, 

specifically in extended times after treatment, could improve our understanding of the 

endothelial cell alterations during extravasation.  

Previous studies on the effect of IL-1b in brain metastases formation from breast cancer 

cells have focused on the colonization rather than the extravasation step [247,248]. IL-1b 

is a well-studied pro-inflammatory cytokine that is involved in numerous 

pathophysiological phenomena including central nervous diseases [249–251]. One effect 
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of IL-1b on brain endothelium is upregulation of cell adhesion molecules such as ICAM-

1, VCAM-1, and E-selectin, which enhance the adhesion of both cancer cells and immune 

cells to the endothelial layer [252]. IL-1b treatment of brain endothelial cells also results 

in reduced barrier tightness [252–254]. Previously, treatment of endothelial cells of other 

tissues with IL-1b has been reported to induce endothelial-to-mesenchymal transition 

(EndoMT) [255–257]. EndoMT is the transient acquisition of a mesenchymal phenotype 

by endothelial cells, which can be caused by different molecular stimuli and has been 

proposed to facilitate the transmigration of cancer cells across BMECs [258]. TGF-b1, a 

known EndoMT inducer, has been implicated in extravasation of melanoma cells to the 

brain, but breast cancer cells are thought to utilize a different mechanism to cross the BBB 

[145]. The effect of synergistic treatment with IL-1b and TGF-b1 on inducing EndoMT in 

the hCMEC/D3 cell line has been investigated, suggesting that IL-1b exacerbates the effect 

of TGF-b1 [259]. Importantly, EndoMT is proposed to be tissue-specific, so based on the 

tissue in which endothelial cells reside, the response to EndoMT-inducing factors might be 

substantially different [260]. Thus, use of brain-specific endothelial cells for studies 

concerning EndoMT in the brain is crucial.  

Induced pluripotent stem cell-derived brain-specific microvascular endothelial-like cells 

(iBMECs) have been recently developed, which express the crucial markers of BMECs 

and possess superior barrier properties compared to existing cell lines and primary cells 

owing to the expression of essential junctional proteins of the BBB [23]. Due to the tight 

barrier formed by iBMECs, they are an appropriate platform to study the extravasation of 

TNBC cells across the BBB in vitro and to investigate the effect of IL-1b on BMEC barrier 
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integrity and phenotype. While iBMECs have not been used before to study breast cancer 

cell extravasation across the BBB, recently, we reported a 3-D BBB-on-a-chip device that 

is composed of iBMECs and astrocytes and supports cell transmigration studies across the 

BBB in a physiologically relevant platform [261].   

In this study, we first investigated the effect of IL-1b, which was highly upregulated in 

brain-seeking TNBC cells, on iBMEC function and showed that IL-1b reduces the barrier 

tightness, as measured by transendothelial electrical resistance (TEER), and induces 

EndoMT in iBMECs after long-term (3 day) treatment. We also demonstrated that IL-1b 

is able to cross the iBMEC monolayer via receptor-mediated transcytosis, which results in 

exposure of astrocytes to IL-1b. Astrocytes that are exposed to IL-1b secrete a mixture of 

various chemokines and cytokines, which could further attract cancer cells into the brain. 

We then confirmed that IL-1b upregulation in brain-seeking TNBC cells increases their 

ability to transmigrate across the iBMEC monolayer, and presence of astrocytes in the 

system results in an increase in transmigrated 231BR cells in a BBB-on-a-chip system. 

Finally, we showed that the use of a neutralizing monoclonal IL-1b antibody could reduce 

the extravasation potential of brain-seeking TNBC cells.  

4.2 Materials and methods 
 
Culture of astrocytes and cancer cells 

Primary human astrocytes (from cerebral cortex) were purchased from ScienCell. 

Astrocytes were expanded and maintained on plates coated with gelatin (EmbryoMax, 

Millipore Sigma) in astrocyte growth medium (Cell Applications). Accutase was used for 
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the detachment and dissociation of astrocytes. Low passage astrocytes (p4-p6) were used 

for all experiments in this study. MCF-7 (ATCC), MDA-MB-231 (ATCC) and 231BR 

(kindly provided by Dr. Lonnie Shea, University of Michigan) cell lines were maintained 

in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Millipore Sigma) 

supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% 

penicillin-streptomycin (Thermo Fisher Scientific). Trypsin-EDTA (0.25%, Thermo Fisher 

Scientific) was used to detach cells from tissue culture surfaces for routine cell culture 

passaging.  

iBMEC differentiation  

iBMECs were differentiated from IMR-90-4 (WiCell) human induced pluripotent stem cell 

(hiPSC) line using a slightly modified version of the protocol described by Stebbins et al 

[21]. In summary, on day 6 of differentiation, the medium was switched to endothelial cell 

medium (EC medium) supplemented with 20 ng/ml of basic fibroblast growth factor 

(bFGF) (PeproTech), and 10 µM retinoic acid (Millipore Sigma). The EC medium consists 

of human endothelial serum free medium (Thermo Fisher Scientific) supplemented with 

1% FBS. On day 8, cells were subcultured on collagen IV-coated surfaces (0.8 mg/ml) for 

selective purification of iBMECs. For BBB-on-a-chip devices, the purified endothelial 

cells were then subcultured again at a density of 500,000 cells per device in BBB-on-a-

chip devices coated with 0.8 mg/ml collagen IV (Millipore Sigma). Fibronectin was not 

used in this study due to its reported role in inducing an inflammatory phenotype in 

endothelial cells [262,263]. iBMECs on inserts were cultured for one day in EC medium 

supplemented with bFGF and retinoic acid. The next day, the medium was changed to EC 
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medium without bFGF and retinoic acid, and for co-culture systems, inserts were moved 

to well plates that were already seeded with astrocytes at 90% confluency. 

IL-1b Treatment of iBMECs  

Recombinant human IL-1b protein (Abcam) was reconstituted as directed by the supplier 

and diluted to 200 ng/ml in EC medium. Next, one-tenth of the iBMEC supernatant 

medium was replaced with the 200 ng/ml IL-1b solution to reach a final concentration of 

20 ng/ml. The untreated samples received EC medium. For the long-term treatments, 20 

ng/ml of IL-1b was added daily to the iBMECs.  

Enzyme-linked immunosorbent assay (ELISA) for detection of IL-1b in cancer cell 
conditioned medium 

Cancer cells were seeded onto 6-well plates at a density of 500,000 per well and were 

incubated overnight. The next day, the medium was changed to high glucose DMEM 

without serum, and cells were incubated for additional 24 hours. Then, conditioned 

medium was collected from each well and centrifuged (10 min, 700 rcf , 4 °C) to remove 

cell debris. Supernatant from each sample was aliquoted and stored at -80 °C. The Legend 

Max Human IL-1β ELISA kit (BioLegend) was used to measure the concentration of IL-

1β in the samples.  

IL-1β transcytosis across the iBMECs 

iBMECs were seeded onto cell culture inserts to form a tight barrier. Four days after initial 

seeding, TEER was measured to ensure the presence of a cellular barrier before conducting 

IL-1β transport studies. First, human IL1R1 or human IL1R2 blocking antibodies (R&D 

Systems) were added to the apical side of the cell inserts at a final concentration of 5 µg/ml 
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and incubated at 37  °C for 30 minutes. Next, 20 ng/ml IL-1β was added to the apical side 

and inserts were incubated for 2 hours. Samples were collected from the basolateral side 

and stored at -80 °C until an ELISA assay was conducted to quantify IL-1β concentration.  

Membrane cytokine array 

A membrane-based human cytokine antibody array (80 targets, Abcam) was used to 

compare the level of cytokines and chemokines secreted by astrocytes treated with IL-1β 

and control samples. Astrocytes were seeded onto 6-well plates and cultured until around 

90% confluency. Next, the medium was changed to serum-free astrocyte basal medium 

(Cell Applications) with or without 20 ng/ml IL-1β, and cells were incubated for 24 hours. 

1.5 mL of the supernatant medium was collected and briefly centrifuged (10 min, 700 rcf , 

4 °C) to remove any cell debris. The supernatant medium of the centrifuged samples was 

used in the cytokine array assay following the manufacturer’s protocol. The arrays were 

imaged with a ChemiDoc Imager (Bio-Rad), and pixel intensity was quantified using Bio-

Rad Image Lab Software (version 5.2.1). The quantified intensities were normalized to the 

positive control regions of the membrane as recommended by the manufacturer.  

Gene expression analysis  
 
Cells were lysed using the RNeasy Mini Kit (Qiagen) lysis buffer and homogenized using 

QIAshredder columns (Qiagen). RNA was extracted using the RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s instruction. Residual DNA was removed using a RNase-

free DNase Set (Qiagen). Purified RNA was reverse-transcribed into cDNA using an 

OmniScript Reverse Transcriptase Kit (Qiagen) and Oligo(dT)20 Primers (Life 

Technologies). In order to conduct quantitative PCR, PrimePCR SYBR Green Assays 
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(Bio-Rad) and iTaq Universal SYBR Green Supermix (Bio-Rad) were utilized. Table 1 

shows the list of the primers used in this study. mRNA Relative expression was calculated 

using the cycle threshold (Ct) values determined by the BioRad CFX Connect Real-Time 

PCR Detection System and the DDCt  method with GAPDH as the housekeeping gene. 

 

Table 4-1. Primers used for qRT-PCR assays. 

Gene Name Unique ID or Forward and Reverse Sequence Vendor 
VWF qHsaCED0043330 BioRad 
OCLN qHsaCED0038290 BioRad 
TJP1 qHsaCID0018062 BioRad 
CLDN5 qHsaCED0047644 BioRad 
MMP2 qHsaCED0042560 BioRad 
MMP9 qHsaCID0011597 BioRad 
PECAM1 Fwd sequence: 

TGCCGTGGAAAGCAGATACT 
Rev sequence: 
TTCCAGGGATGTGCATCTGG 

BioRad 

GAPDH 
ACTA2 

qHsaCED0038674 
qHsaCID0013300 

BioRad 
BioRad 

TAGLN qHsaCID0021424 BioRad 
 

 
BBB-on-a-chip fabrication  

BBB-on-a-chip devices were fabricated using standard soft lithography as described 

previously [261]. In brief, a polyethylene terephthalate (PET) membrane with 8.0 µm pore 

dimeter was cut and sandwiched between two layers of patterned polydimethylsiloxane 

(PDMS) using a method developed by Aran et al [116]. The assembled device was bonded 

to a No. 1 microscope coverslip by oxygen plasma treatment. In order to enhance hydrogel 

adhesion on the basolateral side, poly-D-lysine solution (1 mg/ml) was added to the 

hydrogel channel of the device and was incubated for at least 3 hours at 37 °C. After 
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removing poly-D-lysine solution, all channels of the devices were washed three times with 

70% ethanol and devices were placed in a biosafety cabinet under laminar flow to dry. 

Next, the top (apical) channel of the device was coated with 0.8 mg/ml collagen IV 

(Millipore Sigma) for at least 4 hours. The collagen IV solution was removed and devices 

were left in a laminar flow hood for 20 minutes before introducing 5 mg/ml of collagen 

type I with or without astrocytes to the hydrogel channel. After adding collagen I, devices 

were incubated for 30 minutes at 37 °C to cross-link the hydrogel. Afterwards, EC medium 

was added to the medium channels adjacent to the hydrogel channel, purified iBMECs 

were introduced to the apical channel (approximately 500,000 cells per device) via pipette 

tip reservoirs, and devices were incubated for additional 1 hour. The unattached iBMECs 

were subsequently removed from the apical channel and fresh EC medium was added to 

the apical reservoirs. After one day of culture in the devices, a tight barrier was formed, as 

previously reported, and the devices were ready for transmigration assays.  

 
 
Immunocytochemistry of iBMECs, astrocytes, and TNBC cells 
 
The primary antibodies, secondary antibodies, and dilution factors used in this study are 

listed in Supplementary Tables 4-2 and 4-3. iBMECs cultured on glass-bottom petri dishes 

or cell culture inserts were fixed for 15 minutes in ice-cold 4% paraformaldehyde (PFA) 

and permeabilized with 0.3% Triton X-100 in Dulbecco's phosphate-buffered saline 

(DPBS) for another 10 minutes. Next, cells were blocked for at least 1 hour in 10% normal 

goat serum (NGS) at room temperature. Subsequently, cells were incubated overnight at 4 

°C or for 1 hour at room temperature with primary antibodies diluted in 10% NGS. Primary 
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antibody solutions were aspirated and cells were washed three times with DPBS prior to 

adding 1:200 diluted secondary antibodies in 10% NGS solution. Samples were washed 

three times with DPBS and stained with Hoechst 33342 or DAPI. Texas Red-conjugated 

Wheat Germ Agglutinin (WGA) staining and DARC (ACKR1) staining were conducted 

without permeabilizing the iBMECs.  

 

All steps for cell staining in the BBB-on-a-chip devices were conducted using the pipette 

tip reservoirs connected to the medium channels of the devices. In particular, astrocytes in 

the hydrogel were fixed, permeabilized and stained by adding the reagents to the astrocyte 

medium channels, which were located adjacent to the astrocyte hydrogel channel. The 

immunostaining steps were the same as described above for staining the cells on inserts 

and petri dishes.  

 
Table 4-2. Primary antibodies used in chapter 4 

Primary Antibody (Vendor, Clone or Product 
Number) 

Dilution Factor 

Mouse monoclonal Claudin-5 (Invitrogen, 4C3C2) 1:100 
Rabbit polyclonal PECAM-1 (Lab Vision, RB10333P) 1:50 

Rabbit polyclonal ZO-1 (Invitrogen, 40-2200) 
Rabbit polyclonal SM-22α (Invitrogen PA527463) 
Rabbit monoclonal GFAP (Abcam, EPR1034Y) 
Goat polyclonal IL1RII (R&D systems, AF-263) 
Goat polyclonal IL1RI (R&D systems, AF-269) 

Mouse Monoclonal DARC (R&D systems, 358307) 
Mouse Monoclonal IL-1β (R&D systems, 2805) 

1:100 
1:200 
1:400 
N/A 
N/A 

1:200 
1:200 
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Table 4-3. Secondary antibodies used for immunocytochemistry 

Secondary Antibody Conjugate (Vendor) Dilution Factor 
Goat anti mouse Alexa Fluor 488 (ThermoFisher) 1:200 
Goat anti mouse Alexa Fluor 594 (ThermoFisher) 1:200 
Goat anti rabbit Alexa Fluor 488 (ThermoFisher) 1:200 
Goat anti rabbit Alexa Fluor 594 (ThermoFisher) 1:200 

 

TEER measurements 
 
Using  the EVOM2 voltohmmeter with STX2 chopstick electrodes (World Precision 

Instruments) TEER was evaluated in iBMECs cultured on inserts with or without 

astrocytes. An insert coated with the collagen IV, but without cells, was used to subtract 

the medium and membrane effects on TEER. The measured TEER values at each time 

point were divided by the initial TEER value of each insert to obtain the normalized 

TEER.  

 

Transmigration assay 
 
The plasma membrane of MDA-MB-231 and 231BR cells was labeled with PKH26 Red 

Fluorescent Cell Linker (Millipore Sigma), which is a stable dye for long-term tracking of 

cells, following manufacturer’s instructions. Labeled cells were seeded into the BBB-on-

a-chip devices at a concentration of 20,000 cells per device and incubated for one hour to 

adhere to the iBMEC layer. The unattached cancer cells were removed from the device and 

fresh medium was added to the top channel. Devices were incubated under static conditions 

with replacement of medium every day. After approximately 72 hours, cells in the device 

were fixed and prepared for immunocytochemistry. For IL-1b treatment group, the medium 
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in top channel of devices was replaced with 20 ng/ml IL-1b and incubated for 1 hour prior 

to adding the cancer cells in fresh EC medium to the top channel.  

 

For transmigration studies in cell inserts, iBMECs were seeded onto inserts with 8.0 µm 

pore sizes and cultured for 3 days. One challenge with culture of iBMECs on 8.0 µm pore 

size inserts is migration of iBMECs across the membrane and formation of a double-layer 

of iBMECs in some regions. In order to address this issue, any migrated iBMECs were 

removed from the bottom side of the membrane using a cell scraper prior to cancer cell 

seeding. Cancer cells were subsequently seeded onto the inserts that were pre-seeded with 

iBMECs at a density of 80,000 cells per insert. Cell were incubated for 3 days and then 

fixed and stained for nuclei.  

 

In order to study the effect of IL-1b blocking monoclonal antibody on transmigration of 

231BR cells, the top channel of microfluidic devices or the apical side of inserts were 

incubated with 5 µg/ml IL-1b blocking antibody prior to introduction of 231BR cells. The 

EC medium used for medium changes in BBB-on-a-chip devices was supplemented with 

5 µg/ml human IL-1b blocking antibody. The devices or inserts were incubated for 72 

hours in the presence of IL-1b blocking antibody prior to fixation and imaging.  

 

Fluorescence imaging of the BBB-on-a-chip devices and inserts that were used for 

transmigration assays was performed on a Nikon TiE stand with an A1Rsi confocal 

scanhead, powered by NIS-Elements confocal software (Nikon, Japan). A 10x objective 

with numerical aperture of 0.45 was used for confocal imaging. Excitation for fluorescence 
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images were performed sequentially via 405, 488, 561, and 637 nm lasers. Three images 

from each device were taken and three devices per condition were analyzed. NIS-Elements 

software was used for image visualization. Some devices were stained for GFAP (astrocyte 

marker) or ZO-1 (tight junction protein) in order to visualize astrocytes and iBMECs, 

respectively.  

 

4.3 Results 
 
4.3.1 IL-1b is upregulated in brain-seeking TNBC cells 
 
The existing GEO dataset (GSE12237) was analyzed using bioinformatics array research 

tool (BART) [264] in R and extracted data were used to generate the plots. Analysis of the 

GSE12237 dataset suggested significant upregulation of IL-1b in  the brain-seeking 

variants of MDA-MB-231 and CN34 breast cancer cells (231BR and CN34BR, 

respectively) compared to parental cells (Figure 4-1A, B). In order to confirm IL-1b 

upregulation in 231BR cells compared to MDA-MB-231 cells, we conducted qRT-PCR 

and ELISA assays to quantify the gene expression and cytokine secretion of IL-1b in these 

cells compared to non-invasive MCF-7 cells. Our results indicated significant upregulation  

of the IL1B gene in 231BR cells compared to both MDA-MB-231 and MCF-7 cells (Figure 

4-2A). In addition, ELISA assays confirmed differences in IL-1b  cytokine levels in the 

conditioned media of 231BR and MDA-MB-231 cells, which followed the same trend as 

the gene expression data (Figure 4-2B). IL-1b was not detected in MCF-7 conditioned 

medium via the ELISA kit used in this study. Intracellular immunostaining of MDA-MB-
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231 and 231BR cells also indicated significant upregulation of  IL-1b in a subset of 231BR 

cells compared to MDA-MB-231 cells (Figure 4-2C).   

 

Figure 4-1. IL1B gene expression is upregulated in brain-seeking MDA-MB-231 and CN34 cell 
lines. Analysis was performed on the GSE12237 dataset. (A-B) Volcano plot analysis of differential 
gene expression in brain-seeking vs. parental MDA-MB-231 (A) and CN34 (B) cells. The dashed 
line shows P value of 0.05. IL1B is denoted by blue color. 

 

 
Figure 4-2. IL-1β expression is highly upregulated in 231BR cells. (A) Gene expression analysis 
of IL1B in MCF-7, MDA-MB-231 and 231BR cells, showing higher expression in 231BR cells 
compared to MDA-MB-231 and MCF-7 cells. * indicates P<0.001, calculated by ordinary one-way 
ANOVA with Tukey's multiple comparisons test. (B) ELISA assay quantification of soluble IL-1β 
secreted by MCF-7, MDA-MB-231, and 231BR cells. * indicates P<0.001 (unpaired t-test). (C) 
Immunocytochemistry of IL-1β showing substantially higher expression in a subset of 231BR cells 
compared to MDA-MB-231 cells. Lower row images are higher magnifications of the indicated 
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rectangular region in the top row images. Scale bars indicate 400 μm in the top row images and 
200 μm in the bottom row images.  

 

4.3.2 IL-1b treatment reduces BBB tightness  
 
TEER measurement of iBMEC monocultures (Figure 4-3A) or iBMECs co-cultured with 

astrocytes (Figure 4-3B) that were treated with 20 ng/ml IL-1b indicated a drop in TEER 

approximately 6 hours after treatment. qRT-PCR analysis showed downregulation of 

CLDN5 and TJP1 in IL-1b treated samples, while OCLN expression was not altered 

(Figure 4-3C, D). Further, immunocytochemistry verified the downregulation of claudin-5 

and ZO-1 in IL-1b treated samples (Figure 4-3E-H). In addition to downregulation of tight 

junction proteins, an increase in expression of MMP9 was observed in IL-1b treated 

samples (Figure 4-3C, D). Overall, these results showed that IL-1b is able to partially 

disrupt the BBB by downregulation of claudin-5 and ZO-1 and enhancing MMP9 activity. 

 

4.3.3 Long-term IL-1b treatment induces EndoMT in iBMECs 
 
Although TEER measurements indicated partial or complete barrier recovery 24 hours after 

initial TEER reduction, daily treatment with 20 ng/ml IL-1b revealed another drop in 

TEER after 3 days of IL-1b exposure (Figure 4-4A). While gene expression analysis of 

tight junction proteins did not show statistically significant differences between control and 

IL-1b treated samples at day 3 (Figure 4-4B), MMP9 expression remained higher in treated 

samples, which could result in tight junction disruption (Figure 4-4C). In addition, gene 

expression analysis  showed upregulation of mesenchymal markers (ACTA2 and TAGLN) 

and downregulation of endothelial markers (PECAM1 and VWF), suggesting EndoMT of 
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the iBMECs occurred as a result of IL-1b treatment (Figure 4-4C). Immunocytochemistry 

of SM22-a (mesenchymal marker) and PECAM-1 (endothelial marker) confirmed the 

EndoMT phenotype in IL-1b treated iBMECs on the protein level (Figure 4-4D-G).  

 

Figure 4-3. IL-1β Reduces barrier integrity of iBMECs by downregulating tight junction proteins 
and upregulating MMP9. (A,B) TEER measurement of iBMECs treated with 20 ng/ml of IL-1β in 
the absence (A) or presence (B) of astrocytes, showing substantial reduction in TEER after 
approximately 6 hour of IL-1β addition. (C,D) Gene expression analysis of iBMEC monoculture 
(C) and iBMECs that were co-cultured with astrocytes (D) after 6 hours of treatment with IL-1β 
(fold change compared to non-treated control samples). In IL-1β treated samples, MMP9 is 
upregulated, whereas TJP1 and CLDN5 are downregulated. # indicates P<0.05, * indicates P<0.01, 
and ** indicates P<0.001 (unpaired t-test). (E-H) Immunocytochemistry of iBMEC monoculture 
showing downregulation of ZO-1 and claudin-5 in IL-1β treated samples. (E-F) show ZO-1 staining 
and (G-H) show claudin-5 staining. (E) and (G) represent control samples, while (F) and (H) 
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represent IL-1β treated samples. Images are maximum intensity projections of confocal z-stacks, 
and scale bars indicate 25 μm. 

 

Figure 4-4. Long-term IL-1β treatment induces EndoMT in IBMECs. (A) TEER measurements 
indicate a drop in iBMEC TEER after 3 days of IL-1β treatment. * indicates P<0.001 (unpaired t-
test) compared to control at day 3. (B) Gene expression levels of tight junction proteins are not 
altered after 3 days of treatment with IL-1β. (C) Endothelial markers (VWF and PECAM1) are 
downregulated, whereas mesenchymal markers (ACTA2 and TAGLN) and MMP9 are upregulated 
as a result of IL-1β treatment for 3 days. # indicates P<0.05, * indicates P<0.01, and ** indicates 
P<0.001 (unpaired t-test). (D-G) Immunocytochemistry of iBMECs treated with IL-1β for 3 days 
shows downregulation of PECAM-1 in treated iBMECs (E) compared to control samples (D), while 
SM-22α expression is higher in IL-1β treated iBMECs (G) compared to control cells (F). Images 
are maximum intensity projections of confocal z-stacks, and scale bars indicate 50 μm. 

 
4.3.4 IL-1b crosses the BBB and activates the astrocytes  
 
It has been previously reported that IL-1b is transported across the BBB in adult mice and 

ovine fetuses, possibly via a saturable transport system [265–267]. An in vitro study also 

confirmed receptor-mediated transport of IL-1b across bovine brain endothelial cells [268]. 

We observed that apical treatment of iBMECs in co-culture inserts resulted in upregulation 
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of CCL5 in astrocytes, which commonly occurs as a result of astrocyte activation [269], 

suggesting potential transport of IL-1b across the iBMEC layer (Figure 4-5A). ELISA 

assays with and without IL-1b receptor blocking were performed to determine whether 

receptor-mediated IL-1b transport was occurring in the iBMEC monolayer. After addition 

of IL-1b to the apical side of the iBMECs, IL-1b  was detected in the basolateral chamber, 

and pre-treatment of the iBMECs with either IL1R1 (5 µg/ml)  or IL1R2 (5 µg/ml) 

antibodies to block the receptors decreased the amount of IL-1b transported to the 

basolateral chamber (Figure 4-5B), indicating receptor-mediated transport of IL-1b across 

the iBMEC monolayer. 

 

4.3.5 IL-1b treated astrocytes secrete a mixture of chemokines that 
could enhance transmigration of cancer cells 

 
A membrane-based cytokine array was utilized to determine which cytokines and 

chemokines were secreted by astrocytes that were activated by the IL-1b that was 

transported across the iBMEC monolayer (Figure 4c), as these soluble signals could impact 

cancer cell extravasation. Cytokines and chemokines with more than two-fold change in 

expression were identified and shown in a heat map (Figure 4-5D). CCL2, CCL5, CCL7, 

CCL8, CXCL1, and CXCL5 are among the highly upregulated chemokines in astrocytes 

that could increase tumor cell migration into the brain tissue once they have extravasated 

or could interact with the cancer cells directly if they are able to cross the iBMEC 

monolayer. Several chemokine receptors have previously been reported to be expressed by 

BMECs, including ACKR1 [270]. Immunocytochemistry showed that ACKR1 is 

expressed on the iBMEC plasma membrane (Figure 4-5E). Since ACKR1 is able to 
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transport various chemokines across the BBB (indicated by  dashed rectangles in Figure 4-

5D), it can provide the cancer cells that are adhered to the apical side of iBMECs with 

chemokines secreted by the activated astrocytes.  

 

Figure 4-5. IL-1β crosses the iBMEC layer and induces chemokine secretion in astrocytes. (A) 
Upregulation of CCL5 in astrocytes that were co-cultured with iBMECs as a result of IL-1β 
addition to the apical chamber. (B) ELISA assay shows IL-1β is transported across the iBMEC 
layer, and blocking IL-1β  receptors (IL1R1 and IL1R2) reduces the amount of transported IL-1β. 
(C) Chemiluminescent images of cytokine array assay conducted using the supernatant of 
astrocytes treated with IL-1β (control samples received no IL-1β) showing upregulation of multiple 
cytokines and chemokines. (D) Heat map of chemokines that are differentially expressed (fold 
change ≥ 2) between control and treated samples from quantification of the cytokine microarray 
images. Chemokines that bind to ACKR1 are indicated by dashed rectangles. (E) 
Immunocytochemistry of ACKR1 (green) expression on the non-permeabilized iBMEC cell 
membrane, which is stained with Texas Red-conjugated wheat germ agglutinin (red). Scale bars 
indicate 25 μm.  

 

 
4.3.6 MDA-MB-231 and 231BR cells are able to transmigrate across 

the iBMECs 
 
In order to determine whether MDA-MB-231 and 231BR cells were able to transmigrate 

across the iBMECs, plasma membrane-stained cancer cells were added to the apical side 

of iBMECs cultured on cell culture inserts with 8.0 µm pore diameter. After 3 days, inserts 

were fixed and iBMECs were stained for claudin-5. Confocal microscopy demonstrated 
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that both MDA-MB-231 and 231BR cells were able to transmigrate across the iBMECs 

(Figure 4-6).  

 

 

Figure 4-6. MDA-MB-231 and 231BR cells transmigrate across iBMECs in cell culture inserts. 
(A-D) Confocal images of cancer cells (red) and claudin-5 (green) showing transmigrated MDA-
MB-231 (A) and 231BR (C) cells in red. (B) and (D) show the iBMEC monolayer above the 
transmigrated cancer cells. There are some regions with tight junction discontinuity in (B) and (D), 
possibly due the interactions with the cancer cells. Scale bars indicate 100 μm and images are 
maximum intensity projections of confocal z-stacks.  

 

4.3.7 Astrocytes increase the transmigration rate of 231BR cells 
 
A BBB-on-a-chip platform that was fabricated with a PET membrane with 8.0 µm pores 

and contained 3-D hydrogels in the basolateral channel (as described before [261]), was 
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used to assess the 231BR cell transmigration (Figure 4-7A). Three days after introducing 

cancer cells to the devices, all cells were fixed and iBMECs were stained for ZO-1. 

Confocal imaging of the devices showed that 231BR cells that transmigrate across the 

iBMECs monolayer remained close to the endothelial layer in the hydrogels that did not 

contain astrocytes (Figure 4-7B). While 231BR cells did not migrate into the hydrogel and 

instead stayed close to the iBMEC layer, in the co-culture devices that had astrocytes in 

the hydrogel channel, more 231BR cells transmigrated across the iBMEC layer, and they 

were located throughout the hydrogel (Figure 4-7C, D). These results show that astrocytes 

play a critical role in extravasation of TNBC cells across the BBB. 

 

4.3.8 IL-1b facilitates the transmigration of TNBC cells across the 
iBMECs 

 
Using BBB-on-a-chip devices, we investigated differences in the transmigration rate of 

MDA-MB-231 and 231BR cells. Our results indicated that 231BR cells, which express 

higher level of IL-1b, show a higher transmigration rate across the iBMECs compared to 

MDA-MB-231 cells (Figure 4-7E). In order to confirm that IL-1b facilitates the 

transmigration of TNBC cells across the BBB, the apical side of the devices were pre-

treated with 20 ng/ml of IL-1b for 1 hour, and MDA-MB-231 cells were added to the 

devices after removal of IL-1b solution. Pre-treatment with IL-1b significantly increased 

the number of transmigrated MDA-MB-231cells (Figure 4-7F), indicating a promoting 

function for IL-1b in TNBC transmigration into the brain. 
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Figure 4-7. Astrocytes and IL-1β facilitate the transmigration of TNBC cells across the 
iBMECs.(A) Cross-sectional view schematic of the BBB-on-a-chip device used for transmigration 
studies. (B,C) 3-D confocal images of 231BR cell extravasation across the iBMEC  layer in devices 
with only iBMECs (no astrocytes in the basolateral hydrogel channel). (B) and devices with 
iBMECs co-cultured with astrocytes (C). Cancer cell (red) are located close the the iBMEC layer 
(green) in (B), while they penetrate deeper into the hydrogel when astrocytes (green) are present in 
the hydrogel channel (C). Nuclei (blue) is stained by DAPI or Hoechst 33342. (D) Number of 
231BR cells transmigrated across the iBMEC layer in monoculture or co-culture with astrocytes, 
showing that the presence of astrocytes enhanced the number of extravasated 231BR cells. (E) 
Comparison of the number of transmigrated MDA-MB-231 and 231BR cells indicates a higher 
transmigration rate for 231BR cells in BBB-on-a-chip devices in the presence of astrocytes in the 
hydrogel channel. (F) Investigating the effect of IL-1β pre-treatment of iBMECs on the 
transmigration rate of MDA-MB-231 cells in BBB-on-a-chip devices in the presence of astrocytes 
in the hydrogel channel. Based on the results, IL-1β pre-treatment of iBMECs increases the number 
of transmigrated MDA-MB-231 cells. * indicates P<0.001 using an unpaired t-test .  
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4.3.9  Blocking IL-1B reduces iBMEC impairment, chemokine 
upregulation in astrocytes, and transmigration of 231BR cells 

 
In order to determine whether antibody blocking of IL-1b or its receptors could inhibit the 

barrier disruption induced by IL-1b treatment of iBMECs, the apical side of cell inserts 

that were seeded with iBMECs were pretreated with antibodies against IL-1b, IL1R1, or 

IL1R2, and IL-1b was introduced afterwards. Our results demonstrated that the IL-1b 

neutralizing antibody was superior at preventing iBMECs barrier impairment compared to 

the antibodies targeting IL-1b receptors on the iBMECs (Figure 4-8A). In addition, using 

the astrocyte-iBMEC co-culture system we examined the effect of apical treatment with 

the IL-1b neutralizing antibody on chemokine secretion by astrocytes after adding IL-1b 

to the apical chamber. Based on our results,  the IL-1b neutralizing antibody was also able 

to prevent the activation of astrocytes in a co-culture system (Figure 4-8B).  

 

In order to investigate the effect blocking IL-1b on the rate of TNBC cell transmigration 

across the iBMECs, 231BR cells were introduced to the apical channel of the BBB-on-a-

chip devices in the presence of IL-1b neutralizing antibody. Blocking IL-1b reduced the 

number of transmigrated 231BR cells, indicating a crucial role for IL-1b in extravasation 

of TNBC cells into the brain (Figure 4-8C).  
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Figure 4-8. Neutralizing IL-1β reduces the transmigration rate of 231BR cells. (A) Blocking IL IL-
1β with a monoclonal antibody (IL-1β Ab) is most effective at preventing iBMEC barrier disruption 
as a result of IL-1β addition as compared to blocking IL-1β receptors on the iBMECs using IL1R1 
or IL1R2 blocking antibodies. *indicates P<0.001 (ordinary one-way ANOVA and Tukey's 
multiple comparisons test). Control samples received no IL-1β. (B) Addition of the IL-1β 
monoclonal antibody to the apical chamber of cell inserts prevents activation of astrocytes on the 
basolateral side upon apical IL-1β treatment of iBMECs. mRNA expression is relative to the un-
treated, control samples. * indicates P<0.001 (ordinary one-way ANOVA and Tukey's multiple 
comparisons test).  (C) Incubating 231BR cells in the BBB-on-a-chip device in the presence of IL-
1β monoclonal antibody significantly reduces the number of cancer cells that transmigrate across 
the iBMECs. * indicates P<0.001 (unpaired t-test). 
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4.4 Discussion 
 

Most of the in vitro studies so far on extravasation of cancer cells across the BBB have 

been conducted using cells that fail to recapitulate the highly tight barrier observed in vivo 

[20,78,271]. Use of an in vitro model that is able to better mimic the physiologically 

relevant characteristics of the human BBB could solve the poor correlation between in vitro 

results and in vivo findings [272]. iBMECs, which are differentiated from hiPSCs, exhibit 

superior barrier properties compared to existing cell lines and primary cells and can be 

beneficial in studying changes in the BBB as a result of interaction with cancer cells. 

Moreover,  we have recently reported a BBB-on-a-chip device that can recapitulate the key 

features of the human BBB including barrier properties and three dimensionality [261]. In 

this study, using both cell inert system and BBB-on-a-chip devices we studied the 

transmigration of TNBCs across the iBMECs. 

 

In order to identify the molecules that are upregulated in TNBCs that preferentially 

metastasize into the brain, the results reported in the literature were analyzed. Previously, 

Xing et al reported upregulation of the c-Met pathway in TNBC cells compared to other 

breast cancer subtypes as well as in the secondary brain tumors and primary tumors with 

brain metastasis compared to brain metastasis-free tumors [247]. Their results showed 

that c-Met could be a potential prognostic marker to predict the formation of brain 

metastases in breast cancer patients. In addition, they demonstrated that there was a positive 

correlation between IL-1b and c-Met expression, suggesting a possible role for IL-1b 

upregulation in formation of brain metastases from breast cancer [247]. Gene expression 
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microarray data obtained by Bos et al showed significant upregulation of IL-1b in brain-

seeking variants of the MDA-MB-231 and CN34 TNBC cell lines [243]. Our analysis of 

the Bos et al microarray data indicated IL1B was one of the most highly upregulated 

cytokines in brain-seeking TNBC cells. In addition, many of the genes that are reported to 

play an important role in breast cancer extravasation into the brain, such as ANGPT2 and 

TNF, were not upregulated in brain-seeking TNBC cells [244].  

 

After confirming the IL-1b upregulation in 231BR cells compared to MDA-MB-231 cells 

by ELISA and qRT-PCR, the effect of this proinflammatory cytokine on iBMECs was 

studied. Previous studies have shown that IL-1b is able to disrupt the BBB [254,273], in 

some cases transiently [252]. However, the cells that have been utilized in these studies do 

not form an in vivo-like barrier. In agreement with  previous studies, we observed a 

significant drop in iBMEC TEER as a result of IL-1b treatment. Immunocytochemistry 

and qRT-PCR suggested downregulation of claudin-5 (CLDN5) and ZO-1 (TJP1) at the 

time of TEER reduction in iBMECs. We also observed upregulation of MMP9 in iBMECs, 

which is considered as a barrier disruptive factor [192]. While we observed TEER recovery 

24 hours after IL-1b addition, continued treatment with IL-1b for 3 days causes another 

significant TEER reduction. Even though gene expression of tight junction proteins was 

not altered at this point, the MMP9 gene was highly upregulated. Additionally, EndoMT 

markers were observed in iBMECs after 3 days of IL-1b treatment, which results in loss of 

endothelial functions such as barrier properties [274], further verifying the detrimental 

effect of IL-1b on iBMECs and its potential role in facilitating TNBC cell extravasation 

into the brain.  
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In addition to inducing EndoMT in iBMECs and damaging barrier properties, IL-1b was 

also able to cross the iBMEC monolayer and upregulate the secretion of chemokines and 

cytokines by astrocytes. Saturable transport of IL-1b across the BBB in animal models has 

been reported in the literature [266–268]. Since breast cancer cells spend an extended 

amount of time attached to the apical part of the brain endothelium during extravasation, 

transport of secreted cytokines such as IL-1b from the apical to basolateral side of the BBB 

could be a crucial factor in astrocyte activation and further recruitment of cancer cells to 

the brain. Importantly, activation of astrocytes prior to complete extravasation of cancer 

cells into the brain has been observed in animal models [88]. It is also known that astrocytes 

treated with proinflammatory cytokines secrete various chemokines, which could play a 

crucial role in attracting breast cancer cells through chemotaxis and enhancing their 

aggressiveness. Using an ELISA assay, we showed that IL-1b was transported across the 

iBMECs and blocking its receptors, IL1R1 and IL1R2, reduced the rate of transcytosis. 

Additionally, using a cytokine array assay we identified the chemokines that were 

significantly upregulated in IL-1b treated astrocytes. Many of the upregulated cytokines, 

including CCL2, CCL5, CCL7, CCL8, CXCL1, and CXCL5 can induce chemotaxis and 

invasiveness in breast cancer cells [275–282].  

 

There are two possible pathways for transport of secreted chemokines by astrocytes to the 

apical side of the BBB. One is through the paracellular pathway, due to damaged tight 

junctions as a result of upregulation of MMP9 in iBMECs caused by IL-1b exposure as 

well as secretion of MMPs by cancer cells. Another pathway is through receptor-mediated 

transcytosis via ACKR1, which is expressed on BMECs [270]. ACKR1 binds to a variety 
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of chemokines including CCL2, CCL5, CCL7, CXCL1, CXCL2, CXCL3, CXCL5, and 

CXCL6 and transports them from basolateral to apical side of the BBB [283]. We showed 

that ACKR1 is expressed in iBMECs and as a result could transport astrocyte-secreted 

chemokines across the BBB. ACKR1 was shown to be directly involved in neutrophil 

migration across the BBB [284], thus it might play a similar role in cancer cell 

transmigration across the BBB, which needs to be investigated in more detail. It is 

important to note that IL-1b is not the only cytokine that can be transported from the blood 

to brain direction across the BBB. Other proinflammatory cytokines such as TNF-a and 

IL-1a, which are also secreted by TNBC cells, can also cross the BBB via saturable 

transport systems and potentially activate astrocytes [248,266]. 

 

Using a BBB-on-a-chip platform, we showed that the presence of astrocytes in the hydrogel 

on the brain side increased the total number of transmigrated TNBC cells across the 

iBMECs. Additionally, in devices that had astrocytes in the hydrogel channel, TNBC cells 

penetrated deeper into the hydrogel, while in devices without astrocytes most the TNBC 

cells were located close to the iBMEC layer. A possible explanation for this outcome could 

be that the secretion of chemokines by the astrocytes attracts more cancer cells into the 

deeper regions of the hydrogel channel. It was also previously shown that astrocyte-

conditioned medium enhances cancer cell invasiveness and mobility [285,286], further 

supporting the importance of astrocytes in cancer cell invasion.  Moreover, we showed that 

231BR cells transmigrate across the iBMECs at a higher rate compared to MDA-MB-231 

cells. This is in agreement with previous in vitro studies using different endothelial cells 

and animal studies, which showed increased transmigration rate of 231BR cells compared 
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to parental MDA-MB-231 cells [88,243,248]. Pre-treatment of the iBMEC layer with IL-

1b also increased the rate of MDA-MB-231 transmigration, suggesting IL-1b treated 

iBMECs and astrocytes facilitate the TNBC cell transmigration. Finally, we investigated 

the effect of neutralizing IL-1b with a monoclonal antibody on transmigration potential of 

231BR cells. Our results showed that 231BR cells in the presence of an IL-1b monoclonal 

antibody exhibited lower transmigration rates compared to control samples, suggesting the 

use of IL-1b blocking molecules as a potential drug for prevention of TNBC metastasis 

into the brain. Based on a recent study which found a bone metastasis-promoting effect of 

IL-1b in breast cancer, blocking IL-1b could potentially be beneficial in inhibiting 

metastasis to other organs as well [287,288]. Taken together, our results suggest that 

upregulation of IL-1b in brain-seeking TNBC cells can induce changes in the BBB and 

astrocytes, which in turn accelerates the transmigration of TNBC cells across the BBB. 

These results could enable targeting of new mechanisms to inhibit the formation of brain 

metastases.  

 

4.5 Conclusion  
 
We have demonstrated that IL-1b is capable of facilitating TNBC cell transmigration 

across iBMECs. Using iBMECs, which exhibit in vivo-like barrier properties, we showed 

that IL-1b reduces barrier tightness of the BBB and induces EndoMT in these cells. 

Importantly, we showed that the presence of astrocytes in the system enhances the rate of 

231BR transmigration across the iBMECs. Based on our results, IL-1b crosses the BBB 

and upregulates the expression of multiple chemokines in astrocytes, which could explain 
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the increase in the number of transmigrated cancer cells. We also demonstrated that IL-1b 

blocking antibodies reduce the rate of 231BR transmigration in our system. Overall, our 

results suggest that changes in BMECs and astrocytes as a result of IL-1b secretion by 

TNBC cells could facilitate transmigration of cancer cells across the BBB. Future studies 

could focus on verifying these results in animal models and investigating the effectiveness 

of IL-1b blocking antibodies in preventing breast cancer metastasis to the brain. 
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 - Conclusions and Future Directions 
 
 

5.1 General Conclusions 
 
The first aim of this dissertation was to fabricate an isogenic BBB-on-a-chip that is 

applicable for various studies of the healthy and diseased BBB. A membrane-based device 

that supports three dimensional culture of astrocytes in hydrogels was designed and 

fabricated using standard soft lithography. Importantly, porous membranes with different 

pore sizes, which are suitable for different applications, were utilized in the device 

fabrication process. Formation of a tight barrier in devices containing membranes with 

different pore sizes was evaluated using impedance spectroscopy. To best of our 

knowledge, this device was the first hydrogel-based BBB-on-a-chip that was characterized 

by impedance spectroscopy using both impedance magnitude and phase angle, which 

increases the accuracy of the calculated values. The hydrogel used in this study was 

optimized for 3-D culture of astrocytes and contained hyaluronic acid, the most abundant 

component of the brain ECM. We also evaluated the fabricated devices for modeling acute 

liver failure, which results in an increase in plasma concentration of TGF-b1. In agreement 

with in vivo studies, barrier tightness of the iBMECs was reduced as a result of TGF-b1 

perfusion in the apical channel of the BBB-on-a-chip devices. Our model also predicts 

leakage of TGF-b1 into the brain that could activate the astrocytes. The presented BBB-

on-a-chip platform can be used in multiple areas of research such as genetic disease 

modeling, drug delivery, immune and cancer cell extravasation, to name but a few. In 

addition to supporting the majority of commonly used biochemical assays to characterize 

the BBB, our BBB-on-a-chip devices enable perfusion and co-culture of cells in 3-D, 
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resulting in more physiologically relevant in vitro models. Although astrocytes and 

iBMECs were used to seed the devices in our study, any cell type that is relevant to the 

intended study can be added to the brain or blood side of the system.  

 

In Chapter 3, the effect of endothelial laminins on iBMECs was investigated. In the original 

differentiation protocol, collagen IV and fibronectin were used to provide an adhesion layer 

for iBMECs. However, endothelial laminins, the biologically active component of the BM, 

had not been examined for culture of iBMECs. Since interaction of cells with each BM 

membrane component can activate distinct signaling pathways, and consequently influence 

the cell function, it is crucial to mimic the composition of the human endothelial BM in 

vitro. Using the recombinant human laminins and laminin fragments that were specific to 

the endothelial BM, we showed that endothelial barrier properties, junctional protein 

localization, morphology, and gene expression were altered on endothelial laminins 

compared to collagen IV/fibronectin. Notably, iBMECs on collagen IV/fibronectin 

exhibited features of an activated endothelial phenotype, such as formation of stress fibers 

and upregulation of multiple genes associated with endothelial activation. On the other 

hand, endothelial laminins were able to alleviate the activated phenotype and induce resting 

endothelial phenotype in iBMECs. Finally, we showed that seeding iBMECs on laminin 

511 improved their shear stress response, which is one of the characteristics of endothelial 

cells. These results showed that use of endothelial laminins improves the functionality of 

iBMECs in vitro and could be beneficial for BBB-on-a-chip systems where long-term 

barrier stability and shear stress response are of great importance.  
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In Chapter 4, using cell culture inserts and the BBB-on-a-chip system that was described 

in Chapter 2, transmigration of MDA-MB-231 cells and their brain-seeking variant across 

iBMECs was investigated. First, significant upregulation of IL-1b in brain-seeking MDA-

MB-231 cells was identified in an available dataset and was verified in the cell lines. Next, 

the effect of IL-1b on iBMECs was investigated, showing barrier disruption and induction 

of endothelial-to-mesenchymal transition in iBMECs as a result of IL-1b treatment. In 

addition to influencing iBMECs, IL-1b was also able to cross the BBB and activate 

astrocytes. IL-1b treated astrocytes in turn secreted a cocktail of chemokines, which could 

further attract the cancer cells into the brain parenchyma. Using a BBB-on-a-chip device, 

we verified the promoting role of astrocytes in extravasation of breast cancer cells into the 

brain. We also demonstrated that neutralizing IL-1b antibodies were able to reduce the 

number of transmigrated 231BR cells across the iBMECs. Overall, the results presented in 

Chapter 4 show that secretion of IL-1b by breast cancer cells facilitates their transmigration 

across the BBB, and astrocytes play a critical role during extravasation of cancer cells into 

the brain by secreting multiple cytokines and chemokines. If validated in vivo, our study 

proposes IL-1b neutralizing molecules as an inhibitory therapeutic approach for preventing 

brain metastasis from breast tumors.  

 

5.2 Future Directions 
 
5.2.1 Studying Drug Delivery Strategies in the BBB-on-a-chip System 
 
As it is impermeable to large molecules and biologics, the BBB has been a hurdle for drug 

delivery to the brain [11]. Several strategies have been proposed to enhance the transport 
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of therapeutics across the BBB; however, most of the studies have been done in animal 

models or conventional in vitro platforms. There is a need for an improved in vitro system 

that recapitulates the essential physiological features of the human BBB and supports large 

scale screening studies. iBMECs used in the fabricated BBB-on-a-chip devices have been 

shown to express essential transporters and successfully predict the brain permeability of 

various molecules [289]. As a result, using the BBB-on-a-chip system, one can study 

strategies for drug delivery into the brain in a more physiologically relevant platform.  

 

One approach to enhance the drug transport across the BBB is through non-invasive 

techniques such as using focused ultrasound. This approach aims to temporarily create 

openings in the BBB to increase the permeability of intended drugs to the brain. However, 

most of the studies on this subject have been carried out in animal models [290,291], which 

have imaging and monitoring limitations. It is of great importance to verify the mechanisms 

of the damage to the barrier and validate BBB repair after applying ultrasound. BBB-on-

a-chip platforms could be highly beneficial for this application. Using these devices, the 

effect of different ultrasound factors in the induced BBB opening can be studied in detail. 

Additionally, the nature of the damage and its reversibility could be verified in a human 

BBB model. Finally, combining the ultrasound technique with a CNS disease model, the 

efficacy of ultrasound in improving disease conditions can be investigated.  

 

Studying the delivery of drugs in a diseased BBB model is another area that could be 

investigated using BBB-on-a-chip platforms. BBB dysfunction is observed in many CNS 

diseases such as stroke, diabetes, multiple sclerosis, Huntington’s disease, and Alzheimer’s 
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disease [292,293]. Modeling these diseases using the BBB-on-a-chip platform is the first 

step toward examining  drug permeability across the established models. Recently, various 

CNS disorders such as Huntington’s disease and Alzheimer’s disease have been modeled 

using hiPSC-derived cells in vitro [100,293,294]. Studying the BBB dysfunction and 

discovering novel drug delivery strategies in these models, such as altered receptors and 

efflux transporters, could be a crucial step forward toward creating practical therapies for 

CNS diseases. Moreover, since the function of BMECs is also affected in these diseases, 

using strategies that can restore the barrier tightness could be beneficial in improving 

disease conditions. For instance, our group has reported the use of block copolymers in 

increasing the barrier tightness of a defective BBB from childhood cerebral 

adrenoleukodystrophy patients [295]. A similar approach could be utilized for defective 

iBMECs in other CNS disorders.  

 

5.2.2 Modeling Blood-Brain Tumor Barrier in the BBB-on-a-chip 
System 

 
When a primary or secondary tumor is formed in the brain, it compromises BBB function 

and results in formation of a blood-brain tumor barrier (BBTB). The BBTB is highly 

heterogeneous, meaning it has non-uniform permeability and efflux transporter activity 

[296]. Although endothelial barrier dysfunction is a key feature of BBTB, drug delivery to 

the brain tumors is still suboptimal. Using the BBB-on-a-chip system, we can seed the 

cancer cells in the hydrogel channels in order to mimic the brain tumor in the device and 

co-culture them with iBMECs and astrocytes. First, the effect of adding cancer cells to the 

basolateral channel of device on iBMEC barrier properties can be investigated using 



 122 

impedance spectroscopy and immunocytochemistry. Moreover, transcriptomic changes in 

the iBMECs in a BBTB-on-a-chip model can be investigated using methods such as single-

cell RNA sequencing. This will reveal useful information about heterogeneity of the BBTB 

and differentially regulated genes such as specific transporters and receptors. Identification 

of the upregulated transporters could be utilized to develop novel drug delivery strategies. 

In addition, molecular mechanisms used by astrocytes to induce chemoresistance in brain 

tumor cells can be studied in order to design and select more effective drugs to target the 

brain tumor [297]. Comparing effectiveness of each approach by measuring their ability to 

reduce the number of tumor cells in the basolateral channel can identify the optimal 

strategy for effective brain delivery of therapeutics.  

 

5.2.3 Examining the Effectiveness of IL-1b Neutralizing Antibody in 
Inhibiting Brain Metastases Formation from Breast Cancer Cells 
in Animal Models 

 
Multiple experiments in mouse models can be conducted to verify the role of IL-1b 

secretion by triple negative breast cancer cells during extravasation into the brain. In order 

to track the cells in animals via bioluminescence and fluorescence, luciferase and 

TdTomato expressing MDA-MB-231 and 231BR cells need to be generated. Also, IL-1b 

overexpressing MDA-MB-231 cells could be generated via stable transfection of cells 

using plasmid DNA. By using IL-1b overexpressing MDA-MB-231 cells, we can ensure 

that IL-1b is the only factor that contributes to any difference observed in metastatic 

potential of triple negative breast cancer cells. After generation of cell lines that are suitable 

for bioluminescence imaging, in vivo brain extravasation assays can be carried out by 
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injection of cancer cells into the left internal carotid artery of female CB17/SCID mice as 

described by Lorger et al [88].  

 

First, brain colonization of MDA-MB-231 cells and the IL-1b overexpressing variant could 

be monitored by bioluminescence imaging and measuring signal intensity over two weeks 

to confirm the enhanced brain metastasis potential of IL-1b overexpressing cells. Next, 

effect of administrating an IL-1b neutralizing antibody (such as Canakinumab), 

interleukin-1 receptor antagonist (IL-1RA), and Anakinra, a clinically licensed IL-1 

receptor antagonist, on inhibiting the extravasation of MDA-MB-231, 231BR, and IL-1b 

overexpressing MDA-MB-231 cells could be studied in mice as described above.  

 

Finally, since IL-1b has been reported to play a role in metastasis to the bone [288], using 

IL-1b function blocking antibodies together with administration of a chemotherapeutic 

drug such as doxorubicin can result in a reduction in number of circulating tumor cells and 

therefore prevent the dissemination of cancer cells to other organs. To monitor the effect 

of chemotherapy, the number of cancer cells in blood can be counted by flow cytometry 

and metastasis to other organs can be monitored by bioluminescence imaging. Overall, 

since blocking IL-1b is expected to inhibit extravasation and colonization, the number of 

cancer cells in the blood stream is expected to increase in the presence of IL-1b neutralizing 

reagents. Consequently, exposure of tumor cells to the chemotherapeutic drug increases, 

which could reduce the overall tumor burden.  
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5.2.4 Studying Extravasation of Melanoma Cells across the BBB 
 
In Chapter 4, we discussed the extravasation of triple negative breast cancer cells across 

the BBB. There are other types of cancer such as melanoma that routinely metastasize to 

the brain. It has been reported that melanoma cells utilize different pathways and 

consequently different molecular mechanism to cross the BBB compared to breast cancer 

cells. Patient-derived xenografts (PDXs) from melanoma patients with brain metastasis are 

a useful tool to study the metastatic potential of melanoma cells and compare them to 

parental cells. In order to verify the ability of PDXs to transmigrate across the iBMECs, 

BBB-on-a-chip devices with 8.0 µm membranes could be utilized. Additionally, the 

transmigration potential of PDXs and parental cells can be compared in this platform. 

 

Secretome profiling of PDXs and parental cells could identify the differentially expressed 

cytokines or chemokines. Alternatively, RNA sequencing could be employed to discover 

the differentially expressed molecules and pathways in PDXs compared to parental cells. 

Next, the effect of upregulated secreted molecules on iBMEC barrier properties and gene 

expression profile could be studied. By using neutralizing antibodies or by knocking down 

expression of specific genes, the role of the upregulated molecules in transmigration of 

PDXs could be verified. Moreover, in order to identify the transmigration pathway utilized 

by melanoma cells, a reporter hiPSC line in which a tight junction or an adherens junction 

protein is tagged with a fluorescent molecule can be used. Coupled with live imaging, this 

approach could clearly determine the predominant pathway used by melanoma cells to 
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cross the BBB. Finally, the results obtained using BBB-on-a-chip system needs to be 

validated in mouse models as described in the previous section.  
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