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ABSTRACT 
OF THE THESIS OF 

 
Nesrine Hussein Ahmad  for  Master of Science 
       Major:  Biomedical Engineering  
 
Title: A Biomimetic Three-Dimensional Model of the Blood-Brain Barrier Utilizing 

Polyethylene Glycol Hydrogels Functionalized with Laminin and Fibronectin 
Mimetic Peptides 

 
The blood-brain barrier (BBB) is the unique microvasculature of the brain that 

regulates the flow of molecules between the circulating blood and the brain by tightly 
controlled mechanisms. Disruption of the BBB has been associated with several 
neurological diseases which encouraged the development of biomimetic in vitro BBB 
models for basic and applied investigations. Current in vitro models fail to resemble the 
cellular, molecular, and dimensionality aspects of the in vivo BBB milieu and 
consequently cannot be faithfully used to understand its functions and activity. In the 
current thesis, we engineered a three-dimensional (3D) co-culture system utilizing 
polyethylene glycol (PEG) hydrogels functionalized with brain-mimetic laminin and 
fibronectin peptides. PEG hydrogels were modified with different concentrations of 
laminin-mimetic IKVAV, fibronectin-mimetic RGD peptides, and combinations 
thereof, and then chemically crosslinked with matrix metalloprotease sensitive peptides 
via a Michael type-addition. Astrocytes were encapsulated within the hydrogel, whereas 
endothelial cells (ECs) were seeded on the surface to resemble the in vivo endothelium. 
The viability of encapsulated astrocytes was assessed via a Live/Dead assay. Barrier 
integrity and tight junction formation were evaluated qualitatively by immunostaining 
for ZO-1 tight junction protein, and quantitatively by measuring TEER and permeability 
of sodium fluorescein and Evan’s blue bound to albumin tracers. The activity of 
astrocytes was assessed by GFAP immunohistochemistry. PEG hydrogels modified 
with 300 µM IKVAV promoted the highest viability of astrocytes but failed to enable 
EC adherence. However, PEG hydrogels functionalized with both RGD and IKVAV 
(300 µM:300 µM), or 600 µM RGD solely induced cell attachment and monolayer 
formation. PEG hydrogels functionalized with RGD and IKVAV (300 µM:300 µM) 
with encapsulated astrocytes and seeded ECs had a statistically higher TEER 
(55.33±1.47Ω.cm2 at day 5), compared to other 3D and 2D controls (p-value≤0.001). 
Evan’s blue permeability at 120 mins (0.215±0.055 µg/mL) was lowest in this 
condition, while the permeability of sodium fluorescein did not change significantly (p-
value>0.05). ZO-1 expression showed a relatively more defined network in 
functionalized PEG hydrogels with encapsulated astrocytes compared to the 3D and 2D 
controls, while GFAP expression did not vary. PEG hydrogels functionalized with 
laminin and fibronectin mimetic peptides present a biomimetic tool to assess the 
efficiency of drug delivery for the treatment of neurological diseases and to understand 
the role of cell-cell and cell-matrix interactions on the BBB properties. 

 
Keywords: Blood-Brain Barrier (BBB), Polyethylene Glycol (PEG), Laminin, IKVAV, 
Fibronectin, RGD, 3D, Hydrogel  
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CHAPTER Ⅰ 

INTRODUCTION 
 
 

Neurological disorders are chronic diseases that affect over 1 billion individuals 

globally. Nearly 1 out of 6 people suffer from at least one neurological disease [2, 3]. 

With the increase in life expectancy, the rate of people with neurological diseases is 

predicted to significantly increase in the coming years [4]. Several neurological 

disorders, such as stroke, Alzheimer’s Disease (AD), multiple sclerosis, and brain tumor 

metastasis, have been associated with disruption of the blood-brain barrier (BBB). For 

example, BBB breakdown has been detected in the early stages of AD in which amyloid 

β-peptide accumulates in the central nervous system (CNS) [5-7]. 

In brief, the BBB is a highly selective dynamic interface that separates the brain 

from the circulatory system. It protects the brain by isolating it from the surrounding 

environment. The BBB further maintains the CNS homeostasis by controlling the flow 

of molecules between the two systems and preventing the flux of toxins and pathogens 

[8, 9]. A complex and well-developed network of cells and molecules, defined as the 

neurovascular unit (NVU), interact to generate and maintain a healthy BBB [10]. 

Specifically, each component uniquely contributes to the maintenance of the BBB 

integrity [11]. As such, the downregulation of any of the major components of the BBB 

initiates pathogenesis [12]. Having said that, the BBB is primarily composed of 

endothelial cells (ECs), pericytes, astrocytes, and a basement membrane (BM) [8]. 

Brain capillary endothelial cells (BCECs) are joined together by tight junctions 

(TJs) to form a tight monolayer, known as the endothelium [13]. The assembled TJs act 

as a physical barrier by restricting the paracellular flow of molecules across the 

endothelium and into the brain. TJs also polarize the BCECs to further control the 
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transcellular flow of molecules between the apical and basal sides of the endothelium 

[14].  The transcellular flow is characterized by specialized transports and efflux pumps 

located on the apical side. While small lipophilic molecules and gases (i.e. O2 and CO2) 

can diffuse across the endothelium, small hydrophilic molecules can only pass into the 

brain via these specialized transporters. Accordingly, this forms a transport barrier that 

enables the influx of the required nutrients and molecules only [15, 16]. The BBB 

restricts the access of all large-molecule drugs and 98% of small molecule drugs issuing 

a major challenge in CNS pharmacotherapy [17]. On the other hand, efflux pumps are 

responsible for wastes removal, as well as prevent the passage of neurotoxins, 

pathogens, and cells into the brain [18]. This is supported by the activation of 

intracellular and extracellular enzymes that degrade neurotoxins and metabolize 

peptides, respectively [8, 19]. 

Astrocytes, defined as specialized star-shaped glial cells, interact via their 

endfeet with the ECs and BM molecules to maintain the BBB’s integrity [20]. 

Specifically, astrocytes secrete soluble factors that enhance the expression of TJ 

proteins, reflecting their role in increasing the tightness of the BBB. Astrocytic endfeet 

line the majority of the endothelium, emphasizing their crucial role in regulating the 

BBB [10, 21]. Similarly, pericytes interact with astrocytes, ECs, and BM molecules to 

maintain the BBB integrity [22, 23]. 

The BM is the unique ECM surrounding the endothelium. It is described as a 

highly organized protein network composed primarily of laminin, fibronectin, and 

collagen-Ⅳ. The various cellular interactions occurring in the BBB, primarily between 

astrocytes, ECs, and pericytes, synthesize and deposit the major ECM proteins, forming 

the BM [24]. In turn, the BM peptides interact with the cells to promote cellular 
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adhesion, growth, migration and signaling. It also serves as structural support for the 

endothelium as these peptides indirectly upregulate the expression of TJs [25-28]. 

Accordingly, there exists a bidirectional relation between the BBB cells and the BM, 

where the proteins secreted by the cells of the BBB further interact to induce and 

maintain the integrity of the BBB [6, 29]. Therefore, any perturbation in the 

composition or interactions of the BBB will affect its permeability. Understanding how 

the different components of the BBB functions and the impairments that may happen, is 

crucial for developing accurate diagnostic techniques, and effective targeted drugs for 

neurological disorders. 

To understand the BBB in physiology and pathophysiology, several approaches 

were followed to recapitulate the complex aspects of the BBB. While in vivo models are 

favored in studying pharmacokinetics under a natural complexity, results have shown 

that 50% of the testing results are inconsistent with human responses. Such outcome is 

expected due to the differences in the BBB across different species. In vivo models are 

also limited as they are expensive low throughput screening assays that spark a major 

ethical concern [30, 31]. For this reason, in vitro models were considered as promising 

substitutes for in vivo testing.  

In an attempt to study the BBB in vitro, pure and intact rat brain capillaries were 

isolated [32]. Primary rat BCECs were then isolated from the rat brain capillaries, and 

monocultures were seeded onto porous inserts. This approach failed to resemble the 

BBB’s dimensionality, cell-cell and cell-matrix interactions, and cell and molecular 

complexity. While co-culturing rat-derived BCEC and astrocytes on porous inserts 

slightly enhanced the tightness, the planar dimensionality and absence of the BM 

molecules remained a major disadvantage of this model. Dynamic in vitro models 
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relatively enhanced the tightness and decreased the permeability of the model. 

However, such approaches did not overcome the previously mentioned limitations of 

the static models such as dimensionality, and cell and matrix biomimicry [33]. 

Hydrogels, defined as hydrophilic three-dimensional (3D) networks of 

crosslinked polymer chains, are often used in biomedical applications [34]. Their 

significant water content resembles that of natural tissues, where water constitutes up to 

60% of the human body [35]. Hydrogels are specifically used in tissue engineering as 

they are flexible and reproducible scaffolds [36]. Polyethylene glycol (PEG), described 

as an inert synthetic polymer, is commonly used in the field of neural tissue engineering 

as it is biodegradable, biocompatible, and inexpensive [37, 38]. Specifically, 4-arm 

PEG-vinyl sulfone (PEG-VS), a more reactive modified version of PEG, has shown to 

have greater hydrolytic stability, lower immunogenicity, successful cell encapsulation 

during gelation, and ability to be modified with biological motifs, such as arginine-

glycine-aspartate tripeptide (RGD), a fibronectin-mimetic peptide [39]. As such, 

functionalized PEG-VS hydrogel can be considered as a promising scaffold for 

developing an in vitro BBB model. 
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CHAPTER Ⅱ 

LITERATURE REVIEW 
 

1. Overview of Neurological Diseases 

Neurological diseases, such as Alzheimer’s, Parkinson’s, multiple sclerosis, 

stroke, and cancer, are chronic diseases that affect over 1 billion individuals globally. 

Nearly 1 out of 6 people suffer from at least one neurological disease [2, 3]. According 

to the World Health Organization (WHO), 50 million individuals suffer from dementia, 

with around 10 million newly diagnosed cases annually [40]. Specifically, 60-70% of 

these cases suffer from Alzheimer’s disease (AD), the most common form of dementia 

[41-43]. 

 

1.1 Overview of Alzheimer’s Disease  

According to the National Institute of Aging, AD is a progressive irreversible 

neurodegenerative disease that occurs when the brain nerve cells die [44]. This in turn 

causes deterioration in the cognitive function of patients such as memory, thinking, and 

behavior. The loss in brain mass, visualized by CT scans, can be correlated to this 

decline. Although AD does not cause death, it severely damages the brain as it affects 

the basic body functions, such as breathing and swallowing, leading to death. According 

to the Alzheimer’s Association, more than 120 thousand patients died from AD in the 

USA in 2018, making it the sixth leading cause of death [43]. Worldwide, AD ranked as 

the seventh leading death cause in 2019 [45]. While the death rates of stroke, heart 

disease, and HIV decreased over the past 20 years, the reported death rate of AD 

increased by 146.2% [45]. Due to the increasing life expectancy, and other health and 
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socio-economic factors, the rate of people with AD is predicted to increase significantly 

over the years. By year 2050, dementia is estimated to affect 152 million individuals 

worldwide [5, 6, 40, 43]. 

 

1.2 Causes of Alzheimer’s Disease 
 

While the direct AD leading factor remains unknown, scientists suspect that a 

combination of age-related, genetic, environmental, and lifestyle factors, causes AD. 

The National Institute of Aging further suggests that the neuroinflammatory responses 

and abnormal protein deposits in the brain are critical factors of AD initiation. AD is 

characterized by the pathological accumulation of amyloid β-peptide in the CNS, the 

presence of neurofibrillary tangles containing hyperphosphorylated tau filaments, 

chronic brain inflammation, and cerebrovascular changes that lead to cerebral amyloid 

angiopathy (CAA). CAA is a major contributor to AD pathogenesis and progression 

through the accumulation of amyloid proteins on the walls of arteries [5, 7, 24, 42]. 

Interestingly, BBB breakdown is detected in the early stages of AD. This causes 

disruptions in the TJs and interruptions in the expression of transport proteins, such as 

GLUT1, leading to altered brain permeability. Consequently, this will lead to the 

acclamation of free radicals and neurotoxins in the brain, cerebral hypoperfusion, and 

neuroinflammatory responses. Under physiological conditions, the BBB regulates the 

flow of plasma-derived amyloid β-peptide into the CNS and the removal of the brain-

derived amyloid β-peptide through specialized receptors. Yet, in a pathological state, 

these processes are deregulated leading to the accumulation of amyloid β-peptide in the 

brain and cerebral blood vessels. In previous studies, AD patients recorded increased 

levels of amyloid β-peptide in the brain [5-7]. The process of deregulation of the BBB 
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and the deposition of the amyloid β-peptide are currently poorly understood due to the 

limited knowledge about the complex structure of the BBB. 

 

2. The Blood-Brain Barrier (BBB) 

The BBB is the unique dynamic microvasculature of the CNS. It is a highly 

selective semipermeable interface separating the brain from the circulatory system [8, 

9]. The BBB plays a major role in the proper neural functioning by protecting the brain. 

The BBB phenotype develops under the collective influence of cells, molecules, and 

specialized transport mechanisms [46]. The NVU, defined as the group of closely 

related cells and surrounding components, operates in coordination and precision to 

maintain the proper functioning of the BBB [10]. The NVU constitutes of vascular 

cells, mainly ECs and pericytes, glial cells, such as astrocytes, microglia, and 

oligodendroglia, in addition to neurons and the surrounding matrix [8, 47]. Every 

component of the NVU contributes to the induction and maintenance of the BBB [11]. 

The downregulation of any component leads to the disruption of the tight BBB, leading 

to neurological disorders [12]. Developing targeted drugs for a specific neurological 

disease will require a thorough understanding of the disease-causing atrophy [21, 46]. 

Although the BBB is crucial for maintaining CNS homeostasis, the highly controlled 

and tight nature hinders the drug delivery to the CNS [6, 48]. 
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Figure 1: Schematic illustration of the BBB [49]. 

 
 
2.1 The Building Blocks of the Blood-Brain Barrier 
 
a. Endothelial Cells  

The BBB is mainly composed of BCECs, astrocytes, pericytes, and a BM [9]. 

The restrictive nature of the BBB is attributed to the various interactions of these 

functional components. Specifically, ECs are held together by TJs to form a unique 

specialized monolayer called the endothelium [13]. TJs are plasma membrane 

multiprotein complexes that form a continuous impermeable barrier between two 

adjacent ECs. The transmembrane proteins claudins, occludins, and tricellulin interact 

and form tight junction strands that maintain and develop the TJs [46, 47]. Also, 

junctional adhesion proteins (JAMs) play a role in both the assembly of these strands 

and ECs polarization [13, 50]. Peripheral proteins, such as zonula occludins (ZO-1, ZO-
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2, and ZO-3) interact with the transmembrane proteins to further organize and modulate 

the TJs [8, 13]. Accordingly, the downregulation of any of these proteins is associated 

with the breakdown of the BBB via disrupting the integrity of the endothelium [51]. 

Once the TJs are generated between adjacent ECs, the formed endothelium will 

develop specific transport systems to control the influx of energy and nutrients into the 

brain, and the efflux of metabolic wastes out of the brain [13, 52]. Specifically, the TJs 

act as a physical barrier that restricts the paracellular transport of ions, hydrophilic 

molecules, and cells across this endothelium and into the brain [14]. The TJs of the 

BBB are more complex than the peripheral TJs as they significantly limit the 

paracellular flow of molecules, even small ions such as Na+ and Cl- [8, 51, 53]. On the 

contrary, most molecules move paracellularly in the peripheral endothelia. Flow across 

the BBB is mostly confined to transcellular flow. TJs further trigger the polarization of 

the BCECs, a critical trait for regulating the transport of molecules between the apical 

and basal sides of the cells via establishing a barrier and maintaining directionality [6, 

14, 50, 51, 54]. 

The transcellular transport is mediated by specialized transporters and efflux 

pumps, located on the apical side of the BCEC. Small lipophilic molecules (<400 Da), 

in addition to small gaseous molecules such as O2 and CO2, can easily diffuse through 

the lipid membranes [15]. Small polar molecules required for the proper functioning of 

the brain are rather transported by specific carriers [16]. Although large hydrophilic 

molecules are transported across peripheral endothelia via transcytosis, the BBB 

endothelium has a much lower degree of transcytosis. Certain peptides are transported 

by a receptor-mediated system, else-wise such large molecules cannot cross a healthy 

BBB [15, 16]. Accordingly, such a transport system forms a selective transport barrier 
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that facilitates the influx of required nutrients only and maintains the ionic composition 

required for neural synaptic signaling. Besides waste removal, efflux pumps enable the 

outflow of lipophilic molecules, potential neurotoxins, pathogens, and cells into the 

brain [18]. However, the high expression of efflux pumps and limited transport act as 

pharmaceutical constraints by hindering the flow of drugs into the brain [52]. Studies 

have shown that AD patients have a decreased expression of efflux pumps, contributing 

to the accumulation of amyloid β-peptide in the brain [24, 51, 55]. 

A third constraint is a metabolic barrier composed of a combination of 

intracellular and extracellular enzymes. Intracellular enzymes are capable of 

inactivating neurotoxins, whereas extracellular enzymes metabolize ATP and peptides. 

Consequently, the BBB greatly controls the flow and exchange of molecules between 

the two interfaces: the brain and the blood capillaries. This mechanism supplements the 

brain with the needed molecules only while facilitating the removal of wastes and 

toxins [8, 19, 51, 56, 57]. 

The distinguishable properties of the BCECs compared to peripheral ECs 

explain the unique barrier integrity of the BBB. The previously mentioned 

characteristics of the BCECs significantly increase the BBB’s electrical resistance,  a 

reflective measure of the barrier permeability. High electrical resistance across a 

membrane reflects the low flow of ions across it. Indeed, the BBB’s high resistance and 

low permeability resemble that of the epithelial membranes and not peripheral 

endothelia [42, 58, 59]. The electrical resistance across the BBB’s endothelium is in the 

range of 1500-2000 Ω.cm2, where peripheral endothelia have a resistance of 3-33 

Ω.cm2.[59, 60] Besides the abundance of TJs and the expression of specialized 

transporters in the BBB’s endothelium, the BCECs lack any fenestrations, a trait usually 
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observed in peripheral ECs [61].  Lack of fenestration does not only enhance the barrier 

function but also increases the cell’s mitochondria to further amplify energy production 

and reduce pinocytosis [51, 62]. Although all of these internal factors (TJs, transporters, 

enzymes, and cell morphology) greatly support the barrier’s integrity, external factors, 

such as astrocytes and ECM proteins, play a crucial role in further maintaining this 

barrier.  

 

b. Astrocytes  

The BBB is a dynamic structure, greatly influenced by the surrounding cell 

interactions and ECM signaling. All BBB constituents contribute to its normal 

functioning and stability. While the specialized endothelium is thought to be behind the 

BBB’s great tightness, astrocytic endfeet enclosing the brain capillaries play a crucial 

role in supporting the BBB’s structural integrity.  

Astrocytes are specialized star-shaped glial cells abundantly found in the CNS 

[20]. Through extending their endfeet, astrocytes interact with the basement membrane 

surrounding the BBB’s endothelium. It has been estimated that 80% to 99% of the 

basement’s membrane surface area is covered by the astrocytic endfeet, reflecting their 

crucial role in regulating the BBB [21]. The broad role of astrocytes is to protect the 

brain and maintain neuronal signaling and synapses. Astrocytes secrete soluble factors 

such as glial-derived neurotrophic factor (GDNF), transforming growth factor-β (TGF-

β), and basic fibroblast growth factor (bFGF). Collectively, these factors boost the 

formation of TJs, promote specialized barrier-promoting enzyme systems, and polarize 

endothelial transporters [10, 21, 50, 63]. Accordingly, astrocytes induce the unique 

phenotype of BCECs to upregulate the physical, metabolic, and transport barrier 
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functions. While astrocytes massively contribute to the maintenance of a healthy BBB, 

they are not the sole regulators where other factors are needed to preserve the barrier 

integrity. 

 

c. Pericytes 

Pericytes are mural cells lining the abluminal side of the BBB’s endothelium. 

This coverage is much higher than any other peripheral tissue [64].. It is thought that 

pericytes interact with astrocytes and ECs to further support the BBB’s early formation 

and integrity [22, 23]. Pericytes communicate with surrounding astrocytes to induce 

their polarization and extension of processes, while they interact with BCECs to secrete 

certain proteins. The deficiency in pericytes increases the permeability of the BBB, by 

allowing the crossing of large molecules (i.e. immunoglobulins) via transcytosis [22, 

65]. As previously mentioned, this mechanism is very limited in the BBB’s 

endothelium, suggesting the role of pericytes in maintaining the tightness of the 

abluminal side of the endothelium [66]. It has also been found that pericytes enhance 

the tightness of the BBB by inducing the expression of occludin TJ proteins and 

improving the assembly of TJs [51, 67]. 

 

d. Basement Membrane (BM) 

The basement membrane (BM) is a unique form of ECM surrounding the 

microvasculature. In the BBB, there exist two types of BM: Endothelial BM and 

Parenchymal BM, separated by pericytes [29]. Under physiological conditions, these 

two layers are indistinguishable and appear as a single thin sheet-like structure with 

highly organized protein networks. The complex and heterogeneous macromolecular 
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network is mainly composed of water and various proteins. The different cell 

interactions induced in the BBB, primarily between astrocytes, ECs, and pericytes, 

synthesize and deposit the major ECM proteins, forming the BM. Proteins, such as 

laminin, fibronectin, and collagen IV, form crosslinked heterogenous networks 

connected by nidogen and heparan sulfate proteoglycans (HSPGs; Argin and Perlecan) 

[24]. Briefly, after the laminins self-assemble into a sheet, nidogen and HSPGs first 

bind to laminin and then are linked to collagen Ⅳ [68]. This stabilizes and supports the 

formed sheet-like structure [51, 69]. 

  

 

Figure 2: Schematic illustration of the BM assembly [24]. 

 
 

The interaction of the embedded cells with the ECM is also crucial in 

maintaining a healthy BBB. There are at least 50 types of proteins that interact with the 

different cells embedded in the BBB to provoke cell adhesion, migration, and signaling. 

The BM does not only exert a field for cell anchorage and migration, signaling 

transduction, but also structural support of the endothelium [11]. Interestingly, the 

synthesized ECM proteins indirectly upregulate the formation of TJs by enhancing the 

synthesis of molecules, such as cAMP, involved in the signal transduction for the 
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formation of TJs [25-28]. The BM networks further prevent the passage of large 

macromolecules from the blood capillaries and through the endothelium. The position 

of the BM between astrocytes and ECs creates an additional barrier [69]. Accordingly, 

there exists a bidirectional relation between the BBB cells and the BM, where the 

proteins secreted by the cells of the BBB further interact to induce and maintain the 

integrity of the BBB [6, 29].  

Changes in the molecular and structural composition of the BM have been seen 

in several neurological disorders. For example, the thickening of the BM, along with the 

accumulation of amyloid-β peptides and the formation of neurofibrillary tangles 

containing hyperphosphorylated tau filaments, are the hallmarks of AD. Disruption in 

the BM is also observed in patients suffering from a stroke. Although the mechanism is 

still unknown, studies suggest that the upregulation of proteases in the BM during a 

stroke degrades the ECM proteins, such as laminin, fibronectin, and collagen-Ⅳ [24, 

70]. The role of the main ECM proteins in preserving the BM and the barrier property 

of the BBB is explained below.  

i. Laminin  

Laminin is a trimeric glycoprotein consisting of three cross chains α, β, and γ 

[71]. Until now, five α, four β, and three γ chains are identified, bringing the total 

number of laminin isoforms to sixteen. All of these isoforms are abundant in both the 

CNS and peripheral nervous system (PNS). Specifically, the BBB’s BM consists of 

laminin α1β1γ1, α2β1γ1, α4β1γ1, and α5β1γ1 [71-73]. Each laminin isoform is 

synthesized predominantly, and sometimes exclusively, by a certain cell type. While 

astrocytes exclusively generate laminin 111 and laminin 211, BCECs synthesize 

laminin 411 and laminin 511.[74, 75] Pericytes, on the other hand, express all of these 
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laminins [75]. Interestingly, what characterizes the roles of laminin is the interaction of 

the α-chain with the different cells [51, 72].  Laminin plays a major role in the early 

development and regulation of the BBB [76-79]. Studies suggest that laminin is enough 

for the early development of the BM [79]. Laminin’s presence affects the electrical 

resistance of endothelium, thus affects the barrier’s function [80]. Since laminin 111 

and laminin 211 are exclusively expressed in the BBB’s BM, astrocytic laminins (i.e. 

laminin 111 and laminin 211) are crucial for maintaining the BBB [75, 77, 81, 82]. The 

loss of astrocytic laminin, primarily due to mutations in α1 and α2 chains, reduces the 

expression of tight junction proteins and pericytes coverage, therefore causing the 

BBB’s breakdown [83-86]. The role of endothelial and pericytic laminins remains 

controversial [77, 82]. 

Isoleucine-Lysine-Valine-Alanine-Valine (IKVAV) peptide is one the most 

active motifs in laminin 111 [87]. Its location on the α1 chain clarifies how it 

determines the laminin function [88]. IKVAV has a crucial role in BM assembly, cell 

differentiation, migration, and growth [70, 89, 90]. With ECs, IKVAV promotes 

angiogenesis and revascularization [91, 92]. It further improves cell adhesion when 

combined with other adhesive peptides [87, 90, 93]. 

ii. Fibronectin 

Fibronectin, a di-sulfide dimer, is another multifunctional glycoprotein in the 

ECM [69].  It has critical roles in embryogenesis, wound healing, tissue repair, cell 

adhesion, migration, growth, and differentiation [94-96]. A unique feature of fibronectin 

is its ability to bind to different adhesive and signaling molecules in the ECM, such as 

collagen and HSPGs [95, 97]. Collagen binds to the collagen-binding domain in 

fibronectin to be deposited and maintained in the ECM [98, 99].  
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Arginine-Glycine-Aspartic Acid (RGD) is a major binding motif that promotes 

cell adhesion through integrin-mediated cell attachment signaling. The RGD 

recognition site was first identified in fibronectin but is commonly found in other ECM 

proteins [94, 100-102]. Although RGD is quite conserved, different integrins bind to 

different RGD containing proteins, triggering unique confirmations. This is critical in 

specifying the role of RGD [103-105]. Besides their role in cell adhesion, fibronectin-

derived RGD has been found to increase the electrical resistance across the endothelium 

and trigger the BCECs proliferation and spreading especially during embryogenesis [80, 

106]. Studies have shown that any mutation in the fibronectin generally, and RGD 

specifically, can lead to impaired BM by massively reducing the cell adhesion [102, 

106, 107]. Different amino acid confirmations also affect the activity of the peptide by 

either activating or deactivating RGD [108]. Accordingly, the secretion of fibronectin is 

crucial for the cell attachment in the BM needed to maintain the BBB’s integrity.  

iii. Collagen-Ⅳ 

Collagen, a family of at least 29 identified members, is the most abundant 

protein type in the body. Specifically, collagen-Ⅳ is vital for BM stability [79]. 

Collagen-Ⅳ is a trimeric protein, consisting of three α-chains derived from six different 

α confirmations [109, 110]. The predominant isoform in the BBB’s BM is that formed 

from two α-1 chains and one α-2 chain [68, 111]. Similar to the role of laminin and 

fibronectin, collagen-Ⅳ affects the barrier function in the BBB by increasing the 

electrical resistance of the BCECs [80]. Collagen-Ⅳ interacts with endothelial integrins 

enhances the expression of claudin-5 tight junction protein [112]. Interestingly, 

collagen-Ⅳ is crucial for maintaining the integrity, stability, and function of the BBB 

[79]. Mutations in the α-1 and/or α-2 chains of collagen-Ⅳ disrupt the BM structure as 
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its associated with the production of fragile vessels and leading to cerebrovascular 

diseases and embryonic lethality [113, 114]. 

iv. Nidogens   

Nidogen, also known as enactin, is another protein component of the ECM that 

exists (nidogen-1 and nidogen-2). It links collagen-Ⅳ to laminin in the BM. The loss of 

nidogen leads to severe defects in the BM structure. Like loss of collagen-Ⅳ, the 

absence of nidogen affects the vascularization in the brain [115-118]. 

v. Heparan Sulfate Proteoglycans (HSPGs) 

Similar to nidogens, HSPGs are found in the BM and commonly link to 

collagen-Ⅳ. Argin, a common type of HSPGs, is exclusively localized across the 

vascular endothelium that specifically has a barrier function. This suggests the role of 

argin in the barrier development in the BBB [119-121]. Specifically, argin is thought to 

be involved in the adhesion of astrocytes and BCECs to the BM [121, 122]. Perlecan is 

another common type of HSPGs commonly incorporated within the laminin-collagen-

Ⅳ networks. Its location supports its role in maintaining the BM integrity and ability to 

interact with other molecules [123, 124]. Loss of perlecan causes vessel bleeding 

similar to strokes [125, 126]. Therefore, it is suggested that perlecan helps stabilize the 

BM  [113, 127, 128]. 
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Figure 3: Schematic illustration of the BM [123]. 

 
 
2.2 Perturbations of the Blood-Brain Barrier 
 
 Failure of the BBB is critical in the initiation and progression of several 

CNS diseases. Although the BBB is a dynamic structure, any alteration in its 

homeostasis can ultimately develop a pathological condition. Hypoxia, for example, 

increases the permeability of the BBB by disrupting the TJ expression, specifically 

by downregulating the synthesis of occludin and upregulating the synthesis of nitric 

oxide and vascular endothelial growth factor (VEGF). Accordingly, the increased 
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expression of VEGF, a signaling protein that promotes the formation of new blood 

vessels in hypoxic tissues, is correlated with ischemic stroke [129-133]. 

Inflammation is another major insult that disrupts the homeostasis of the 

BBB. Inflammatory mediators adjust the BBB permeability by reducing the TJ 

proteins expression (e.g. occludin) and affecting the cell-matrix interactions [53, 

134]. The increased expression of cytokines and enzymes, for example, upregulates 

the expression of matrix-metalloproteases (MMPs). MMPs, a family of zinc-

endopeptidases, degrade ECM proteins. Specifically, MMP-2 and MMP-9 have a 

binding domain that enables them to bind to BM proteins, such as laminin, 

fibronectin, and collagen-Ⅳ to degrade them via proteolysis [135, 136]. This loss in 

BM proteins disrupts the assembly of TJs leading to the abnormally elevated 

permeability of the BBB. The limited activation of MMPs under physiological 

conditions is reflected by the enhanced BBB integrity [137-140]. 
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Figure 4: Schematic illustration comparing the permeability across a healthy BBB vs. a 
diseased BBB [121]. 

 
 

The consumption of certain drugs triggers the breakdown of the BBB. The 

intake of drugs, such as nicotine, cocaine, heroin, morphine, and alcohol promote 

BBB remodeling and activation of the immune system, affecting the 

neuroinflammatory pathways and signaling. These compounds increase the 

permeability of the BBB by decreasing the expression and distribution of ZO-1 

[141, 142]. Alcohol, for example, elevates the expression of cytokines and other 

inflammatory mediators which proved to disrupt the BBB integrity [143]. All of 

these effects will eventually lead to neurotoxicity, a great disturbance of the CNS 

[144].  
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The challenges in treating these neurological diseases at an early stage involve 

facilitating the drug entry into the brain in addition to understanding the events during 

the onset of the disease. As previously mentioned, most neurological diseases are 

caused by the increased permeability of the BBB due to the interrupted expression of 

TJs. Although the final cascade events in most cases involve disrupting the TJs 

formation by proteases and free radicals, the specificity of the disease is determined by 

the dysfunction induced during the early stages of the molecular cascade. Accordingly, 

it is critical to define the molecular factors underlying a specific neurological disease to 

develop targeted drugs that are not only efficient in stopping the molecular abnormality 

and reversing the disrupted BBB integrity but also capable of crossing the highly 

selective BBB during physiology and pathophysiology [145]. 

 

3. Bio-mimicking the Blood-Brain Barrier 

Over the past 50 years, various models have been generated to bio-mimic the 

different and complex aspects of the BBB [30]. The ultimate goal for bio-mimicking the 

BBB is to understand the physiological and pathological states of the BBB. This enables 

researchers to develop and test targeted drugs that are capable of crossing the BBB in 

addition to develop efficient diagnostic techniques for these neurological diseases. 

While in vivo testing is a good approach to study pharmacokinetics under a 

natural complexity, the difference in the BBB across different species restricts this 

approach. Additionally, in vivo models are considered expensive low throughput 

screening assays that trigger a major ethical concern. These limitations support the need 

for a biomimetics in vitro model that recapitulate the in vivo human BBB 

microenvironment [30, 31]. 
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The first approach in developing in vitro BBB models started with the isolation 

of pure and intact rat brain capillaries, followed by culturing primary rat BCECs on 

porous inserts [32]. A major limitation of this approach is that primary cell line 

extraction requires animal sacrifice. Also, it is tricky to isolate a high yield of pure rat 

BCEC [11, 30, 31]. These restrictions, in addition to the almost negligible BBB 

phenotype in this monoculture model, triggered the need for co-culturing rat-derived 

BCECs with astrocytes. This astrocyte and BCEC co-culture enhanced the tightness and 

decreased the permeability of the model, reflected by the increased expression of tight 

junction proteins (e.g. ZO-1, claudin-5, and occludins). Interestingly, greater resistance 

was directly associated with culturing astrocytes on the bottom of the porous insert and 

the ECs on the top of the same porous inserts. This was attributed to the enhanced 

interaction between ECs and astrocytic endfeet. To further resemble the BBB NVU, 

triple culturing of ECs, astrocytes, and pericytes was later developed. Similar to co-

culturing of astrocytes and BCEC, the tightness increased while the permeability 

decreased. This approach further induced the differentiation of the ECs. The best results 

were obtained when ECs were cultured on top of the porous inserts and the pericytes 

and astrocytes cultured on the bottom of the porous inserts. However, the planar 

dimensionality and absence of the ECM molecules that are crucial in maintaining the 

BBB in vivo, remain two major disadvantages for co-culturing and triple culturing on 

porous inserts [11, 30, 31]. 
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Figure 5: Schematic illustration of the developed static in vitro models to bio-mimic 
the BBB. [A] Monoculture of ECs on a porous membrane. [B] Non-contact co-culture 
of ECs on the inner side of the porous membrane and astrocytes on the bottom side of 
the well. [C] Contact co-culture of ECs on the inner side of the porous membrane and 
astrocytes on the bottom side of the porous insert. [D] Triple culture of ECs on the inner 
side of the porous insert, pericytes on the bottom side of the porous insert, and 
astrocytes on the bottom side of the well [30]. 

 

  Another attempt to imitate the BBB in vitro was through developing a dynamic 

in vitro model that incorporates both shear stress and co-culturing of ECs and 

astrocytes. In summary, ECs were cultured in hollow fibers, and culture media was 

circulated to create tunable shear stress. Astrocytes were cultured on the other side of 

the porous material to allow direct contact between the astrocytes and ECs. Shear stress 

induced by the blood flow has been shown to enhance the barrier properties of the ECs 
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[146]. Similarly, co-culturing astrocytes with ECs further increases the tightness of the 

model. This was reflected by the significantly higher transendothelial resistance and 

significantly lower permeability of this in vitro model compared to the 2D co-culture 

model mentioned earlier. However, the dynamic in vitro model does not provide high 

throughput results, requires specific technical skills and  high cell number to be loaded, 

and does not allow the visualization of the cell morphology. Another major limitation is 

that the thickness of the hollow fibers separating the ECs from the astrocytes is 

relatively thick compared to that of the BM in vivo [30, 31, 147, 148]. 

 A microfluidic BBB model had been developed to address the disadvantages of 

the dynamic in vitro models. This approach generates shear stress by allowing the flow 

of culture media across two perpendicular channels. At the interface of these channels, 

ECs were co-cultured with astrocytes across a thin, porous membrane. The microfluidic 

system requires less cell numbers and allows the continuous measurement of the 

transendothelial resistance by the built-in electrodes. While several microfluidic models 

have been generated to enhance the resemblance to the in vivo microenvironment, there 

is still no well-established model that bio-mimics the complex aspects of the BBB BM 

[30, 31, 149, 150]. 
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Figure 6: Schematic illustration of the microfluidic BBB model [33]. 

 
 
 As mentioned earlier, the BM plays a major role in the maintenance of the BBB, 

where the downregulation of a single molecule may initiate certain neurological 

diseases. As such, it is crucial to include the major BM proteins, such as laminin, 

fibronectin, and collagen-Ⅳ in the developed models. To further bio-mimic the BBB, 

astrocytes must be allowed to grow and expand their processes in 3D, in which 

astrocytic endfeet interact with not only ECs but also ECM molecules to maintain the 

integrity of the BBB. Thus, hydrogel scaffold is a promising approach that can integrate 

various and complex aspects of the BBB [37]. 

 
4. Hydrogels 

Hydrogels, defined as hydrophilic 3D networks of crosslinked polymer chains, 

are often used in biomedical applications [34]. Their significant water content resembles 
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that of natural tissues, where water constitutes up to 60% of the human body [35]. Other 

advantages of hydrogels are their biodegradability, porosity, and tunable properties 

[36]. Consequently, the hydrogel scaffold could present a favorable milieu that arranges 

cells in 3D while inducing the tissue properties by enhancing cellular growth and 

communication. Interestingly, hydrogels are often referred to as ‘smart scaffolds’ where 

they can serve versatile functions and bio-mimic different tissues through adapting to 

the desired conditions [34, 151, 152]. 

Various natural and synthetic polymers are normally used to synthesize 

hydrogels. During the last two decades, naturally formed hydrogels were gradually 

replaced with synthetic ones, as the latter showed greater strength, water absorption 

capacity, and longer lifespan [153, 154]. Additionally, the well-defined structure of 

synthetic hydrogels is relatively more stable under severe conditions such as 

temperature and pH fluctuations. Similar to natural polymers, the properties of synthetic 

polymers can be adjusted to serve a certain function [35]. Yet, what significantly favors 

synthetic hydrogels over natural ones is their reproducibility and ability to control their 

physical and chemical properties (i.e. molecular weight, material, crosslinking, 

degradation, density). More specifically, understanding the hydrogel’s dynamics, 

degradation modes, and crosslinking approach is crucial as these properties determine 

the structural integrity of the fabricated hydrogel [37, 155]. Yet, the choice of polymer 

and the fabrication process (i.e. chemical crosslinking, thermal crosslinking, physical 

crosslinking, or photopolymerization) depends on the application of interest. In tissue 

engineering, the scaffolds should serve as a nontoxic environment for cellular growth 

and interactions. Also, the physical and chemical properties of the hydrogel should 

resemble that of the tissue or ECM of interest, should be degradable, and biocompatible 
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[156-159]. Having said that, polyethylene glycol (PEG) is a synthetic polymer 

extensively utilized in the field of tissue engineering as it serves as a promising scaffold 

for bio-mimicking specific tissues [37]. 

  
4.1 Polyethylene Glycol (PEG) 

 As previously mentioned, PEG is an inexpensive FDA-approved synthetic 

polymer commonly used in biomedical applications, including drug delivery and tissue 

engineering [37]. PEG hydrogels are widely used in neural tissue engineering as they 

readily mimic the hydrated neural milieu without triggering an immune reaction. This 

can be attributed to the inert, biocompatible, and biodegradable properties of PEG, in 

addition to its high reproducibility and flexibility [38].   

In brief, PEG is a hydrophilic inert material having the following general 

molecular formula: H(OCH2CH2)nOH [38]. Depending on the application, PEG can be 

synthesized into a wide variety of structures, ranging from linear PEG, multi-arm PEG, 

and Y-shaped PEG [160]. Interestingly, both linear and Y-shaped PEGs are commonly 

utilized in PEGylation, the process in which PEG is covalently bonded to another 

molecule, such as drugs, peptides, or proteins [161, 162]. This approach is promising in 

pharmacokinetics and targeted therapy [163]. For tissue engineering multi-arm PEG 

crosslink into hydrogels to serve as suitable scaffolds to mimic a certain tissue [164]. 

Specifically, 4-arm PEG crosslinked hydrogels have been shown to induce relatively 

faster gelation, enhanced cell adhesion, and water uptake [165].  
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Figure 7: Schematic illustration of the polymerization process [166]. 

 
 

To increase the reactivity of the inert PEG to stimulate crosslinking, reactive 

functional groups, such as amine, carboxyl, and carbonyl are commonly added to the 

PEG terminal end [167]. PEG-vinyl sulfone (PEG-VS) is widely used to chemically 

crosslink hydrogels for biological applications via a Michael-type addition of thiol in 

the presence of cysteine-containing enzyme sensitive peptides (e.g. MMP-sensitive 

peptides) to form proteolytically degradable crosslinked networks [164, 168, 169]. 

Chemically crosslinking hydrogels for biological applications is vital since crosslinking 

via photo-polymerization requires UV rays and photo-initiators which may be toxic for 

the cells [170]. PEG-VS utilization in tissue engineering is also popular due to the 

relatively greater hydrolytic stability, lower immunogenicity, successful cell 

encapsulation during gelation, and ability to be modified with biological motifs, such as 

RGD, compared to other functionalized PEG hydrogels (i.e. PEG functionalized with 

acrylate, maleimide, or amine end groups) [39].  
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Figure 8: Four-arm polyethylene glycol-vinyl sulfone (PEG-VS) polymer [171]. 

 
 

Accordingly, PEG,  particularly PEG-VS, can act as a promising approach for 

bio-mimicking the BBB in vitro as it can be functionalized with the major BM peptides. 

Additionally, the physiochemical and mechanical properties of the hydrogel can be 

tuned to resemble the in vivo BBB [164]. As mentioned earlier, PEG hydrogel is 

hydrolytically and enzymatically biodegradable, which provides a temporary 3D 

environment for the encapsulated and adhered cells to grow, interact, and secrete natural 

ECM molecules, without the accumulation of the degradation products. This advantage, 

as well as being biocompatible, decreases the immunogenicity of the model, allowing 

better biomimicry of the in vivo BBB [39, 172, 173]. 
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CHAPTER Ⅲ 

RATIONAL AND HYPOTHESIS 
 

Understanding the causes behind CNS diseases and the development of effective 

therapies remain limited due to the absence of an in vitro model that fully replicates the 

physiological properties of the BBB. A proposed approach is to reproduce the BBB by 

integrating a biocompatible hydrogel with the major components of the ECM, along 

with co-culturing ECs with astrocytes. This will enable the proper encapsulation and 

spreading of astrocytes in a 3D environment similar to in vivo, in the presence of the 

major BM peptides. The BBB in vivo endothelium will be mimicked by seeding the 

ECs on the hydrogels, allowing them to interact and form a monolayer. The different 

cell-cell and cell-matrix interactions are critical for maintaining the in vivo BBB. Thus, 

it is important to integrate the dimensionality, major cellular components, and major 

BM peptides in a milieu that resembles the in vivo microenvironment.  

This project aimed to develop an in vitro model that closely resembles the main 

components of the BBB. A 3D co-culture BBB model was fabricated using PEG 

hydrogels functionalized with laminin and fibronectin-mimetic peptides. Specifically, 

PEG-VS polymer, modified with IKVAV and/or RGD peptides, was chemically 

crosslinked with MMP-sensitive peptides to enable polymerization and hydrogel 

formation. For this work, PEG functionalized with IKVAV, RGD, and IKVAV-RGD 

(1:1) was fabricated. Astrocytes were encapsulated within the fabricated PEG hydrogels 

and allowed to grow and protrude their endfeet. ECs were seeded on the hydrogel’s 

surface to adhere and form a monolayer. The viability, spreading, and morphology of 

the astrocytes embedded in the functionalized PEG hydrogel were assessed. 
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Additionally, the activation of the ECs in this model was evaluated via measuring the 

expression of TJ proteins and assessing the transendothelial resistance and permeability. 

Accordingly, the role of astrocytes, laminin, and fibronectin in interacting with the ECs 

and regulating the tightness and permeability of the BBB was determined. 

 

 

 

Figure 9: Schematic illustration of the fabricated model. 

 
 
Aim 1: Characterization and optimization of PEG hydrogels with IKVAV and 

MMP-sensitive peptides and their effect on viability, proliferation, and spreading 

of astrocytes by Live/Dead assay. 

Hypothesis: Viability is an important determinant of the success of the 

hydrogel. IKVAV is known to promote astrocytic processes' outgrowth, migration, and 

differentiation. Therefore, the viability of astrocytes embedded in the PEG hydrogel is 

expected to increase in the presence of IKVAV. 
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Aim 2: To evaluate the role of ECs and astrocytes co-cultures, dimensionality, and 

the defined BM-mimetic peptides IKVAV and RGD on TJ formation by 

measuring the transendothelial electrical resistance (TEER), barrier functionality 

through a permeability assay of sodium fluorescein and albumin bound Evan’s 

blue, and immunofluorescence staining of ZO-1. Assess astrocytes activation by 

GFAP immunohistochemistry. 

Hypothesis: The BBB model utilizing functionalized PEG hydrogels closely 

resembles the in vivo architecture of the BBB. Co-culturing ECs with astrocytes, in the 

presence of IKVAV and RGD, will enhance the formation of TJs, causing a higher 

expression of ZO-1, increase in TEER, and decrease in permeability. BM peptides will 

promote the activation of the astrocytes cultured in the functionalized 3D PEG 

hydrogel, leading to a higher expression of GFAP [24]. 
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CHAPTER Ⅳ 

MATERIALS AND METHODS 
 
 
1. Materials 
 

4-arm Poly(ethylene glycol)- vinyl sulfone (MW 20000) was obtained from 

JenKem Technologies, China. MMP-sensitive peptides (MW 2699.16), IKVAV 

peptides (MW 1007.22), and RGD Peptides (MW 346.34) were obtained from GL 

Biochem Shanghai, China. Phosphate Buffered Saline (PBS) Solution 10X was 

obtained from Lonza, Switzerland. Acetic Acid (100%) was obtained from AnalaR 

NORMAPUR, France. Fetal Bovine Serum (FBS), Trypsin Solution 10X, Tween-20, 

Penicillin-Streptomycin, Roswell Park Memorial Institute Medium (RPMI-1640 

Medium), Dulbecco’s Modified Eagle’s Medium-High Glucose (DMEM-High 

Glucose), Bovine Serum Albumin (BSA A9418-50G), Ethidium Homodimer-Ⅰ (2 mM 

in DMSO), Paraformaldehyde (100% PFA), Fluorescein Sodium Salt, and Evan’s Blue 

were obtained from Sigma-Aldrich, USA. Astrocyte Basal Medium (ABM) was 

obtained from iXCells Biotechnologies, USA. Calcein-AM (1 mg/mL) was obtained 

from Molecular Probes, USA. Methanol (100%) was obtained from Honeywell Riedel-

de Haen, Germany. Mouse Anti-GFAP Antibody (2 mg/mL) was obtained from Abcam, 

UK. Rabbit Anti-ZO-1 Antibody (0.25 mg/mL), Alexa Fluor 488 Goat Anti-rabbit IgG 

(2 mg/mL), Texas Red Goat Anti-mouse IgG (2 mg/mL), and DAPI (5 mg/mL) were 

obtained from Thermofisher Scientific, USA. Triethanolamine (99%+; MW 149.19) 

was obtained from Arcos Organics, USA. Normal Goat Serum (S26-100 mL) was 

obtained from Chemicon International, USA. EVOM2  and STX2 Electrodes were 

obtained from World Precision Instruments (WPI), USA. 12-well plate inserts of pore-

size 0.4 µm and 8 µm were obtained from FALCON, USA.  
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2. Methods 

2.1 Fabrication of 4% PEG Hydrogels   

a. Preparation of Solvents 

The synthesized hydrogels are 4% PEG hydrogels functionalized with IKVAV 

and/or RGD peptides, then crosslinked with MMP-sensitive peptides. PEG, RGD, and 

MMP-sensitive peptides are soluble in TEOA buffer (pH=8, 0.3M), whereas IKVAV is 

soluble in acetic acid (0.01M). TEOA buffer (0.3M) was prepared by mixing DW (9.6 

mL) with stock TEOA (397 µL) and then setting the pH to 8. Acetic acid was prepared 

by adding stock acetic acid (143 µL) to DDW (250 mL), bringing the final 

concentration to 0.01 M.  

 

b. Preparation of Solutions 

PEG was dissolved in TEOA buffer (pH=8, 0.3M),  at a concentration of 4% of 

the final volume, by weight. So, for every 100 µL total hydrogel volume, 4 mg of PEG 

were dissolved in TEOA. MMP-sensitive peptides constituted 10% of the total hydrogel 

volume, such that each 1mg of MMP-sensitive peptides was dissolved in 10 µL TEOA 

buffer (pH=8, 0.3M). Peptides (RGD/IKVAV) were added according to a specific 

concentration. To prepare stock IKVAV solution (3 mM),  IKVAV (1 mg) was 

dissolved in 10 mM acetic acid (331 µL). . To prepare stock RGD solution (6 mM),  

RGD (1 mg) was dissolved in TEOA buffer (pH=8, 0.3M; 481.22 µL). The solutes were 

dissolved in their respective solvents on the day of the hydrogel’s fabrication. 

 

 

 



 

 46 

c. Formation of Hydrogels  

PEG hydrogels were fabricated by a Michael-type addition of thiol-containing 

peptide onto a 4-armed PEG-VS, illustrated in fig. 10 [164]. In brief, adhesion peptides 

(RGD/IKVAV), at a certain concentration, were mixed with the dissolved PEG-VS and 

then vortexed for 30 seconds. After incubating this mixture for 15 mins at 37 ֯C, MMP-

sensitive peptides (10%), acting as crosslinkers, were added to the functionalized PEG 

to bring the final molar ratio of VS:SH to 1:1 [173]. The crosslinked and functionalized 

PEG was vortexed for 5-10 seconds and pipetted into the corresponding membrane. The 

hydrogels were then incubated at 37 ֯C for 10 mins to polymerize and become viscous. 

To retain moisture, a sufficient amount of complete medium was added onto the 

hydrogels and then stored in the incubator at 37 ֯C and 5% CO2. The encapsulation of 

the astrocytes (NHA) and seeding of immortalized human aortic endothelial cells 

(ECV) will be explained later. 

Figure 10: Crosslinking PEG-VS with MMP-sensitive peptides via a Michael-type 
addition reaction. 
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To investigate the effect of different IKVAV concentrations on the viability of 

the astrocytes in 4% PEG hydrogels, 75 µM, 150 µM, 300 µM, and 600 µM PEG-

IKVAV hydrogels were fabricated according to the quantities mentioned in table 1 

[174]. The values below are per 100 µL of hydrogels (Vtotal=100 µL). 

 

IKVAV 
Concentration 

4% PEG IKVAV (3mM 
stock solution) 

MMP 
(10% final 
volume) 

75 µM 4 mg dissolved in 
87.5 µL TEOA 

2.5 µL  1 mg dissolved in 
10 µL TEOA 

150 µM 4 mg dissolved in 
85 µL TEOA 

5 µL 1 mg dissolved in 
10 µL TEOA 

300 µM 4 mg dissolved in 
80 µL TEOA 

10 µL 1 mg dissolved in 
10 µL TEOA 

600 µM 4 mg dissolved in  
70 µL TEOA 

20 µL 1 mg dissolved in 
10 µL TEOA 

Table 1: Preparation of 4% PEG-IKVAV hydrogels with different concentrations of 
IKVAV peptide (Vtotal=100 µL). 

 

Based on previous work, 600 µM RGD is the optimal concentration for the 

viability and spreading of the astrocytes embedded within the 4% PEG hydrogels. PEG 

hydrogels functionalized with 600 µM RGD (RGD-600 µM; Vtotal=100 µL) were 

prepared by mixing RGD (10 µL from 6 mM stock solution) with 4% PEG (4 mg 

dissolved in 80 µL TEOA buffer). After vortexing the mixture for 30 seconds and 

incubating it for 15 mins at 37 ֯C and 5% CO2, 10% MMP-sensitive peptides  (1 mg 

dissolved in 10 µL TEOA buffer) was added to PEG functionalized with RGD, allowing 

the PEG to crosslink and polymerize. After the PEG became viscous, a complete 

medium was added in an adequate amount to fully cover the fabricated hydrogel. 

Likewise, to fabricate PEG hydrogels functionalized with 300 µM:300 µM 

IKVAV and RGD (IKVAV:RGD-300 µM), IKVAV (10 µL of 3 mM stock solution) 
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and RGD (5 µL of 6 mM stock solution) were added to 4% PEG (4mg dissolved in 75 

µL TEOA). After vortexing, the mixture for 30 seconds and incubating it for 15 mins at 

37 ֯C and 5% CO2, 10% MMP-sensitive peptides (1 mg dissolved in 10 µL TEOA) was 

added to IKVAV:RGD-300 µM, allowing it to crosslink and polymerize to form a 

hydrogel within 10 mins. As mentioned above, a complete medium was then added in 

an adequate amount to fully cover the hydrogel. 

 

2.2 Co-culturing of Endothelial Cells and Astrocytes   
 
a. Cell Culture  

Normal Human Astrocytes (NHA) cell line was used in all in vitro studies. The 

cells were cultured in a PLL-coated T-25 flask using ABM complete medium supplemented 

with 10% FBS and 1% antibiotics at 37 ֯C and 5% CO2. To coat the T-25 flask, an adequate 

amount of PLL (1:20) was added to cover the surface of the flask. The PLL was then 

removed completely, and the flask was allowed to dry for at least 30 mins before washing. 

To remove residual PLL, the flask was washed with DW (3X; 5 mins between every wash) 

and allowed to dry for 30 mins before seeding NHA cells. After reaching approximately 

90% confluency at around day 4, the cells were subcultured. In all experiments, cells were 

used between passages 4 and 7.  

ECVs were also used in the in vitro studies. In vitro culture was carried out at 37 

֯C and 5% CO2 in a T-25 flask using RPMI complete medium supplemented with 10% FBS 

and 1% penicillin-streptomycin. After reaching approximately 90% confluency at around 

day 2, the cells were subcultured. 

After reaching the desired confluency, cells were prepared for experiments by 

removing the Medium then washing them with PBS (1X) to remove any traces of the 

Medium. Trypsin solution (1X; 1mL) was added to the flask and swirled over the whole 
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surface. Then the flasks containing NHA and ECV cells were incubated for 30 seconds and 

1 min, respectively, at 37 ֯C to enable the cells to fully detach. A minimum amount of about 

double the trypsin volume of the corresponding complete medium is added to deactivate the 

effect of trypsin. After that, the cells were collected in a separate 15 mL conical tube to be 

counted using a hemocytometer. A 50 µL sample was collected from the 15 mL conical 

tube and an equal volume of trypan blue, a diazo dye that is absorbed by viable cells with 

an intact membrane, was added [175]. Then, 10-15 µL of this cell suspension was added 

between the hemocytometer and cover glass, where cells were counted in all the outer 

squares of the hemocytometer. The total cell count was calculated by the following 

equation: 

ݐ݊ݑ݋ܥ ݈݈݁ܥ ݈ܽݐ݋ܶ = ்௢௧௔௟ ஼௢௨௡௧∗஽௜௟௨௧௜௢௡ ி௔௖௧௢௥∗்௢௧௔௟ ௏௢௟௨௠௘ ௜௡ ଵହ ௠௅ ஼௢௡௜௖௔௟∗ଵ଴,଴଴଴
ே௨௠௕௘௥ ௢௙ ஼௢௨௡௧௘ௗ ொ௨௔ௗ௥௔௡௧௦ 

  

The needed volume of the desired cell count per condition was pipetted in 2 mL 

tubes via the following equation: 

݊݁݇ܽݐ ܾ݁ ݋ݐ ݁݉ݑ݈݋ܸ =
ݐ݊ݑ݋ܥ ݈݈݁ܥ ݀݁݀݁݁ܰ ∗  ݈ܽܿ݅݊݋ܥ ܮ݉ 15 ݊݅ ݁݉ݑ݈݋ܸ ݈ܽݐ݋ܶ

ݐ݊ݑ݋ܥ ݈݈݁ܥ ݈ܽݐ݋ܶ
 

 

The cells were then collected by centrifugation at 100 XG for 4 mins at 24 ֯C. 

Accordingly, NHAs were encapsulated within the PEG hydrogel at the desired cell density 

depending on the experiment. Similarly, ECVs were seeded on the hydrogels at the desired 

seeding density depending on the experiment. 
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b. Encapsulation of Astrocytes  

Before the addition of 10% MMP-sensitive peptides, NHA was resuspended 

within the PEG-Peptide mixture, and vortexed for 5 seconds. A cell density of 10,000 

cells/10 µL hydrogel was aimed for in each experiment.  

The functionalized and crosslinked PEG hydrogel (20 µL) with encapsulated 

NHAs was pipetted and spread thoroughly on the coverslip. Under this condition, the 

cell density was 20,000 NHA per coverslip. After pipetting the hydrogels, all coverslips 

were placed in a 24-well plate and incubated at 37 ֯C for 10 mins to speed the gelation 

process. When the hydrogels become viscous, ABM complete medium (500 µL) was 

loaded into the well to fully cover the fabricated hydrogels. The 24-well plate was then 

placed in the incubator at 37 ֯C and 5% CO2 to be used in further experiments. (Fig. 11) 

 

 

 

Figure 11: Schematic illustration of the PEG hydrogel fabrication process and 
astrocytes encapsulation. 
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To co-culture ECVs and NHAs, PEG hydrogels (40 µL/sample) were pipetted 

on 12-well inserts (8 µm pore-size) with a cell density of 40,000 NHA per insert. 10% 

MMP-sensitive peptide was added to the functionalized PEG hydrogel with 

encapsulated NHAs. The total mixture was vortexed for 5 seconds and then pipetted to 

cover the inner surface of the insert. The 12-well plate containing the inserts was then 

incubated at 37 ֯C for 10 mins to speed up the gelation process. Once the hydrogels 

became viscous, ABM complete medium was added to the inserts (300 µL) and wells 

(1000 µL). The 12-well plate was then incubated at 37 ֯C and 5% CO2 to be used in 

further experiments. 

For the co-culture control, astrocytes were seeded on the bottom side of the 12-

well insert (0.4 µm pore-size). After centrifugation, NHAs were resuspended in ABM 

complete medium (300 µL) and seeded on the PLL-coated bottom side of an insert at a 

density of 10,000 cells per insert. The insert was then placed in the incubator for 3 hours to 

allow the cells to adhere. After that, the insert was flipped in a 12-well containing ABM 

complete medium (900 µL). The 12-well plate containing the insert was incubated at 37 

֯C and 5% CO2 to be used in future experiments. 

For RGD, previous work has shown that 600 µM is the optimal concentration 

for the growth and spreading of the astrocytes inside the fabricated PEG hydrogels. For 

IKVAV, the optimal concentration for the growth and spreading of the astrocytes inside 

the fabricated PEG hydrogels was determined by the LIVE/DEAD assay explained 

below. These concentrations were used in the fabrication of hydrogels for co-culture 

experiments.  
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c. Seeding of Endothelial Cells 

To obtain a monolayer, ECVs were seeded on the fabricated PEG hydrogel 

scaffolds at a seeding density of around 500,000 cells per insert. The PEG hydrogels 

were fabricated under these conditions: PEG hydrogels functionalized with RGD and/or 

IKVAV, and with or without encapsulated NHA.  Before seeding, ABM complete 

medium found on the PEG hydrogels with encapsulated NHA (300 µL/insert; 1000 

µL/well) was replaced with RPMI complete medium. RPMI complete medium was 

added to the inserts (300 µL/insert) and wells (1000 µL/well) of the PEG hydrogels 

without NHA. 

NHA was given four days to grow and extend. On day 4 post-fabrication, ECVs 

were seeded into the samples. Following subculturing, counting, and centrifugation of 

ECVs, the desired seeding density was resuspended in RPMI complete medium (200 

µL/sample) and evenly seeded on the functionalized PEG hydrogel, bringing the total 

volume per insert to 500 µL. The 12-well plate containing the inserts was then 

incubated at 37 ֯C and 5% CO2 to enable the ECVs to form a 2D monolayer. (Fig. 12) 
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As controls, ECVs were both monocultured and co-cultured with NHAs on 12-

well inserts (0.4 µm pore-size) at a seeding density of 25,000 cells per insert. ECVs and 

NHAs are cultured on the opposite sides of the porous insert since studies have shown 

that indirect contact culture results in better interaction between the two cell types.[176] 

As previously mentioned, NHAs were seeded on the bottom side of the porous insert 

and incubated for four days at 37 ֯C and 5% CO2. Before seeding, the ABM complete 

medium was replaced with RPMI complete medium (300 µL/insert; 1000 µL/well). To 

seed the ECVs on the inner membrane of the insert, 25000 cells were resuspended in 

RPMI complete medium (200 µL/insert) and evenly seeded on the porous membrane, 

bringing the total volume in the inner compartment of the insert to 500 µL.  

RPMI complete medium in the inner compartment of the inserts was changed 

every 24 hours and every 48 hours for the wells. The 12-well plate containing the 

fabricated PEG hydrogels and the controls were incubated at 37 ֯C and 5% CO2 to be 

later used in the experiments.  

2.3 LIVE/DEAD Assay 
 

Figure 12: Schematic illustration of [A] Astrocyte’s encapsulation inside the PEG 
hydrogel [B] ECVs seeding on the PEG hydrogels with embedded NHA. 
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To determine the optimal IKVAV concentration needed for the growth and 

spreading of the astrocytes encapsulated within the fabricated PEG hydrogels, a 

LIVE/DEAD assay was performed. As previously mentioned, PEG hydrogels were 

functionalized with IKVAV at four different concentrations: 75 µM, 150 µM, 300 µM, 

and 600 µM. NHAs were encapsulated in the functionalized 3D PEG hydrogels as 

described above.  

For this experiment, PEG hydrogels functionalized with different concentrations 

of IKVAV (75, 150, 300, and 600 µM) and containing encapsulated NHAs (20 μL) 

were pipetted on coverslips at a cell density of 20,000 cells per sample, in triplicates. 

The 24-well plate containing the coverslips was incubated at 37 ֯C and 5% CO2. The 

viability of the astrocytes was assessed at days 1, 4, and 7 post-fabrication by co-

staining for live and dead cells.  

 

Staining 

At each time-point (days 1, 4, and 7), one sample out of the triplicate fabricated 

hydrogels for each concentration (75, 150, 300, and 600 µM) was transferred into a new 

24-well plate. To initiate the assay, the medium was removed, and the samples were 

washed (3X; 5 mins between every wash), with PBS (1X) to remove residual RPMI. 

Calcein-AM (2 µM) and EthD-1 (1 µM) dyes were used to stain the live and dead cells, 

respectively. Calcein-AM fluoresces green when cleaved by the intracellular esterases 

of living cells via an acetoxymethyl ester hydrolysis. EthD-1 fluoresces red when bound 

to the DNA of dead cells whose plasma membrane is disrupted [177]. For proper 

staining, an adequate amount of the diluted dyes was added to fully cover the hydrogels.  
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DMEM incomplete medium (400 µL) containing Calcein-AM (2 µM) and 

EthD-1 (1 µM) was added to the fabricated PEG hydrogel and incubated for 30 mins at 

37 ֯C and 5% CO2. After 30 mins, the dye was removed, and samples were washed 

twice with PBS (1X) to remove any traces of the dye. Samples were then fixed with 4% 

PFA (400 µL) and stored in the dark at room temperature. After 25 mins, the 4% PFA 

was removed, and samples were washed three times with PBS (1X). To retain the 

hydrogel’s hydration during storage, PBS (1X; 700 µL/sample) was added. Fluorescent 

images were taken using a Zeiss LSM710 confocal microscope and analyzed using 

ImageJ. (Fig. 13) 

 
 
 

 

 
 

 

 
 
 
 
 
 
 
 

Figure 13: Illustration of the Live/Dead staining of NHAs embedded in the 
functionalized PEG hydrogels at different IKVAV concentrations (75, 150, 300, and 
600 mM) at days 1,4, and 7 post hydrogel fabrication. 
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Percentage Viability 

The % viability of the astrocytes embedded inside the stained PEG hydrogels, 

under the different IKVAV concentrations (75, 150, 300, and 600 µM) at days 1, 4, and 

7, was determined by the following formula:  

ݕݐ݈ܾܸ݅݅ܽ݅ % =
ݏ݈݈݁ܥ ݁ݒ݅ܮ ݂݋ ݎܾ݁݉ݑܰ

ݏ݈݈݁ܥ ݂݋ ݎܾ݁݉ݑܰ ݈ܽݐ݋ܶ
∗ 100 

 

2.4 Transendothelial Electrical Resistance (TEER) Measurement  

To evaluate the tightness of the ECV monolayer, TEER, a reflective measure of 

the flux of ions across the monolayer, was measured using STX2 electrodes and 

EVOM2 [30]. For this study, the fabricated PEG hydrogels were: PEG functionalized 

with RGD and/or IKVAV, and with or without encapsulated NHA. Functionalized PEG 

hydrogels with RGD and/or IKVAV were fabricated to determine the effect of the 

astrocytes on the tightness of the BBB, reflected by TEER.  

PEG hydrogels (40µL /sample) were pipetted into 12-well inserts (8 µm pore-

size) as per the protocol mentioned above. ECVs were then seeded on the scaffolds at 

day 4 post-fabrication, as described above. The two controls, ECVs monocultured and 

co-cultured with NHAs on 12-well inserts (0.4 µm pore-size) following the protocol 

mentioned above. RPMI medium was added to the 8 µm and 0.4 µm pore-size blank 

inserts (300 µL) and corresponding wells (1000 µL) to prevent any discrepancies in the 

recordings. TEER was measured at days 1 to 5 post-seeding. (Fig. 14) 
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The STX2 electrodes were initially washed with 6 mL PBS (1X) for at least 5 

mins. In the meantime, EVOM2 was calibrated to obtain consistent values when 

measuring. The electrodes were then connected to EVOM2 and placed in a 15 mL 

conical containing 4 mL PBS (1X). To further ensure that the measurements obtained 

were consistent, the TEER reading of the 4 mL PBS in this conical was recorded and 

was expected to be between 8-12 Ω. The electrodes were then clamped and positioned 

correctly, not angled and slightly touching the bottom of the well, with the shorter probe 

placed inside the inner compartment of the insert, and the longer probe placed outside 

the insert. (Fig. 15) 

 

Figure 14: Schematic illustration of the TEER measurement system. 
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Figure 15: Schematic illustration of electrodes positioning during TEER measurement 
[178]. 

 

The TEER readings of the samples were recorded in a consistent order, starting 

with the blank (8 µm pore-size), fabricated PEG hydrogels (8 µm pore-size), the other 

blank (0.4 µm pore-size), ECVs and NHAs co-culture (0.4 µm pore-size), and ending 

with the ECVs monoculture (0.4 µm pore-size). Between each measurement, the 

electrodes were placed for 30 seconds in the 15 mL conical containing 4 mL PBS to 

prevent any discrepancies in the readings. The 4 mL PBS in the 15 mL conical was 

changed after recording the TEER values for all the samples, whereas the 6 mL PBS ( 

for washing) was changed every other day. The RPMI complete medium loaded into the 

inner (500 µL) and the outer compartments (1000 µL) of the insert were changed after 

recording the TEER values for all the samples. 

To find the true resistance across the monolayer in a specific sample, the TEER 

reading of the blank was first subtracted from the TEER reading of the sample, and then 

multiplied by the insert’s surface area (surface area of the 12-well insert=0.9 cm2) 

according to the following equation:  
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.ߗ) ܴܧܧܶ cm2)

= ݈݁݌݉ܽܵ ℎ݁ݐ ݏݏ݋ݎܿܣ ܴ݃݊݅݀ܽ݁)

− (݈݇݊ܽܤ ݁ݒ݅ݐ݈ܴܽ݁ ℎ݁ݐ ݏݏ݋ݎܿܣ ܴ݃݊݅݀ܽ݁ ∗ 0.9 

  
2.5 Permeability Assay 

The permeability of the ECV monolayer was further assessed using two 

commonly used inert permeability tracers, EBA and Na-F. Evan’s blue dye (MW 961) 

was bound to bovine serum albumin (2% BSA; MW 69,000) to become a high 

molecular weight protein marker, known as EBA. Whereas Na-F (MW 376), a freely 

diffusible low molecular weight tracer, was left unbound.[13, 179, 180] The flux of 

EBA and Na-F across the ECV monolayer was determined at day 5 post-seeding. A 

permeability assay buffer consisting of PBS (1X), 10 mM HEPES, 25 mM Glucose, 1.2 

mM MgCl2, and 1.3 mM CaCl2 was used to prepare the permeability dye (EBA/Na-F).  

To initiate the assay, RPMI medium was removed from all inserts and respective 

wells, and the samples were then washed (2X; 5 mins between every wash) with PBS 

(1X). Permeability assay buffer (400 µL) containing Na-F (10 mg/mL stock) and 2% 

BSA mixed with Evan’s blue dye (17 mg/mL stock) was added to the inner 

compartment of the inserts. The inserts were then transferred into new 12-wells 

containing permeability assay buffer (1000 µL/well). Samples (220 µL) were collected 

from the lower compartments (wells) at 30, 60, 90, and 120 mins, and directly replaced 

with fresh permeability assay buffer (220 µL). (Fig. 16) 
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The concentrations of EBA that crossed the fabricated in vitro BBB hydrogel 

model were determined by reading the absorbance of the collected aliquots with a 

MULTISKAN EX Spectrophotometer using a 630 nm optical filter.  The sample 

content of EBA was quantified based on a linear standard curve plotted from known 

concentrations of the dye. Aliquots (200 µL/sample) from collected samples were 

pipetted into a 96-well plate, along with the aliquots of the standardized curve, and the 

well plate was put in the multi-plate reader. 

After reading the plate, the corrected concentrations (µg/mL) of EBA were 

found by: 

1. Subtracting the obtained blank absorbance (1X PBS) from the sample’s 

absorbance at 30, 60, 90, and 120 mins.  

2.  The concentration C (µg/mL) of a sample at a certain time-point was then 

calculated by the following equation: 

௧௜௠௘ ௧ (µg/mL)ܥ =
(Absorbance௧௜௠௘ ௧ − Blank) + 0.0013

0.0223
 

Figure 16: Schematic illustration of the permeability assay. 
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3. The corrected concentration CC (µg/mL) at a certain time-point was then 

calculated by the following equation: 

ଷ଴ ௠௜௡௨௧௘௦ܥܥ =  ଷ଴ ௠௜௡௨௧௘௦ܥ

଺଴ ௠௜௡௨௧௘௦ (µg/mL)ܥܥ = ଺଴ ௠௜௡௨௧௘௦ܥ + ଷ଴ ௠௜௡௨௧௘௦ܥ) ∗ 0.22) 

ଽ଴ ௠௜௡௨௧௘௦ (µg/mL)ܥܥ = ଽ଴ ௠௜௡௨௧௘௦ܥ + ଺଴ ௠௜௡௨௧௘௦ܥ) ∗ 0.22) 

ଵଶ଴ ௠௜௡௨௧௘௦ (µg/mL)ܥܥ = ଵଶ଴ ௠௜௡௨௧௘௦ܥ + ଽ଴ ௠௜௡௨௧௘௦ܥ) ∗ 0.22) 

 

The concentrations of Na-F that crossed the fabricated in vitro BBB hydrogel 

model were analyzed by measuring the fluorescence intensity of Na-F via a Tristar2 S 

LB 942 Filter-Based Multimode Plate Reader using a fluorescent excitation and 

emission filter pair [Ex(k) 485 ± 10 nm; Em(k) 530 ± 12.5 nm]. The sample content of 

Na-F was quantified based on a linear standard curve plotted from known 

concentrations of the dye. Aliquots (5 µL/sample) from the collected samples were 

pipetted into a black 96-well plate containing PBS (1X; 95 µL/well), bringing the total 

volume per well to 100 µL. Aliquots of the standardized curve were also prepared and 

pipetted into the same 96-well plate. 

After reading the plate, the final concentrations (ng/mL) of Na-F were calculated 

by: 

1. Subtracting the obtained blank fluorescence (1X PBS) from the sample’s 

absorbance at 30, 60, 90, and 120 mins.  

2.  The concentration C (ng/mL) of a sample at a certain time-point was then 

calculated by the following equation: 

௧௜௠௘ ௧ (ng/mL)ܥ =
(Fluorescence௧௜௠௘ ௧ − Blank) + 28634

74227
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3. The corrected concentration CC (ng/mL) at a certain time-point was then 

calculated by the following equation: 

ଷ଴ ௠௜௡௨௧௘௦ܥܥ =  ଷ଴ ௠௜௡௨௧௘௦ܥ

଺଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܥ = ଺଴ ௠௜௡௨௧௘௦ܥ + ଷ଴ ௠௜௡௨௧௘௦ܥ) ∗ 0.22) 

ଽ଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܥ = ଽ଴ ௠௜௡௨௧௘௦ܥ + ଺଴ ௠௜௡௨௧௘௦ܥ) ∗ 0.22) 

ଵଶ଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܥ = ଵଶ଴ ௠௜௡௨௧௘௦ܥ + ଽ଴ ௠௜௡௨௧௘௦ܥ) ∗ 0.22) 

4. The final concentration FC (ng/mL) at a certain time-point was then 

calculated by the following equation: 

ଷ଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܨ = ଷ଴ ௠௜௡௨௧௘௦ܥܥ ∗ 20 

଺଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܨ = ଺଴ ௠௜௡௨௧௘௦ܥܥ ∗ 20 

ଽ଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܨ = ଽ଴ ௠௜௡௨௧௘௦ܥܥ ∗ 20 

ଵଶ଴ ௠௜௡௨௧௘௦ (ng/mL)ܥܨ = ଵଶ଴  ௠௜௡௨௧௘௦ܥܥ ∗ 20 

 
 
2.6 Immunofluorescence Staining for ZO-1 and GFAP 

Zonula occludin-1 (ZO-1), a peripheral membrane phosphoprotein, belongs to 

the family of TJ proteins [13]. The higher the formation of TJs, the higher the 

expression of ZO-1. To analyze the formation of TJs between ECVs seeded on the 

fabricated PEG hydrogels, immunohistochemical staining of ZO-1 was performed as 

per the protocol described below. 

Glial fibrillary acidic protein, known as GFAP, is a type Ⅲ intermediate 

filament protein expressed by the astrocytes of CNS [181]. To analyze the spreading of 

the NHAs embedded in the fabricated PEG hydrogels, immunohistochemical staining of 

GFAP was performed as per the protocol described below.  
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For this experiment, the fabricated PEG hydrogels were as follows: PEG 

functionalized with RGD and/or IKVAV, and with or without encapsulated NHA. 

Functionalized PEG hydrogels with RGD and/or IKVAV were fabricated to determine 

the effect of the astrocytes on the expression of ZO-1, hence the formation of TJs. The 

same protocol previously explained was used to fabricate these hydrogels, encapsulate 

NHAs, seed ECVs, and culture the two controls. Upon the formation of an ECVs 

monolayer at day 5 post-seeding, immunohistochemical staining was initiated. Briefly, 

indirect immunohistochemical staining consists of 5 main steps: fixation and 

permeabilization, blocking, incubating with primary antibody, fluoresces labeling with 

secondary antibody, and finally DAPI staining. (Fig. 17) 

 

 
 

 

 
To initiate this experiment, RPMI medium was removed from all inserts and 

respective wells, and the samples were then washed (2X; 5 mins between every wash) 

with PBS (1X). To fix the samples, 4% PFA (800 µL/well and 200 µL/insert) was 

added for 20 mins at room temperate. Then, permeabilize the cells, 100% Methanol 

Figure 17: Schematic illustration  of the ZO-1 and GFAP indirect 
immunofluorescences staining.  
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(800 µL/well and 200 µL/insert) was added for 1 hour at -20 ֯C. The samples were then 

washed (2X) with PBS and the blocking solution consisting of 3% bovine serum 

albumin (BSA) and 3% normal goat serum (NGS) was prepared. This blocking solution 

(100µL) was added for 1 hour at room temperature to the inner chamber of all inserts 

except the ECV-NHA control. For this control, 3% NGS-BSA was added to both the 

inner and outer compartments of the insert.  

In the meantime, the primary antibodies were prepared by separately mixing 1% 

blocking solution (1% BSA-NGS) with rabbit anti-ZO-1 antibody (0.25 mg/mL stock; 

dilution 1:250) and with mouse anti-GFAP antibody (2 mg/mL stock; dilution 1:500). 

Different primary antibodies can be concurrently added to the samples. To stain for ZO-

1, the inserts were incubated overnight at 4 ֯C with diluted rabbit anti-ZO-1 antibody 

(100 µL/sample), added to the inner compartment of all the inserts. To stain for GFAP, 

the inserts were incubated for 48 hours at 4 ֯C with diluted mouse anti-GFAP antibody 

(100 µL/sample), added to the inner compartment of the following inserts: PEG-Peptide 

(IKVAV/RGD) with embedded NHA; and to the outer compartment of the following 

insert: ECV-NHA co-culture control.  

After 24 hours, samples with no encapsulated NHA were washed (2X; 5 mins in 

between washes) with PBS-Tween and incubated in the dark for 1 hour at room 

temperature with Alexa Flour 488 goat anti-rabbit IgG (2 mg/mL stock; dilution 1:1000; 

100 µL/sample) to fluorescently label ZO-1. To prepare this secondary antibody, a 1% 

blocking solution was mixed with Alexa Flour 488 goat anti-rabbit IgG and added to the 

inner compartment of the inserts.  The samples were then washed (3X) with PBS-

Tween, and DAPI (5 mg/mL stock; dilution 1:5000; 100 µL/sample) was added for 10 
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mins at room temperature. After two more washes with PBS, the inserts were shaped to 

fit in the confocal dishes and mounted with antifade reagent (20µL /sample).  

A similar protocol was followed to stain the samples containing NHA cells, with 

the secondary antibody. However, secondary antibodies were added successively. After 

48 hours, the samples were washed (2X; 5 mins in between washes) with PBS-Tween 

and incubated in the dark for 1 hour at room temperature with Alexa Flour 488 goat 

anti-rabbit IgG (2 mg/mL stock; dilution 1:1000; 100 µL/sample) to fluorescently label 

ZO-1. The samples were then washed (3X) with PBS (1X), and Texas Red goat anti-

mouse IgG (2 mg/mL stock; dilution 1:500; 100 µL/sample) was added to the inner 

compartment of the PEG-Peptide (IKVAV/RGD) with embedded NHA samples and to 

the outer compartment of the ECV-NHA co-culture control to fluorescently label 

GFAP. After incubating the samples for 1 hour at room temperature, the Texas Red goat 

anti-mouse IgG was removed, and samples were washed (3X; 5 mins in between) with 

PBS-Tween. DAPI (5 mg/mL stock; dilution 1:5000; 100 µL/sample) was then added as 

per the protocol mentioned before. The samples were then similarly washed, shapes, 

and mounted with an antifade reagent. Fluorescent images of all the samples were taken 

using a Zeiss LSM710 confocal microscope.  
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3. Statistical Analysis 
 

All statistical tests were performed using GraphPad Prism software. When 

comparing more than two independent groups, One-Way ANOVA Tukey (HSD) Post-

hoc test was used for parametric data. Two-Way ANOVA Tukey (HSD) Post-hoc test 

was used when independent groups were studied against two variables. A p-value less 

than or equal to 0.05 was considered significant according to the following:  

 

Symbol Meaning 
ns P-value > 0.05 
* P-value ≤ 0.05 
** P-value ≤ 0.01 
*** P-value ≤ 0.001 

 

Table 2: Statistical analysis convention followed by GraphPad Prism 9. 

  

Figure 18: Schematic illustration of the undirect immunofluorescence workflow [1]. 
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CHAPTER Ⅴ 

RESULTS AND DISCUSSION 
 
 
1. Optimization of the PEG Hydrogels Functionalized with IKVAV 
 

For this experiment, PEG hydrogels were functionalized with an increasing 

concentration of laminin-mimetic peptide IKVAV (75, 150, 300, and 600 µM). The 

goal was to study the effect of incorporating IKVAV in 4% PEG hydrogels on the 

viability of the encapsulated astrocytes. PEG is an inert polymer; thus the results 

reflected the role of IKVAV on the  survival and proliferation of astrocytes. Cell 

viability of the astrocytes in the PEG hydrogels was determined by a Live/Dead assay. 

Live cells were stained with Calcein-AM, while dead cells were stained with EthD-1. A 

confocal laser scanning microscope was used to assess the cell fluorescence. The 

viability of the astrocytes inside the PEG-hydrogels functionalized with increasing 

IKVAV concentration was compared at days 1, 4, and 7.  

Images showed that astrocytes were viable in all PEG hydrogels independent of 

the IKVAV concentration (75, 150, 300, and 600 µM). As seen in fig. 19, comparable 

live cell distribution was observed in all the samples per day. Jongpaiboonkit et al. 

previously proved that unfunctionalized PEG hydrogel induces cell death over an 

extended timeframe [182]. This shows that IKVAV is crucial in maintaining the 

survival of 3D encapsulated astrocytes by creating a nontoxic milieu that enhances cell 

viability. This is relevant to a previous study, where Gronthos et al. found that the 

incorporation of several ECM proteins, such as IKVAV and RGD, induce the 

proliferation of 2D bone marrow stromal cells culture [183]. Our finding was further 

supported by calculating the percentage viability (%) of the encapsulated astrocytes.  
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Figure 19: Live/dead assay of NHA embedded in 4% PEG with different IKVAV 
concentrations (75 μM, 150 μM, 300 μM, and 600 μM) at days 1, 4, and 7. Live NHA 
were stained with Calcein-AM (Green). Dead NHA were stained with EthD-1 (Red). 
Images were taken using a confocal microscope with a 10X objective. Scale bar=100 
µm, (n=3). 

 

Quantification of live cells and dead cells in the fabricated PEG hydrogels 

showed a viability percentage (%) of 78.3±3.4% in IKVAV-75 µM , 71.4±4.0% in 

IKVAV-150 µM, 77.4±2.5% in IKVAV-300 µM, and 76.5±3.0% in IKVAV-600 µM at 

day 1. This ratio of live astrocytes slightly increased at day 4 under all conditions, 

reaching a viability percentage (%) of 81.2±3.5% in IKVAV-75 µM, 79.8±1.7% in 

IKVAV-150 µM, 80.8.4±2.8% in IKVAV-300 µM, and 79.2±1.8% in IKVAV-600 µM. 

A similar pattern was further obtained at day 7, where the viability percentage (%) of 

astrocytes in the IKVAV-75 µM reached 82.0±2.5%, 81.2.4±1.6% in IKVAV-150 µM, 

86.6±2.8% in IKVAV-300 µM, and 80.3±2.6% in IKVAV-600 µM. However, no 
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statistically significant difference in the percentage of viable astrocytes between the 

different IKVAV concentrations at days 1, 4, and 7 was observed. As seen in fig. 20, 

regardless of the IKVAV concentration, the viability of the astrocytes was high (˃80%). 

This shows that incorporating laminin-mimetic peptide IKVAV alone supports the 

NHA viability for extended timeframes. This is consistent with a previous study done 

by Jongpaiboonkit et al. where they showed that the viability of encapsulated human 

mesenchymal stem cells (hMSC) increased, over 7 days, when IKVAV was combined 

within a PEG network [182]. This can be attributed to the role α1 chain of laminin-1 in 

inducing cell survival via the binding of IKVAV peptide to receptors in the astrocyte’s 

membrane, triggering cell-matrix interactions needed to suppress apoptosis [70]. 

 

 

Figure 20: Percentage Viability (%) of NHA embedded in 4% PEG hydrogels 
functionalized with different IKVAV concentrations (75, 150, 300, and 600 μM) at days 
1, 4, and 7. No statistical significance found (p-value˃ 0.05). Error bars represent +/- 
SEM, (n=3). 
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 To confirm the ability of NHAs to proliferate in the fabricated hydrogels, the 

number of live cells for each concentration was determined and statistically analyzed 

using a two-way ANOVA. As illustrated in fig. 21, there was no significant difference 

in the number of live cells between the increasing IKVAV concentrations at the 

extended timeframe. However, NHA embedded in IKVAV-300 µM showed an 

increasing number of live cells between days 1 and 7. This concertation further recorded 

the highest number of live cells among all samples on day 7.  

 

Figure 21: Number of Live NHA embedded in 4% PEG hydrogels functionalized with 
different IKVAV concentrations (75, 150, 300, and 600 μM) at days 1, 4, and 7. No 
statistical significance was found (p-value˃ 0.05). Error bars represent +/- SEM, (n=3). 

 
 

Despite the increase in the viability between days 1 and 7, some astrocytes 

displayed a round morphology. This was observed qualitatively using the 3D images 

(Z-Stacks) obtained using a confocal laser scanning microscope (fig. 22). Such outcome 

is consistent with a previous finding where hMSC also displayed a round morphology 
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when encapsulated in a 3D PEG hydrogel [182]. This might be attributed to the mesh 

size and porosity of the PEG network. Hassan et al. propose that a highly cross-linked 

hydrogel network would block integrin receptors and attachment sites on cells [184]. 

This would restrict cell growth, interactions, and secretions. However, the porosity and 

mesh size of the fabricated 4% PEG hydrogels were not evaluated nor quantified in the 

current work. Still, it can be suggested that IKVAV significantly promotes cell survival, 

without interfering much in its spreading.  
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Figure 22: A 3D 4% PEG hydrogel functionalized with [A] 75 µM [B] 150 µM [C] 
300 µM [D] 600 µM laminin-mimetic peptide IKVAV. Astrocytes were embedded 
inside the hydrogel. Live NHAs were stained with Calcein-AM (Green). Dead NHA 
were stained with EthD-1 (Red). Z-stack images were taken using a confocal 
microscope with a 10X objective. Scale bar=100 µm, (n=3). 

 
 

While there was no significant difference recorded in the astrocytic viability and 

proliferation between PEG hydrogels functionalized with increasing IKVAV 

concentrations (75, 150, 300, and 600 µM), IKVAV-300 µM was chosen to be used in 

co-culturing. First, this concentration induced a slightly greater, yet insignificant, NHA 

viability. It further maintained an increasing number of live cells over an extended 
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timeframe. Additionally, 3D images (10X) taken by the confocal microscope showed a 

relatively enhanced astrocytic growth and extension. Thus, it can be thought that this 

concentration promotes signaling without oversaturating the cell membrane. Lam et al. 

previously showed that 300 µM IKVAV concentration is optimal for cellular 

differentiation in 3D [174]. This is consistent with the current finding where 4% PEG 

hydrogel functionalized with 300 µM of laminin-mimetic peptide IKVAV proved to 

provide an optimal milieu for astrocytic survival and proliferation.  

 

2. Seeding of Endothelial Cells 
 

The BBB barrier integrity is primarily induced by the formation of the 

endothelium. To mimic the in vivo setting, ECVs were seeded on top of the fabricated 

4% PEG hydrogels. To assess the sole and cumulative effects of laminin-mimetic 

peptide IKVAV and fibronectin-mimetic peptide RGD on the activity of the ECs, PEG 

hydrogels were functionalized with the following concentrations: IKVAV-300 µM, 

RGD-600 µM, and IKVAV:RGD-300 µM.  

After seeding, the adherence of the ECVs and the establishment of the 

endothelial monolayer were evaluated using an inverted light microscope. As seen in 

fig. 23A, ECVs did not adhere to PEG hydrogel functionalized with IKVAV peptide. 

On the contrary, a monolayer was established when ECVs were seeded on PEG 

hydrogel functionalized with RGD, seen in fig. 23B. Macarak et al. claim that 

fibronectin promotes greater ECs adhesion than laminin-1 in 2D [185]. This is 

consistent with a previous study, where Salaszynk et al. concluded that each ECM 

protein binds to a certain integrin to induce cell differentiation and adhesion at varying 

affinities, with cells binding 6 folds greater in the presence of fibronectin rather than 
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laminin-1 [186]. Nuttelman et al. further suggest that the strongly hydrophilic PEG 

might restrict the activity of the less hydrophilic IKVAV, while attracting the more 

hydrophilic RGD [187]. Therefore, solely incorporating IKVAV in PEG networks 

might mask its ability to promote cell adhesion and migration. Rather IKVAV should be 

combined with another adhesion peptide, such as RGD, to enhance its signal within a 

PEG network. This is consistent with our finding, where the combination of RGD and 

IKVAV (1:1) positively influenced the formation of an endothelial monolayer, seen in 

fig. 23C.  

 

 

Figure 23: ECVs seeded on top of  PEG hydrogel functionalized with [A] IKVAV-300 
µM [B] RGD-600 µM [C] IKVAV:RGD-300. ECVs did not adhere when IKVAV was 
solely incorporated (Image A). ECVs adhered and formed a monolayer when RGD was 
solely (B) and combined with IKVAV (C). Images were taken using an inverted light 
microscope. Scale bar=1000 µm, (n=3). 

 
 

The establishment of an endothelial monolayer via joining of adjacent ECs by 

TJs is critical for bio-mimicking the in vivo BBB microenvironment. Since the sole 

incorporation of IKVAV in PEG failed in doing so, this condition was excluded from 

further analysis.  

 



 

 75 

3. Transendothelial Electrical Resistance (TEER)  
 

To assess the barrier integrity of the model,  TEER of the generated ECV 

monolayer was measured for 5 consecutive days. The conditions were: (1) 

IKVAV:RGD-300 µM with encapsulated NHA, (2) RGD-600 µM with encapsulated 

NHA, (3) IKVAV:RGD-300 µM control, (4) RGD-600 µM control, and (5-6) 2D 

controls (NHA and ECV co-culture; ECV monoculture).  

As illustrated in fig. 24, a similar increase in TEER was observed in all 

conditions in the 5-days timeframe. One-way ANOVA analysis revealed a statistically 

significant difference in TEER of each sample at days 1 and 5 (p-value≤0.001). 

Regardless of time, IKVAV:RGD-300 µM with encapsulated NHA recorded the highest 

TEER among all conditions. Specifically, TEER significantly increased from 

29.83±1.31 Ω.cm2 at day 1 to 55.33±1.47 Ω.cm2 at day 5 . Likewise, RGD-600 µM with 

encapsulated NHA recorded a significant increase in TEER from 27.43±1.09 Ω.cm2 at 

day 1 to 50.46±0.42 Ω.cm2 at day 5. TEER of IKVAV:RGD-300 µM control 

significantly increased from 18.33±3.86 Ω.cm2 at day 1 to 42±0.82 Ω.cm2 at day 5. 

These values are comparable to TEER recorded for RGD-600 µM control between days 

1 and 5, where it increased from 19.73±1.32 Ω.cm2 to 39±0.42 Ω.cm2. This shows that 

combining IKVAV and RGD (1:1) enhanced the barrier function of the monolayer 

relative to incorporating RGD alone. TEER recorded at days 1 and 5 for the 2D co-

culture and monoculture controls also showed a significant increase from 21.3±0.4 

Ω.cm2 to 31.2±0.4 Ω.cm2, and from 11.5±2.3 Ω.cm2  to 19.8±2.2 Ω.cm2, respectively. 

All of the established monolayers showed stability and enhanced tightness over this 

timeframe, until reaching a steady state by day 5, indicating the maximum formation of 

TJs [150].  



 

 76 

To confirm the impact of co-culturing NHA and ECVs in a 3D scaffold in the 

presence of major BM peptides, one-way ANOVA analysis was performed to compare 

TEER at day 5 between all conditions. Interestingly, TEER of IKVAV:RGD-300 µM 

with encapsulated NHA and RGD-600 µM with encapsulated NHA, were significantly 

higher than all other conditions (p-value≤ 0.001). Actually, TEER of all PEG hydrogels 

was significantly higher than the 2D culture systems (p-value≤ 0.001). Likewise, co-

culturing ECV with NHA, regardless of other variables, induced greater TEER 

compared to their relative controls (p-value≤ 0.001). Relatedly,  Zhang et al. previously 

found that co-culturing astrocytes and porcine BCECs enhanced TEER of the 

established endothelium [188]. This can be attributed to the role of astrocytes in 

secreting chemical signals that have been shown to induce the expression of BBB ECs 

phenotype [189]. Abbott et al. suggest that these secretions promote the polarization of 

ECs transporters and TJs expression, resulting in an enhanced barrier integrity [10]. The 

obtained results further reflect the effect of maintaining a nonplanar dimensionality on 

the activity astrocytes to induce cell-cell and cell-matrix interactions similar to the in 

vivo BBB milieu. Planar dimensionality has been shown to affect the astrocytes 

phenotype, as the activity of astrocytes in 2D would not resemble a physiological state 

due to their inability to interact with their surrounding [190]. 

Although no statistical significance in TEER was detected between 

IKVAV:RGD-300 µM and RGD-600 µM, conditions with a combined 300µM-300µM 

of peptides showed an enhanced TEER. This shows that the co-presence of fibronectin-

mimetic peptide RGD and laminin-mimetic peptide IKVAV interfere in enhancing the 

expression of TJ proteins. This is consistent with a previous study, where Tilling et al. 

found that combining a (1:1) mixture of fibronectin and laminin significantly enhances 
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TEER of porcine BCECs [80]. Having said that, the cumulative effect of co-culturing 

astrocytes and ECs in 3D in the presence of IKVAV and RGD resulted in an improved 

barrier integrity.  

 

 

✱✱✱

✱✱✱

✱✱✱

 

Figure 24: Corrected TEER values (Ω.cm2) for different samples recorded at days 1 to 
5 using EVOM2 and STX2 electrodes. One-way ANOVA analysis was performed to 
determine the statistical difference between TEER at days 1 and 5 of each condition. 
One-way ANOVA was also performed to detect any statistically significant difference 
in TEER of different samples at day 5. TEER of IKVAV:RGD-300 µM with 
encapsulated NHA was significantly higher than the other samples. TEER of 
functionalized PEG hydrogels controls was significantly higher than the 2D 
monoculture and co-culture controls.  P-value ≤ 0.05 was considered significant. P-
value ≤ 0.001 was marked with (***). Error bars represent +/- SEM, (n=3). 

 
 
4. Permeability Assay  

An optimal in vitro BBB model is characterized by not only high TEER but also 

low permeability of molecules across the endothelium. The higher the expression of 

TJs, the stricter the paracellular transport of molecules, including small molecules such 

as Na-F. Similarly, the highly selective transport of molecules should restrict the flow 

of large molecules, such as albumin,  across the endothelium. A permeability assay was 
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performed to the same conditions used in TEER measurements, to evaluate the ability 

of two tracers,  EBA and Na-F, to cross the endothelium at four time-points (30 min, 60 

min, 90 min, and 120 min). The concentrations across PEG hydrogels were compared to 

the concentration across an 8 µm blank insert, while the concentrations across the 2D 

controls (monoculture and co-culture) were compared to that of a 0.4 µm blank insert. 

Two-way ANOVA analysis was used to determine any statistical difference between 

the concentration obtained for all the conditions at the same time-point, and that 

obtained at 30 min and at 120 min for the same condition.  

Regardless of time, fig. 25 demonstrates that EBA was least permeable when 

ECVs were co-cultured with NHA encapsulated in IKVAV:RGD-300 µM. Expectedly, 

this condition had also recorded the highest TEER. EBA concentration increased from 

0.036±0.022 µg/mL to 0.216±0.055 µg/mL between 30 min and 120 min, with no 

significant difference. In fact, EBA permeability for all conditions at this extended 

timeframe increased without any significance. EBA permeability RGD-600 µM with 

encapsulated NHA increased from 0.058±0.045 µg/mL to 0.32±0.06 µg/mL during the 

timeframe. IKVAV:RGD-300 µM control and RGD-600 µM control, ranked the third 

(0.238±0.09 µg/mL to 0.49±0.154 µg/mL) and fourth (0.26±0.112 µg/mL to 0.63±0.077 

µg/mL) lowest EBA permeability, respectively. While the permeability of EBA did not 

significantly differ between these samples, IKVAV:RGD-300 µM with encapsulated 

NHA induced a better barrier. Cai et al. found that the loss of BM peptides, specially 

laminin, trigger BBB leakage [191]. Similarly, the downregulation of fibronectin 

contributes to the hyperpermeability of the BBB in pathophysiology [192]. 

Interestingly, these BM peptides generated by the endothelial cells and astrocytes, later 

adhere to these cells to maintain the barrier integrity [193]. Astrocytes further interact 
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with other molecules, such as angiotensin, to decrease the permeability of the BBB 

[194]. Accordingly, the disruption of any of these cell-cell or cell-matrix interactions 

increase the permeability.  

EBA permeability across the 2D controls (monoculture and co-culture) were not 

only higher than that of PEG hydrogels but also insignificantly different from  the 

permeability across their corresponding 0.4 µm blank insert. EBA permeability of the  

2D monoculture and co-culture increased from 0.551±0.089 µg/mL to 1.322±0.056 

µg/mL, and from 0.327 µg/mL to 0.797±0.07 µg/mL, respectively. This can be 

attributed to the role of astrocytic-endfeet in interacting with its 3D surrounding to 

prevent hyperpermeability, similar to the in vivo BBB milieu [195]. 
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Figure 25: EBA Permeability Assay: Log10 concentration of the Evan’s Blue Bound to 
Albumin (EBA; µg/mL) under different functionalized PEG conditions at four time-
points (30, 60, 90, and 120 mins). Two-way ANOVA analysis was performed to 
determine any statistical difference between the same sample at 30 mins and 120 mins; 
and at a particular time-point for all PEG hydrogels relative to 8 µm blank, monoculture 
and co-culture relative to each other and the 0.4 µm blank, samples with/without NHA, 
IKVAV:RGD-300 µM, and RGD-600 µM. Functionalized PEG hydrogels 
(with/without astrocytes) showed a significantly lower EBA permeability. P-value ≤ 
0.05 was considered significant. P-value ≤ 0.001 was marked with (***). Error bars 
represent +/- SEM, (n=2). 
 
 

A similar trend was seen with the permeability of Na-F across the monolayer of 

the various studied conditions at four time-points (fig. 26). However, Na-F permeability 

between all conditions did not change much. Among PEG hydrogels, Na-F was least  

permeable across IKVAV:RGD-300 µM with encapsulated NHA (140.437±0.441 

ng/mL at 120 min), followed RGD-600 µM with encapsulated NHA (144.598±0.22 

ng/mL at 120 min), RGD-600 µM control (164.882±6.108 ng/mL at 120 min), and then 

IKVAV:RGD-300 µM (165.668±11.943 ng/mL at 120 min). Na-F permeability in all 

functionalized PEG hydrogels (with/without astrocytes) was significantly lower than 

that across the 8 µm blank insert (p-value≤ 0.001). Interestingly, 2D controls showed a 

more restricted Na-F flow, where 99.79615±1.202 ng/mL of Na-F crossed the 2D co-
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culture control at 120 min, and 118.968±3.942 ng/mL crossed the 2D monoculture at 

120 min, with no significance difference compared to the 0.4µm blank insert. These 

findings show that even small polar molecules, such as Na-F, cannot freely cross the 

established endothelia.  

These findings demonstrate that our suggested in vitro BBB model succeeds in 

creating a barrier that not only prevents the flow of large molecules but also limits the 

paracellular flow of Na-F. High TEER and low permeability concurrently characterized 

this promising model. This can be attributed to the cumulative effect of incorporating 

astrocytes and peptides in a 3D system on improving the barrier function [150].  
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Figure 26: Na-F Permeability Assay: Log10 concentration of the Sodium Fluorescein 
(Na-F; ng/mL) under different functionalized PEG conditions at four time-points (30, 
60, 90, and 120 mins). Two-way ANOVA analysis was performed to determine any 
statistical difference between the same sample at 30 mins and 120 mins; and at a 
particular time-point for all PEG hydrogels relative to 8 µm blank, monoculture and co-
culture relative to each other and the 0.4 µm blank, samples with/without NHA, 
IKVAV:RGD-300 µM, and RGD-600 µM. P-value ≤ 0.05 was considered significant. 
P-value ≤ 0.001 was marked with (***). Error bars represent +/- SEM, (n=2). 
 
 
 
 
5. ZO-1 and GFAP Characterization  
 

To evaluate the formation of TJs between adjacent ECVs, immunofluorescence 

staining of ZO-1 was done under the same conditions. Ideally, ZO-1 should form a 

continuous network surrounding ECs. As illustrated in fig. 27, ZO-1 expression in 3D 

PEG hydrogels was greater than that in 2D controls. Specifically, ECVs seeded on 

functionalized PEG hydrogels with encapsulated astrocytes expressed the highest ZO-1 

expression, with a slightly better signal in IKVAV:RGD-300 µM (fig. 27F), compared 

to RGD-600 µM (fig. 27E). This trend was also observed when comparing the ZO-1 

signal between IKVAV:RGD-300 µM control (fig. 27D), and RGD-300 µM control 

(fig.27C). Accordingly, the combination of laminin-mimetic peptide IKVAV and 
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fibronectin-mimetic peptide RGD further induce the formation of tight junctions 

relative to the sole presence of RGD. This can be attributed to the role of laminin-

mimetic peptide IKVAV in enhancing expression of TJs. Yao et al. showed that the loss 

of astrocytic laminin, especially laminin-1, halts the expression of TJs by disrupting the 

astrocytic polarization and signaling [83].  

Comparing the ZO-1 signal between astrocyte-containing conditions and 

astrocytes-deprived conditions demonstrates the role of astrocytes in enhancing the 

barrier integrity, reflected by the enhanced expression of ZO-1. It can be suggested that 

astrocytes do so via neighboring cell-cell interaction and cell-matrix interactions, 

enabling them to release chemical factors crucial in TJs formation. For example, TGF-β 

released by the astrocytic endfeet, after interacting with pericytes in vivo, has been 

shown to increase the expression of tight junction proteins, such as claudin-5 [66]. This 

is consistent with a previous study, where Gardner et al. claimed that astrocytes secrete 

integrins that enhance the barrier function and tight junction protein expression, 

demonstrated by high TEER and ZO-1 content [196]. Wu et al. further suggest that 

molecules, such as angiotensin, targets astrocytes to help restore the expression of ZO-1 

and claudin-5 during pathology [194]. The 3D structure of PEG hydrogels had also 

proved to be critical in triggering the expression of ZO-1. As seen in fig. 27, the 2D 

controls (fig. 27 A and B) show a minimal expression of ZO-1, relative to the 3D 

models (fig. 27 C-F). This can be further attributed to the ability of astrocytes to 

protrude and directly interact in 3D via their endfeet with neighboring cells and 

proteins, leading to an enhanced expression of TJs and barrier integrity [197].  

ZO-1/DAPI  intensity ratio was further analyzed using ImageJ, where the 

obtained results validated our previous findings (fig. 28). One-way ANOVA analysis 
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showed that IKVAV:RGD-300 µM and RGD-600 µM (with/without NHA) had a 

significantly greater ratio of ZO-1/DAPI compared to 2D controls  (p-value≤0.001). 

Specifically, IKVAV:RGD-300 µM and RGD-600 µM with encapsulated NHA has the 

highest ZO-1/DAPI ratio among all conditions. 

While these findings show the significance of our in vitro BBB model, the 

generated ZO-1 expression fails to produce a well-defined network between 

neighboring ECs on both 3D and 2D systems. The irregularities might be attributed to 

the use of ECVs, rather than primary BCECs. Gaillard et al. claims that immortalized 

ECs do not only fail to mimic the in vivo BBB ECs phenotype but also may reflect 

pathological properties of BBB [198]. 

 

 

.  
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Figure 27: ZO-1 staining of ECVs in [A] ECV monoculture control; negative control 
[B] ECV and NHA co-culture control  [C] RGD-600 µM control [D] IKVAV:RGD-300 
µM control [E] ] RGD-600 µM with encapsulated astrocytes [F] IKVAV:RGD-300 µM 
with encapsulated NHA. Images were taken using a confocal laser scanning microscope 
(63x). Scale bar=10 µm, (n=2). 
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Figure 28: ZO-1/DAPI intensity ratio of each condition quantified using ImageJ. 
Functionalized PEG hydrogels with encapsulated astrocytes show the highest intensity. 
One-way ANOVA analysis was used to determine any statistical difference in ZO-
1/DAPI intensity between samples. Results show that IKVAV:RGD-300 µM and RGD-
600 µM (with/without astrocytes) had a significantly greater expression of ZO-1/DAPI  
compared to 2D controls. IKVAV:RGD-300 µM and RGD-600 µM with encapsulated 
NHA had a significantly greater expression of ZO-1/DAPI  compared to 2D and 3D 
controls. P-value ≤ 0.05 was considered significant (*). P-value ≤ 0.001 was marked 
with (***).  Error bars represent +/- SEM. 

 

To identify the astrocytic morphology, GFAP immunostaining of astrocytic 

processes was performed on functionalized PEG hydrogels loaded with astrocytes and 

compared to the 2D co-culture control. As illustrated in fig. 29, GFAP intensity was 

neither significant nor differed between these conditions. GFAP/DAPI  intensity ratio 

was further analyzed using ImageJ, where the obtained results validated these findings 

(fig. 30). One-way ANOVA analysis showed no significant difference in this ratio. This 

might be attributed to the cell passage number of NHA used in this experiment (P6-P7), 

as studies have shown that late passages affect the morphological, functional, and 

molecular properties of astrocytes [199]. However, it can be noticed that astrocytes 

embedded in functionalized PEG hydrogels (fig. 29A and 29B), regardless of the 

peptides, show an extended morphology, unlike the control where cells mostly grew in 
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clumps with no defined borders (fig. 29C). This can be attributed to the effect of a 3D 

milieu on the activity of the encapsulated astrocytes. This is consistent with a previous 

study, where Balasubramanian et al. found that astrocytes grown in a 3D hydrogel 

triggered a heterogeneous spread morphology compared to the round morphology in 2D 

[200].  

 

 

Figure 29: GFAP immunostaining of NHA in [A] IKVAV:RGD-300 µM with 
encapsulated NHA [B] RGD-600 µM with encapsulated astrocytes [C] ECV and NHA 
co-cultured on insert. Images were taken using a confocal laser scanning microscope 
(63x). Scale bar=10 µm, (n=2). 
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Figure 30: GFAP/DAPI intensity ratio of each condition quantified using ImageJ. No 
difference was found between samples. No significant difference was detected. Error 
bars represent +/- SEM. 



 

 88 

CHAPTER Ⅵ 

CONCLUSION 
 

The BBB is a highly selective semipermeable interface that separates the brain 

from the circulatory system, protecting the brain and maintain homeostasis. Several 

neurological diseases have been associated with the breakdown of the BBB. For 

example, AD is characterized by the accumulation of amyloid-β peptide in the brain, 

leading to inflammation and disruption of the BBB. The BBB integrity is maintained by 

the cumulative action of the NVU components on the endothelium. Downregulation of 

any molecule or cell can have a disastrous effect on the BBB barrier integrity. 

Understanding how the BBB’s constituents function and interact, as well as the 

impairments, reveals specifically how the BBB is maintained and how neurological 

diseases are initiated and progressed. This is crucial for not only developing targeted 

treatments but also in inducing successful drug delivery across this tight barrier. There 

has been a growing interest in developing an in vitro model that bio-mimics the in vivo 

BBB in physiology and pathology. A successful model is that capable of integrating the 

major cell types and ECM components in a 3D milieu. PEG hydrogels are extensively 

used in tissue engineering, as they offer an inert, biocompatible, biodegradable, flexible, 

reproducible, and inexpensive 3D scaffold for cell encapsulation and peptide 

integration.  

In this project, we developed a novel functionalized PEG hydrogel in vitro 

model of the BBB. In brief, PEG-VS was modified with laminin-mimetic peptide 

IKVAV and/or fibronectin-mimetic peptide RGD, and then crosslinked with MMP-

sensitive peptides via a Michael-type addition of thiol. While astrocytes were 

encapsulated within the hydrogel, ECs seeded on top formed a monolayer. The presence 
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of these crucial ECM peptides, in addition to co-culturing astrocytes and ECs in a 

biocompatible 3D milieu, was expected to induce the in vivo cell-cell and cell-matrix 

interactions. Initially, the optimal IKVAV concentration for the viability of astrocytes 

was determined by a Live/Dead assay. Incorporating 300 µM of IKVAV showed to be 

optimal for the survival of astrocytes. However, ECs failed to adhere to PEG hydrogels 

functionalized solely with IKVAV. Accordingly, only PEG hydrogels functionalized 

with 600 µM RGD and a one-to-one mixture of RGD and IKVAV were further tested. 

To evaluate the sole and cumulative effect of IKVAV, RGD, astrocytes, and 

dimensionality on the barrier integrity, we assessed the activity of the endothelial 

monolayer at different conditions. The expression of TJs was determined qualitatively 

and quantitatively by assessing the TEER and Na-F permeability, and ZO-1 expression, 

respectively. The transcellular transport was also evaluated by EBA permeability assay. 

The activation and spreading of astrocytes were determined by qualitatively evaluating 

GFAP expression. PEG hydrogels functionalized with RGD and IKVAV (300µM-

300µM), with encapsulated astrocytes proved to have the greatest barrier integrity, 

reflected by highest TEER, lowest permeability, enhanced ZO-1 expression, and 

relatively extended GFAP expression.  

Accordingly, this model presents a promising approach for bio-mimicking the 

BBB in vitro to be eventually used in neurological disease studies and offer reliable 

drug delivery results. To improve the barrier integrity, ECVs should be substituted with 

brain ECs, as it is expected to enhance the TEER, permeability, and the expression of 

ZO-1. The claudin-5 expression should be also assessed as it is the only identified TJ 

protein until today to be directly associated with the low BBB permeability [201]. In an 

attempt to further resemble the in vivo milieu, collagen-Ⅳ mimetic peptide GFOGER 
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will be integrated into our model to evaluate its effect on the BBB integrity. Optimizing 

the parameters of this model will produce a superior scaffold for understanding the 

BBB in physiology and pathology to develop targeted drugs and successful delivery.  
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