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Abstract 
Porras, A. 2022: Chemical micropatterning of hyaluronic acid hydrogels for brain endothelial 
in vitro cell studies. 118 pp. Uppsala. 

The building blocks of human tissues are cells. The cells interact and respond to the character-
istics of their local microenvironment. The cellular microenvironment is formed by three main 
components, the extracellular matrix, neighbouring cells and signalling molecules. Particularly, 
the extracellular matrix and neighbouring cells impose boundary conditions that limits the cell 
volume and cell spreading. However, these characteristics are often not present in traditional in 
vitro models, where cells experience a stiff and vast environment. 

An approach to improve in vitro models is to use hydrogels, soft and highly hydrated poly-
mers. Through chemical modifications, polymers naturally found in the extracellular matrix can 
be functionalized to form crosslinked hydrogels. Moreover, these functionalities can also be 
used to prepare micropatterns, micrometre sized cell adhesive areas on the hydrogels. These 
micropatterns guide the cell shape and permit the study of the cell response to these changes in 
shape, which has been observed in e.g. endothelial cells from various origins. 

Taken all together, the aim of this work is to develop a hydrogel-based cell culture scaffold 
that permits the control of the spatial adhesion of brain endothelial cells in order to study the 
morphological effects on these cells and contribute to the understanding of the function of brain 
endothelial cells in health and disease. 

This thesis demonstrates the functionalization of hyaluronic acid, a naturally occurring ex-
tracellular matrix polymer, to prepare photocrosslinkable hydrogels. Furthermore, through pho-
tolithography, micropatterns of cell adhesive peptides were prepared on these hydrogels. Brain 
microvascular endothelial cells, a highly specialized type of endothelial cells, adhered to the 
micropatterns, and the effect on their alignment depending on the micropatterned sized was 
studied. Furthermore, changes in their alignment were also observed when exposed to different 
glucose concentration. 
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PEGDA Poly (ethylene glycol) diacrylate 
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Introduction 

The building blocks of human tissue are cells. Mammalian cells are around 10 

to 100 µm in diameter and respond to the characteristics of their local 

microenvironment dictating cell function. The cellular microenvironment can 

be defined as the local microscale environment with which cells interact and 

it is formed by three main components, the extracellular matrix (ECM), 

neighbouring cells and signalling molecules. Altogether, these provide 

chemical and physical cues that regulate cell behaviour (1,2). However, these 

characteristics are often not present in traditional in vitro models (1,3). 

 

Biomedical research utilizes in vitro models to study human physiology. In 

vitro models consist of cells that are cultured outside their native environment. 

They permit the study of the cell structure and function in a favourable 

artificial environment with defined and controlled experimental conditions. In 

this manner, cells are grown on a substrate that provides structural support for 

cell attachment. Traditional substrates for cell culture consist of a flat and stiff 

polystyrene plastic substrate. On the other hand, in vivo, most cells are 

surrounded by a highly hydrated and compliant ECM and neighbouring cells 

that imposes boundary conditions that limits the cell volume and cell 

spreading (3). While polystyrene substrates offer a cheap and easy to use 

platform for in vitro studies, they do not resemble the complex 

microenvironment experienced by cells in vivo.  

 

In recent years, there has been a great interest in the development and 

improvement of cell culture substrates for in vitro studies recapitulating the 

cell microenvironment. One of these approaches is the use of hydrogels, high 

water content polymers, that aim to mimic the native ECM. Through chemical 

modifications, polymers naturally found in the ECM, such as hyaluronic acid, 

can be functionalized to form crosslinked hydrogels. Moreover, these 

functionalities permit the modification of the hydrogels to present micrometre 

sized features that can guide cell behaviour. This has been achieved by using 

microfabrication techniques originally developed for the fabrication of 

electronic components.  

 

Microfabrication techniques are a set of technologies that permit the 

construction of objects in the micrometre to millimetre range (4). Their use 
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has permitted the formation of micropatterns on cell culture substrates to 

model the cell microenvironment in vitro (4,5). Micropatterns are micrometre 

sized cell adhesive regions on substrates (e.g. hydrogels) that impose a defined 

cell adhesion pattern and permit the study of morphological implications and 

effects on different cell types (3,6). For example, it has been demonstrated that 

endothelial cells increased their proliferation or apoptosis rates depending on 

the size of the micropattern (7). 

 

Endothelial cells line the arteries, veins and capillaries throughout the body. 

Blood capillaries, or microvessels, participate in gas and nutrient exchange 

within tissues and form a barrier between the circulating blood and the 

underlying organ. The brain presents a particularly tight barrier, the so-called 

blood-brain barrier. The blood-brain barrier consists of brain microvascular 

endothelial cells, surrounded by pericytes, astrocytes and a basement 

membrane. Brain endothelial cells form the physical and structural basis of 

the blood-brain barrier and present certain characteristics different to 

endothelial cells found in other organs, resulting in a particularly tight barrier 

(8,9). While this barrier protects the brain from harmful molecules and 

pathogens, it also impedes the passage of drugs treating diseases affecting the 

brain (10,11). Therefore, there is an interest in focusing in the study of this 

endothelial cell subtype, and has been the cell type of focus on this thesis.  

 

 

Research Aim  

 

Taken all together, the aim of this work is to: 

1. Prepare a hyaluronic acid hydrogel cell culture scaffold  

2. Control the spatial adhesion of brain endothelial cells  

3. Study the morphological effects on these cells of the 

micropattern geometry under different conditions 
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Chapter 1 Hydrogels for Cell Culture 

Scaffolds 

Hydrogels have attracted interest to be used as cell culture substrates, due to 

their high-water content and similar mechanical properties as tissue in vivo. 

Furthermore, hydrogels can be modified to present specific chemical, 

mechanical and biological properties to better mimic the ECM of the desired 

tissue (12).  

Hydrogels are a type of materials that consist of crosslinked hydrophilic 

polymer chains, where water penetrates between the chains causing the 

swelling and formation of a hydrogel (12). Hydrogels can be formed by 

naturally derived or synthetic building blocks. Fibrin, collagen, alginate and 

hyaluronic acid are naturally found in the ECM that have been used for 

preparation of hydrogels for cell culture. Alternatively, one can use synthetic 

materials such as poly (ethylene glycol) (PEG) and polyacrylamide (13,14). 

Most often, naturally derived materials are inherently cell adherent and can be 

used for cell culture without further modification. However, they are often 

obtained from animal tissue and come with an inherent variability from batch 

to batch depending of the handling conditions. On the other hand, synthetic 

materials often require further functionalization to render cell adherent, 

however, they can offer greater control of the material properties (14,15). 

1.1 Hyaluronic Acid Hydrogels  

Hyaluronic acid (HA) is a naturally occurring glycosaminoglycan. HA is a 

linear polysaccharide consisting of alternating units of D-glucuronic acid and 

N-acetyl-D-glucosamine monosaccharides (Figure 1). It is negatively charged 

and attracts positive ions resulting in an osmotic balance that brings in water, 

resulting in a highly hydrated molecule (16). HA is one of the primary 

components of the ECM of different tissues throughout the body, including 

the brain (17). HA functions as a structural element in the ECM, maintaining 

a hydrated environment, modulating ion and molecule exchange and provide 

mechanical support for the cells. HA can interact with some cell surface 

receptors, being CD44 one of the most known and described (18).   

 



 

 14 

 

Figure 1. Hyaluronic acid. HA consists of alternating units of D-glucuronic acid and 
N-acetyl-D-glucosamine monosaccharides. 

HA typically exists as high molecular weight (10,000 kDa) (19), but it can be 

cleaved by hyaluronidase, a cellular secreted enzyme, into lower molecular 

weight chains (20). Interestingly, high and low molecular weight HA have 

opposing effects on cell behaviour. High molecular weight (70 – 10,000 kDa) 

does not permit cell adhesion, while low molecular weight (~2.5 – 40 kDa) 

does (21,22). 

1.2 Crosslinking of Hyaluronic Acid Hydrogels  

Many of the materials used to form hydrogels are hydrophilic polymers, which 

might cause the hydrogel’s dissolution over time under culture conditions (i.e. 

in cell media). This can be prevented by forming chemically or physically 

crosslinked networks within the hydrogel (12). One of the crosslinking 

methods widely used in hydrogels for biomedical applications is light initiated 

reactions, or photocrosslinkable hydrogels (23), and it is the method used for 

the preparation of hydrogel substrates for cell culture in this thesis. 

To prepare photocrosslinkable HA hydrogels, HA must be functionalized to 

add chemically reactive groups to form crosslinked networks. HA contains 

functional groups along its backbone, where the carboxylic acid and hydroxyl 

groups are the two most commonly used groups for chemical modification 

(24). Photocrosslinkable HA hydrogels have been developed by others, by 

functionalizing the HA backbone with different groups such as norbornene 

(25,26) and methacrylate (27–29). In this thesis a photocrosslinkable HA 

derivative, hyaluronic acid acrylamide (HA-am) was prepared, following a 

previously published protocol (30). In this manner, HA (MW= 135 kDa) was 
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functionalized with acrylamide groups by reacting the carboxylic acid group 

of the HA backbone and the amino group of an aminoethyl acrylate linker, 

resulting in an acrylamide modified HA (30). 

The photocrosslinkable hydrogel precursor, HA-am, will form crosslinks in 

the presence of a photoinitiator and light exposure via free radical initiated 

polymerization (Figure 2). Briefly, upon exposure to light, the photoinitiator 

absorbs photons and decomposes, forming free radicals. The radicals will then 

react with the vinyl bonds in the acrylamide groups causing the formation of 

chemical crosslinks between the polymer chains (6,23).  

 

Figure 2. Photocrosslinkable hyaluronic acid acrylamide. Photocrosslinkable HA 
consists of HA functionalized with acrylamide groups. Upon UV light exposure the 
photoinitiator breaks down, forming radicals that will initiate the crosslinking between 
acrylamide groups.  

Considerations for this type of crosslinking method are the type of 

photoinitiator, which will determine the wavelength of the light source, the 

photoinitiator concentration, and the exposure time. In this work we used 

Irgacure 2959, one of the most common photoinitiators used due to its 

demonstrated compatibility to cells (23). Irgacure 2959 has an excitation 

wavelength between 320-390 nm (UV light) and this wavelength does not 

affect cellular DNA, compared to UV light used for sterilization (240-280 

nm). The photoinitiator concentration must be chosen carefully and 

determined experimentally as it will affect the crosslinking degree. Too high 

or too low photoinitiator concentration will lead to too slow or too fast 

polymerization respectively, resulting in a weak hydrogel (31). Finally, the 

exposure time (i.e. reaction time) will determine the degree of crosslinking. 

This in turn will affect the mechanical properties of the hydrogel which will 

be discussed in the following section.  

1.3 Hydrogel Mechanical Properties 

One of the main features and interest of using hydrogels for cell culture is that 

their stiffness is closer to tissue in vivo compared to cell culture polystyrene. 

The stiffness of a material is described by its elastic modulus (or Young’s 
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modulus, E) or their shear modulus (G). The hydrogel’s elastic modulus, is a 

measure of the strain when stress is applied to a material, i.e. it describes the 

extent of deformation (strain) due to an applied force (stress). The shear 

modulus describes this ratio, when shear forces are applied to the material 

(32).  G and E are related as shown by the equation E= 2G(1+v); where v is 

the material’s Poisson’s ratio (13). HA hydrogels, and most hydrogels, have a 

Poisson’s ratio of ~ 0.5 (13,25,33), therefore this relation approaches 𝐸 ≈ 3𝐺 

.  

G can be can be determined by experimental techniques such as shear 

rheometry. In shear rheometry measurements, the crosslinked hydrogel is 

placed between two plates and a constant strain is applied to the material in a 

range of frequencies (Figure 3). These measurements provide the storage (G’) 

modulus, which represents the energy stored during material deformation, 

describing the elastic behaviour of the material (32). To determine and 

compare the mechanical properties of different hydrogels, the G’ from a 

selected frequency in the linear region was used to calculate E, using the above 

approximation, where G’ ≈ G.  

Figure 3. Shear rheometry. The hydrogel is loaded into the instrument between a fixed 
plated and an oscillating plate. The oscillation is applied at a fixed strain. 
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Chapter 2 Microfabrication of HA-am 

Hydrogels for Cell Culture Scaffolds 

Photocrosslinkable hydrogels are an interesting material option to mimic the 

ECM due to its high-water content and compatibility with microfabrication 

techniques. In this section, the basics of different microfabrication techniques 

that have been useful in the fabrication of micrometre size features with 

hydrogels will be presented. 

2.1 Microfabrication 

Microfabrication is a set of technologies that permit the construction of objects 

in the micrometre to millimetre range, such as microelectromechanical 

systems (MEMS) (4). The fabrication of MEMS relies widely on 

photolithography and it is often the first step in the fabrication process.  Even, 

micromoulding and soft lithography, rely in photolithography. These 

microfabrication techniques have now been extensively used in the 

development of various tools to study biological systems, a field often referred 

to as BioMEMS (5).  

2.1.1 Photolithography 

Photolithography is one of the most important techniques, and commonly the 

starting point in the fabrication of MEMS (5). Briefly, this technique consists 

in preparing a thin uniform film of a photosensitive material (photoresist) on 

a substrate, e.g. silicon wafer. The photoresist is then covered with a 

photomask, with the desired microscale pattern, that will protect or expose 

some regions to UV light. UV exposure will cause chemical changes on the 

photoresist and modify its solubility in a developer solution. Photoresists can 

be negative or positive, where a positive resist becomes soluble when exposed 

to UV light and a negative photoresist becomes insoluble (Figure 4). SU-8 is 

a negative photoresist widely used to fabricate chips and master moulds (35).  
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Figure 4. Photolithography. A photoresist film is deposited on a silicon wafer. The 
photoresist is then covered with a photomask containing the desired micrometre 
features. Then, the photoresist is exposed to UV light through the photomask opening. 
The photoresist can be negative or positive. A positive resist becomes soluble when 
exposed to UV light. A negative photoresist becomes insoluble after UV light 
exposure.  

Using this technique, it is possible to fabricate small structures with high 

resolution. Resolution refers to the smallest structure size that can be achieved. 

It depends on various parameters in the process, such as the material being 

patterned (e.g. SU-8, hydrogel, peptide, protein), the substrate being patterned 

(e.g. silicon, glass, hydrogel) and photomask. Photomasks can be made on 

glass or plastic films. For high resolution applications (~1 µm sized 

structures), chrome-glass photomasks are required. For lower resolution 

requirements, the mask can be prepared by toner ink printed on transparency 

films (~50 µm). Overall, the required and achievable resolution is application 

dependent (5).  

Photocrosslinkable hydrogels can be processed using photolithography to 

form 3D structures. The process is very similar to silicon-based lithography, 

where the photoresist is the hydrogel.  HA-am hydrogels can be compared to 

a negative photoresist, i.e. the hydrogel is activated and forms crosslinks when 

exposed to UV light and becomes insoluble in water, while the non-exposed 

areas will dissolve. 2D micropatterns can also be formed on the hydrogel 

surface using the same approach which will be discussed further in Chapter 3 

and 4. Other techniques have been used for microfabrication of 

photocrosslinkable hydrogels, such as stereolithography and two-photon 

polymerization (2PP). These techniques permit the construction of more 

complex hydrogel architectures, with higher resolution. However, these 

techniques require complicated and expensive setups and an expert user, and 

the high resolution might not always be required.  

2.1.2 Micromoulding 

Micromoulding is particularly useful for polymer materials. Hydrogel 

precursors are dissolved in a buffer solution and then crosslinked by different 

means (e.g. exposure to light, temperature change). In this manner, hydrogels 

can be formed in specific shapes in moulds. Moulds with micrometre sized 

features can be fabricated by photolithography, for example using SU-8 on 
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silicon. This method is widely used for soft polymers, specifically PDMS 

(poly (dimethylsiloxane)), resulting in soft lithography, a subfamily of 

micromoulding with extensive use in BioMEMS (5).  

2.1.2.1 Soft Lithography 

Soft lithography is based on the preparation of a micromoulded piece of 

PDMS to generate a mould or to form a microfluidic device (Figure 5). PDMS 

is an elastomeric polymer, with physicochemical properties that are 

advantageous for BioMEMS, such as soft, optically transparent, 

biocompatible and permeable to gases. PDMS is thermally cured by mixing 

the PDMS pre-polymer (monomer) and a crosslinking agent. The mixture is 

then poured over the master mould and will solidify. Once cured, the 

micromoulded PDMS piece can be peeled off from the mould and the mould 

can be reused.  

Figure 5. Soft lithography. A mixture of PDMS pre-polymer and crosslinking agent 
is poured in the silicon master mould and the PDMS is left for curing. After, the 
crosslinked solidified PDMS can be removed or peeled off the master mould and cut 
to the desire size and shape. After, the master mould can be reused to replicate the 
pattern.  

Both photolithography and micromoulding have allowed the fabrication of 

hydrogels as cell culture scaffolds in 2D, where the cells are growing on top 

of the substrate, and 3D, where the cells are encapsulated inside the hydrogel 

(14). Micromoulding is very useful in shaping hydrogel precursors during 

crosslinking. For example, in Paper I HA-am hydrogels were micromoulded 

using a silicon/SU-8 mould on a glass substrate, resulting in an 8 mm in 

diameter and 200 µm thick structure (Figure 6).  
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Figure 6. Micromolded hydrogel. Hydrogels can be crosslinked inside a silicon/SU-8 
micromould. First the prepolymer solution is placed inside the mould and covered by 
a glass coverslip. Then, the hydrogel precursor is exposed to UV light through the 
glass. Finally, the mould is removed, and the crosslinked hydrogel with the shape of 
the mould remains on the glass.  

Photolithography can also be used to form hydrogel structures, for 2D and 3D 

cell culture. Photocrosslinkable hydrogels are processed in similar manner as 

silicon-based lithography, where the photoresist is the hydrogel.  HA-am 

hydrogels can be compared to a negative photoresist, i.e. the hydrogel 

precursor is activated and forms crosslinks when exposed to UV light and 

becomes insoluble in water, while the non-exposed areas will dissolve. 2D 

micropatterns can also be formed on the hydrogel surface using the same 

approach, which will be discussed further in Chapter 3 and 4.  

2.3 Other Fabrication Considerations 

Hydrogels are soft materials and their handling can be difficult. Hydrogels 

used for cell culture might need to undergo many processing steps such as 

micropatterning, cell culture and microscopy imaging. Moreover, during the 

cell culture the gel is submerged in cell media, usually by placing the hydrogel 

inside well plates, where the hydrogel might float. This will cause problems 

in seeding cells and microscopy to keep track of the culture. Moreover, in situ 

analysis of cells growing on the hydrogel is often desired using 

immunofluorescence techniques and confocal microscopy (discussed further 

in Chapter 5). To this end, hydrogels can be fabricated on glass coverslips to 

allow easy handling of the hydrogel during these steps.  

Glass is a good support material due to its compatibility with confocal 

microscopy and biocompatibility in cell studies. Glass silanization permits 

covalent attachment of the hydrogel onto the coverslip (13). Silanization is the 

deposition of silanes onto substrates. Silanes are chemical compounds with a 

central silicon atom and contain two reactive groups (Figure 7A), one that will 

react with hydroxyl groups present on the glass substrate (X in Figure 7A), 

and a second one that will bind covalently to the hydrogel (R in Figure 7A) 

(36,37). 
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Figure 7. Silanes. A. Silanes are chemical compounds formed by a central silicon atom 
with four attachments, consisting of a functional group (R) and leaving groups (X). 
B. Chemical formula of silane methacrylate (3-(trimethoxy silyl)propyl 
methacrylate). Adapted with permission by Elsevier. Ratner, B. D., & Hoffman, A. S. 
Physicochemical surface modification of materials used in medicine. (pp. 259-275) 
Copyright 2013 

This approach was used in the design and development of the cell culture 

scaffolds in this thesis. For this purpose, 175 µm thick glass was 

functionalized with silane methacrylate (3-(trimethoxy silyl)propyl 

methacrylate) (Figure 7B). In this manner it was possible to micro-mould and 

attach a HA-am hydrogel on a glass substrate, which could be further handled 

for 2D patterning, followed by cell culture. Later, this treatment permitted the 

handling of the hydrogel with cells going through immunofluorescence 

processing, sustaining multiple washes and finally confocal imaging and long-

term storage.  
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Chapter 3 Controlling Cell Adhesion on 

Hydrogels 

Most cells in vivo are exposed to an ECM, that provides a substrate for the 

cells to adhere to and give structural support and shape to the tissue. In 

traditional cell culture substrates, i.e. polystyrene plates, cell adhesion is 

mediated by adsorbed proteins on the polystyrene substrate present in the cell 

medium (38,39). In tissue in vivo, cells are exposed to a highly structured 

microenvironment and neighbouring cells that impose boundary conditions 

that dictate the cell architecture. These conditions are not achieved in 

traditional cell culture substrates, where cells are rather exposed to 

homogenous and vast cell adhesive regions (3). Microfabrication techniques 

has permitted the spatial control of chemical functionalities, to control the 

appearance of cell adhesive regions, or micropatterns, on hydrogel materials.  

3.1 Cell Adhesion  

Cells attach to a substrate (ECM or polystyrene plate) through the process of 

cell adhesion via integrins (40). Integrins are transmembrane proteins that 

interact with ECM proteins, mediating cell attachment and signal transduction 

inside the cell. Moreover, integrins also bind to the cytoskeleton, through actin 

binding proteins and stabilizes the cell-matrix interactions (Figure 8). 

Integrins are heterodimeric proteins consisting of a large extracellular domain 

and a short cytoplasmic domain. There have been identified 24 different 

heterodimers in mammalian cells (41). Usually, individual cell types express 

multiple integrins, and each integrin can bind to various different proteins and 

vice versa. Fibronectin, collagen and laminin are some of the proteins present 

in the ECM that are ligands for integrins (40,41).  
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Figure 8. Integrin mediated cell adhesion. Integrins are heterodimeric proteins found 
in the cell membrane. They bind to proteins found in the extracellular matrix, 
mediating cell adhesion. 

There is a wide variety of integrins and integrin ligands, and several integrin-

ligand combinations have been identified. Moreover, it has been shown that 

integrins bind to short amino acid sequences on the proteins. The RGD peptide 

sequence (arginine-glycine-aspartic acid) is one of the minimal integrin 

recognition sequence found in fibronectin, vitronectin and fibrinogen; and 

about one third of the integrins bind to this sequence (41,42).  

3.2 Controlling Cell Adhesion In Vitro 

Advances in biomaterials functionalization, specifically the functionalization 

of hydrogels with reactive groups, and their combination with 

microfabrication has opened up the opportunity to prepare micropatterns on 

more compliant materials. Micropatterns are micrometre sized cell adhesive 

regions.  These micropatterns can vary in shape and size, resulting in the 

geometrical confinement of cells (3,6). Upon cell adhesion, the cells adapt 

their shape and their cytoskeletal actin filaments to the underlying 

micropattern, as demonstrated on human umbilical vein endothelial cells 

(HUVECs)  (43), see Figure 9. Micropatterns can consist of full proteins or 

short peptide sequences that integrins recognize and bind to. Peptides are 

inexpensive and less sensitive to denaturation, compared to full proteins. 

Furthermore, they are easy to synthesize and it is possible to design specific 

peptide sequences that might be required.  
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Figure 9. Cells adapt their shape and their cytoskeletal actin filaments to the 
underlying micropattern. Cells adapt their shape to the underlying pattern.  HUVECs 
attached to fibronectin micropatterns of various geometries with a constant cell 
adhesive are of 2500 µm2. Scale bars: 30 µm. Adapted with permission of Journal of 
Cell Science. Florian A. Gegenfurtner, Berenice Jahn, Helga Wagner, Christoph 
Ziegenhain, Wolfgang Enard, Ludwig Geistlinger, Joachim O. Rädler, Angelika M. 
Vollmar, Stefan Zahler; Micropatterning as a tool to identify regulatory triggers and 
kinetics of actin-mediated endothelial mechanosensing. J Cell Sci 15 May 2018; 131 
(10): jcs212886.  

3.3 Micropatterning of HA-am Hydrogels with RGD 

Peptides 

As previously mentioned, HA hydrogels are mostly synthesized from high 

molecular weight HA (16) and requires its further functionalization with cell 

adhesion motifs to be used as cell culture scaffold. However, this can be an 

advantage, as this opens up the possibility of incorporating different cell 

adhesive molecules in a controlled manner. To take this a step further, one can 

spatially control the size and position of these molecules and add geometrical 

confinement into the system using microfabrication techniques to study their 

effect on cell adhesion. 

In order to form micropatterns on the surface of hydrogels, the molecule to be 

patterned must contain chemical groups that can react with the hydrogel 

material. For example, RGD peptides can be synthesized to contain a cysteine 

amino acid. This amino acid contains a thiol group (SH) that can react with 

the acrylamide groups on HA-am, via so-called thiol-ene reactions. Thiol-ene 

reactions occur between a thiol and an alkene group. Alkenes are 

hydrocarbons containing a carbon – carbon double bond. Thiols present weak 
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sulphur hydrogen bonds and can be broken under mild conditions (44). Thiol-

ene reactions can be initiated by free radicals, i.e. requires an initiator to 

generate radicals that will initiate the reaction. This can be achieved with 

photoinitiators, and naturally Irgacure 2959 can be used.  

In this manner, cysteine containing RGD peptides, e.g. GCGYRGDSPG as 

used in this thesis, can be patterned on the surface of micromolded HA-am 

hydrogels using photolithography (Figure 10). First, the crosslinked hydrogel 

is covered with an RGD peptide solution, covered with a photomask with the 

desired pattern and exposed to UV light. The photoinitiator molecules in the 

exposed regions will break and form radicals, initiating thiol-ene reactions 

between the thiol group in the peptide and the acrylamide on the HA-am 

backbone. Longer UV exposure will result in more amounts of peptides 

attaching to the hydrogels substrate. RGD peptides have been micropatterned 

by photolithography on PEG hydrogels (45–47) and HA hydrogels for cell 

culture (48,49). One of the first examples of micropatterning hydrogels was 

shown by Hanh et al., where poly (ethylene glycol) diacrylate (PEGDA) 

hydrogels were patterned with RGD peptides functionalized with PEGDA 

(45).  

Figure 10. Photopatterning HA-am hydrogels with RGD peptides. First, a thiol 
containing RGD peptide solution is placed on top of the micromolded crosslinked 
hydrogel. Then, a photomask is placed in close contact to the peptide solution and 
hydrogel with the desired pattern. The system is then exposed to UV light, where the 
photoinitiator molecules in the exposed regions will break and form radicals, initiating 
thiol-ene reactions between the thiol group in the peptide and the acrylamide on the 
HA-am backbone. 
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The use of micropatterns have permitted the study the morphological 

implications and effects on different cell types (3), including endothelial cells 

from various origins (50) and it will be discussed further on Chapter 4.  
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Chapter 4 Microfabricated Brain Endothelial 

Cells In Vitro Models  

Endothelial cells line the blood vessels in our bodies and their phenotype vary 

between the vessel type and the organ they vascularize, exhibiting differences 

in cell morphology, function and gene expression (8,51,52). Brain 

microvascular endothelial cells are a type of highly impermeable endothelial 

cells that protect the brain by forming the so-called blood-brain barrier.  

Two particular microfabrication techniques that have been adopted for the 

study of endothelial cells in vitro are micropatterned substrates and 

microfluidic systems. Micropatterned models have provided mechanistic 

information on the effect on the morphology of endothelial cells (50). 

Moreover, microfluidic systems have been used to emulate blood flow in vitro 

and have provided insightful information about the function of endothelial 

cells (53) and for this reason they will also be discussed briefly in this section.  

4.1 Endothelial Cells and Brain Microvascular 

Endothelial Cells  

Blood vessels deliver blood containing oxygen and nutrients to the tissues and 

remove carbon dioxide and metabolic waste. Arteries deliver oxygenated 

blood to the tissue, while veins drain the deoxygenated blood. Blood 

capillaries, or microvessels, participate in gas and nutrient exchange within 

tissues and are much smaller, ~10 µm in diameter, compared to veins and 

arteries (8,9,51,52,54).  

The blood capillaries of the brain constitute a barrier between the brain and 

the rest of the body known as the blood-brain barrier. The blood-brain barrier 

consists of a microvessel network, formed by brain microvascular endothelial 

cells, surrounded by a basement membrane, pericytes, astrocytes end-feet 

(Figure 11). The blood-brain barrier tightly modulates the movement of 

molecules, ions and cells between the blood and the brain, while it also 

protects the brain from the passage of toxins and pathogens. However, this 

restrictive behaviour is also an obstacle for drug delivery to the brain (9). 

While the function of brain microvascular endothelial cells is influenced by 
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pericytes and astrocytes, it is the brain microvascular endothelial cells that 

form the physical and structural basis of the barrier. Moreover, they exhibit a 

highly specialized phenotype, compared to other endothelial cells, and this 

thesis has focused in the study of this subtype. 

Figure 11. The blood-brain barrier is formed by endothelial cells are surrounded by a 
basement membrane, pericytes and astrocytes end-feet. 

Brain microvascular endothelial cells are non-fenestrated, i.e. they lack 

transcellular pores, present in other endothelial cells. Moreover, they are 

particularly rich in tight junctions, conferring the blood-brain barrier 

decreased permeability. Claudins, occludins and junction adhesion molecules 

(JAMs) tight junctions have been identified in contributing to blood-brain 

barrier tightness. Tight junctions are transmembrane proteins that bind to each 

other between adjacent cells, and to their respective cell to actin fibres through 

tight junction accessory proteins, such as zona occludens 1 (ZO-1) 

(9,51,52,55). 

4.2 General Considerations of the Study of Brain 

Endothelial Cells In Vitro 

In vitro models facilitate the study of specific parameters to understand 

changes governing the endothelial cells function. These studies consist in 

growing cells outside their native tissue. Naturally, the selection of 

parameters, such as cell source and growth conditions (substrate and medium) 

will have a great effect in the outcome of the study and must be chosen 

carefully, depending on the aim of the study.  
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4.2.1 Cell Source  

Brain microvascular endothelial cells can be obtained from various sources. 

For example, they can be directly from a brain tissue section which is 

disaggregated and then cells are isolated to be cultured. However, the recovery 

of the specific endothelial cell type can be challenging and primary cultures 

are often contaminated with other cell types, such as pericytes. Primary mature 

cells have a limited life span, due to senescence, a genetically determined loss 

of proliferative behaviour and can only be used for ~ 6 passage and they can 

also undergo de-differentiation overtime. Another challenge is the access to 

human brain tissue to obtain primary brain endothelial cells and for this reason 

often primary cells are obtained from animal tissue (56). 

Another source of endothelial cells for in vitro studies are immortalized cell 

lines. Commonly used immortalized brain endothelial cells are hCMEC/D3 

(human) and bEnd.3 (mouse). These cell lines are primary cultures that have 

been immortalized, by blocking inhibition of cell cycle progression, using 

viral genes (56). Cell lines can be used for up to 40 passages, depending on 

the cell line, which is a great advantage over primary cells.  

Stem cells can differentiate into more mature and specialized cell types. Stem 

cells can be categorized into two main groups, adult and pluripotent stem cells, 

based on their differentiation potential. Adult stem cells, non-embryonic or 

somatic stem cells, are found in tissues and organs and can differentiate into 

specialized cell types of that tissue or organ. Pluripotent stem cells, embryonic 

stem cells and induced pluripotent stem cells (iPSCs), can differentiate into 

all types of cells found in the body. iPSCs are originally mature adult cells that 

are reprogrammed into pluripotent embryonic stem-like state (57). Moreover, 

they can be propagated extensively and obtained from clones (58). iPSCs are 

particularly useful when the access to embryonic stem cells is limited. 

Immortalized cell lines are well characterized, they are readily available and 

are easy to maintain, compared to stem cells and primary cells. However, they 

can present altered expression of tight junction proteins that are characteristic 

of brain microvascular endothelial cells (59–61). However, they are a viable 

alternative and have been widely used for in vitro studies of brain endothelial 

cells function. Moreover, they are a cost-effective alternative, particularly for 

the development of cell culture scaffolds (61). 

4.2.2 Cell Media  

The cell medium is a defined mixture of a source of energy, nutrients, salts 

and amino acids. Glucose is the common energy source found in cell media 

and a normal amount of glucose in media is 5.5 mM. However, different 
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glucose concentrations have an effect cell function, for example the amount 

of glucose might be increased to 25 mM to keep high proliferation rates during 

cell culture maintenance. On the other hand, increasing glucose concentration 

can also have negative effects on brain microvascular endothelial cells, 

including bEnd.3 cells (62–64). For example, it has been reported that 25 mM 

glucose increases apoptosis rates in bEnd.3 cells, compared to cells exposed 

to 5 mM glucose concentration for 48h (62).  

Glucose variation in cell media can be used to study diabetes in vitro to 

determine the underlying mechanisms in glucose and endothelial cells 

dysfunction. Glucose concentration can be increased between 25 to 35 mM to 

mimic hyperglycaemia, decreased to 1- ~ 2.2 mM to mimic the hypoglycaemic 

case, while 5.5 mM glucose concentration represents healthy homeostasis 

(62,64–67). In this line, various studies have been performed on brain 

endothelial cells to study the effect of glucose on cell function and will be 

discussed briefly in the following section.  

4.3 Glucose Effect on Brain Endothelial Cells  

It has been observed in human and animal studies, that diabetes mellitus 

affects blood-brain barrier permeability (68–70). However, the mechanisms 

of how the blood-brain barrier is involved in diabetes mellitus are still not 

completely well understood (68,69). In the following section, in vitro studies 

on the effect of extreme glucose levels on brain endothelial cells, will be 

briefly presented, with particular focus of studies using bEnd.3 cells, as this is 

the cell line used in Paper I and Paper II in this thesis.  

In vitro studies have shown that bEnd.3 cells display a decrease in viability 

after 48h, but not after 24h of 25 mM and 40 mM glucose exposure (64). 

Permeability studies have also demonstrated that exposure to high glucose (30 

and 50 mM) concentrations increases permeability of bEnd.3 cells, in a time 

(1, 3, 6 and 10 days) and dose dependent manner, compared to normal glucose 

level conditions (5.5 mM). This increased permeability was accompanied by 

decreased expression of ZO-1 and occludin, while claudin-5 expression was 

not affected. Furthermore, ZO-1 and occludin arrangement was altered, i.e. 

discontinuous (63). On the other hand, the permeability of bEnd.3 cells 

exposed to hypoglycaemic conditions (0.5 and 1 mM) was increased in a time 

(6, 12 or 24h) and dose dependent manner, where greater permeability was 

observed on bEnd.3 cells exposed to 0.5 mM glucose for 24 h. Interestingly, 

hypoglycaemia did not affect the expression of ZO-1 and occludin, but 

claudin-5 expression decreased (67). 
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Changes in permeability and tight junction protein expression have also been 

observed on other brain endothelial cells cell lines. For example, hCMEC/D3 

cells showed downregulation of ZO-1 and claudin-5 hypoglycaemic (2.2 

mM), while no effect was observed on the protein expression under 

hyperglycaemic conditions (35 mM). However, ZO-1 was discontinuous at 

the cell-cell contacts. Furthermore, increased permeability was observed 

under both hypoglycaemic and hyperglycaemic conditions (66).  

Moreover, endothelial cells alignment has been affected due to variations in 

glucose level in the media on microfluidic devices and on micropatterned 

systems which will be discussed further in the following sections. 

4.4 Endothelial Cells in Microfluidics Systems  

Microfluidic systems, fabricated via soft lithography, have been used to 

simulate the blood flow that endothelial cells experience in vivo (53). 

Endothelial cells align to the direction of the blood flow and present an 

elongated cell morphology corresponding to a healthy, atheroprotective 

phenotype (50,71). It has been observed that HUVECs align to the direction 

of the flow in microfluidic devices. Their nuclei and actin filaments re-

organize and follow the direction of the flow (65,72,73). However, endothelial 

cells responses to flow in vitro have been different depending on the 

endothelial cell origin, where brain endothelial cells do not align to the 

direction of the flow. This has been observed on immortalized human brain 

endothelial cells (74) and on iPSC-derived brain endothelial cells (75).  

The alignment of endothelial cells due to exposure to flow has also been 

shown to be affected by the glucose concentration in the cell media. 

Furthermore, human aortic endothelial cells failed to align to the flow 

direction under high glucose concentrations in the range between 13 mM and 

30.5 mM (76). The same behaviour was observed on primary porcine aortic 

endothelial cells. Here, the authors observed that the actin did not align to the 

flow direction after exposure to both low (2.2 mM) and high (33 mM) glucose 

concentrations, while the actin of cells under normal glucose conditions (5.5 

mM) did align to the direction of the flow (65).  

4.5 Micropatterning of Endothelial Cells  

Apart from microfluidic devices, alignment of endothelial cells has also been 

studied on micropatterned substrates, most often consisting of line patterns of 

different widths. Endothelial cells tend to align more to the direction of the 2D 

pattern as the line width decreases, this behaviour has been observed for 
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primary baboon carotid endothelial cells (77) and HUVECs (78,79). 

Moreover, primary baboon carotid endothelial cells grown on 25 µm collagen 

patterns on glass show a similar degree of actin orientation compared to cells 

exposed to flow (77).  Brain microvascular endothelial cells also showed 

increased alignment as the line width decreased, as demonstrated on Paper II, 

where the nuclei, actin fibres and cell body of bEnd.3 cells were more aligned 

on 10 µm RGD patterns compared to other line widths.  

Furthermore, insights into cell architecture of endothelial cells have been 

demonstrated using micropatterning. For example, it has been shown that cell 

shape changes the form and orientation of the nucleus, mediated through actin 

fibres that exert forces on both sides of the nucleus. This results in an increase 

in nucleus elongation of the nucleus with increasing cell elongation. This was 

demonstrated using a constant fibronectin micropatterned area while the 

geometry was varied (Figure 12) (81).  

Figure 12. Cell architecture. Images of single primary HUVECs, with their stained 
nucleus in blue, on fibronectin micropatterns of various shapes while the cell adhesive 
area remained constant. Scale bars= 10 µm. Adapted by permission from Nature 
Communications. Versaevel, M., Grevesse, T. & Gabriele, S. Spatial coordination 
between cell and nuclear shape within micropatterned endothelial cells. Copyright 
2012. 

It has also been demonstrated that the size and shape of the micropattern 

affects the cell response. For example, bovine capillary endothelial cells could 

adhere to 10 µm x 10 µm fibronectin patterns, while cells in smaller patterns 

(5 µm x 5 µm) underwent apoptosis (7). In Paper I, it was shown that bEnd.3 
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cells adhered to 25 µm x 25 µm RGD patterns, while they did not adhere to 

10 µm x 10 µm patterns. However, bEnd.3 cells could adhere to 10 µm wide 

lines, as demonstrated on Paper II. Furthermore, Chen et al. observed that 

capillary endothelial cells underwent different fates, proliferation or 

apoptosis, depending on the size and shape of the pattern where they can 

adhere and spread (7). Later, Versaevel et al. demonstrated that proliferation 

is controlled by the nuclear deformation as the endothelial cells’ elongation is 

determined by the micropattern geometry, while maintaining the cell adhesive 

area constant, which in turn affected nuclei deformation and chromatin 

condensation. Cells with elongated nuclei showed higher levels of chromatin 

condensation and a decrease in DNA synthesis, while lower chromatin 

condensation was observed in rounder nuclei and cells showed higher DNA 

synthesis, indicative of a proliferative state (81). 

The process of formation of new blood capillaries (angiogenesis) can also be 

studied using micropatterning. Angiogenesis is of interest to study 

vascularization in vitro and vascularization of materials for tissue engineering. 

A follow up study to Chen et al. demonstrated that bovine capillary endothelial 

cells would differentiate and undergo tube formation by changing the pattern 

geometry from a square to a line, by keeping the line width to 10 µm and 

increasing the length. Moreover, while cells on thin lines differentiated, cells 

on wider lines just stayed in proliferative state (82). Tube formation has been 

also observed in HUVECs on PEGDA hydrogels patterned with RGD peptides 

using UV lithography. Tube formation was determined by the line width, 

where the differentiation was already observed on 50 µm wide lines, while no 

differentiation was observed on wider lines, up to 200 µm (46). Later, Leslie-

Barbick et al. prepared line patterns from 10 µm up to 100 µm patterns 

consisting of PEG-RGDS peptides and vascular endothelial growth factor 

(VEGF), a signalling protein involved in angiogenesis, functionalized with 

PEG (PEG-VEGF) for immobilization. HUVECs formed tubes on 10 µm 

patterned lines with PEG-RGDS and PEG-VEGF, in a higher proportion 

compared to HUVECs grown on line patterns with RGDS only (78). Lei et al. 

prepared SVVYGLR peptide line micropatterns, a peptide sequence found on 

osteopontin that is cell adhesive. HUVECs growing on 10 and 50 µm 

SVVYGLR peptide patterns underwent tube formation (79).  

While endothelial cells from various origins have been studied on 

micropatterns, there is hardly any studies of brain microvascular endothelial 

cells on micropatterns. O’Connor et al. used micropatterning to study the 

changes in the brain microvascular endothelial cells architecture and how this 

affected their permeability. The patterns consisted of two fibronectin 

hexagons with areas of 2,500 µm2, resulting in cell pairs of primary human 

brain microvascular endothelial cells to study the cell-cell interactions. The 

cell pairs were treated with cyclic adenosine monophosphate (cAMP), an 
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intracellular signalling molecule that improves barrier function in endothelial 

cells (83). After treatment, F-actin filaments, nuclei and vascular endothelial 

cadherin (VE-cadherin) were stained for visualization and analysis. Cells 

treated with cAMP displayed rounder nuclei, increased VE-cadherin area at 

the cell-cell junction, decreased stress fibre formation and increased cortical 

actin compared to non-treated cells. Moreover, complementary permeability 

studies, showed that cAMP treated cells exhibited decreased permeability, i.e. 

increased barrier function (84). Later, in Paper II it was demonstrated that the 

alignment of brain endothelial cells growing on 10 µm wide lines was affected 

by changes in glucose concentration. In this study, bEnd.3 cells were exposed 

to 1 mM, 25 mM and 5 mM glucose concentrations, to represent 

hypoglycaemia, hyperglycaemia and normal glucose levels respectively. The 

cells and their nuclei showed less alignment under high and low glucose 

conditions, while F-actin showed the opposite behaviour, where actin fibres 

were more aligned under high and low glucose conditions. Furthermore, the 

cell and nuclei were more elongated under normal glucose conditions, 

compared to cells under extreme glucose levels.  

2D micropatterned substrates are powerful tools to understand endothelial 

cells behaviour under different conditions. These studies have brought to light 

the effect of geometry and size on cell function, such as apoptosis, 

proliferation and permeability in endothelial cells. However, these studies 

would not have been possible to asses without immunofluorescence, high 

resolution imaging and image analysis. These methods are non-trivial and will 

be discussed in more detail in the following chapter.  
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Chapter 5 Analysis of Cell Morphology and 

Function In Vitro  

An important technique in the analysis of biological samples is the selective 

incorporation of fluorescent molecules to different cell components and their 

detection using fluorescent microscopy. Immunofluorescence is a widely used 

technique which combines the selective binding of antibodies to specific 

molecules in fixed cells and their conjugation to fluorescent labels. In recent 

years, new methods have been developed so-called live stains, that permit the 

fluorescent labelling of various cell components on living cells and follow 

their changes in real time. Furthermore, various image analysis methods and 

software have been developed to quantify phenotypical features from the 

acquired microscopy images of cells.  

5.1 Immunofluorescence  

Immunofluorescence is a technique based on an antibody binding to the 

molecule of interest in a cell sample, followed by visualization of the 

bound antibody by conjugating the antibody to a fluorophore. 

Immunofluorescence requires fluorescent microscopy (discussed in 

Section 5.4) and allows to capture images to determine the cellular 

localization of the molecule of interest (85). Immunofluorescence can be 

used in various sample types, such as tissue samples, entire organisms and 

on cultured cells (85,86). Therefore, this technique has been widely used 

as well on cells growing on hydrogel samples (13).  

Immunofluorescence exploits the fact that antibodies can selectively react to 

unique molecules, or antigens. Briefly, antibodies are proteins produced by 

cells of the immune system. Antibodies can react against molecules that the 

host organism recognizes as foreign substance, such as pathogenic bacteria 

and viruses, and generate an immune response. Moreover, the immune 

system can produce various antibodies which each will specifically 

recognize a unique antigen, for example a protein coat of a virus (85). 

Antibodies can be produced by immunizing an animal, i.e. introduce a 

foreign protein and cause and immune response and produce specific 

antibodies against that antigen, finally retrieve them from their serum. In this 
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manner antibodies against various human proteins have been produced. 

However, in recent years there has been development of non-animal methods 

for the production of antibodies. 

Antibodies are proteins that consist of two identical polypeptide heavy chains 

and two identical light chains forming a Y shape (Figure 13). Two different 

antigen binding fragments are identified in the antibody structure, the antigen 

biding fragment and the crystallizable fragment. Moreover, the antigen 

binding fragment contains the variable fragment, which have different amino 

acid sequences in different antibodies and it is this diversity that enables 

different antibodies recognize specific antigens, epitopes. While the 

crystallizable fragment is conserved within species (85).  

Figure 13. Antibody Structure. Antibodies consist of two identical polypeptide heavy 
chains and two identical light chains forming a Y shape. They contain two antigen 
binding fragments, the antigen binding fragment (Fab) and the crystallizable fragment 
(Fc). The Fab domain contains a variable fragment (Fv), which varies among 
antibodies to recognize specific small regions in the antigens known as epitopes.   

There are two immunofluorescence methods, direct or indirect 

immunofluorescence. Direct immunofluorescence utilizes a fluorophore 

conjugated primary antibody that will be reacting with the target antigen in 

the sample. While indirect immunofluorescence, utilizes first an unconjugated 

primary antibody which binds to the antigen. Then, a secondary antibody, a 

fluorescently labelled antibody, recognizes and binds to the primary antibody 

(Figure 14). The secondary antibody must originate from the same species of 

the primary antibody, in this manner the secondary antibody will bind to the 

Fc fragment, and can detect all primary antibodies generated in that species. 

For example, if a ZO-1 primary antibody was raised in rabbit, the secondary 

must react with rabbit antibodies, i.e. anti-rabbit.  Direct methods are shorter 

and allow the detection of multiple antigens. However, it shows lower 

sensitivity, where signal is often higher in indirect methods due to multiple 

fluorescently labelled secondary antibodies that can bind to one primary 

antibody (85,86).   
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Figure 14. Direct and indirect immunofluorescence. Direct immunofluorescence 
relies on a primary antibody conjugated to a fluorophore. The primary antibody will 
directly bind to the desired antigen and can be visualized thereafter. Indirect 
immunofluorescence utilizes two antibodies, a primary antibody and a secondary 
antibody. The primary antibody binds to the antigen and secondary antibody, 
fluorescently labelled, will bind to the primary antibody. Generally, indirect 
immunofluorescence has higher sensitivity, since more than one fluorescently labelled 
secondary antibody can bind to the primary antibody, resulting in higher fluorescent 
signals.  

Independently of the immunofluorescence method, direct or indirect, the 

following steps are often followed: fixation, membrane permeabilization (to 

facilitate the antibody penetration into the cell), blocking, primary antibody 

incubation, with or without secondary antibody incubation. There is no 

universal immunofluorescence protocol and it will vary depending on the 

antibody, epitope and type of sample, and it requires testing and optimization.  

The first step is the fixation of the cells with the purpose to halt cellular activity 

and preserve the cells, to retain the cellular distribution and preserve cellular 

morphology.  Solvents, such as methanol and acetone can be used, which work 

by extracting lipids and precipitating proteins. Moreover, they are also 

effective as simultaneous permeabilization agents. Paraformaldehydes work 

by crosslinking free amino groups, and it is commonly used for the staining 

of membrane associated proteins (87). However, for the staining of hydrogel-

based samples, paraformaldehyde is preferred, due to possible swelling or 

collapsing of the hydrogel when using solvents, resulting in deformation of 

the sample.  

After fixation, the sample might still require membrane permeabilization. This 

step is performed using different detergents such as saponin, Triton-X 100 or 

Tween 20. Different detergents and concentrations may give different results 

and the optimal parameters should be determined experimentally, where 
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minimal cellular morphology distortion with optimal antibody penetration is 

achieved (85). During primary and secondary antibody incubation non-

specific interactions between the antibodies and the biological sample might 

occur, due to low affinity of the antibody to the antigen or the trapping of the 

antibody in hydrophobic structures (85). This can be attenuated by a blocking 

step, by adding a blocking buffer solution which containing proteins. The 

proteins in the blocking buffer can essentially bind to all proteins present in 

the sample and the antibodies will compete with the blocking protein to bind 

their antigen. Common blocking buffers contain bovine serum albumin (BSA) 

or serum (86). The blocking buffer should be obtained from a different species 

than the primary antibody origin. Moreover, if indirect immunofluorescence 

is performed, the blocking serum should have the same origin species as the 

secondary antibody (85). For example, a ZO-1 primary antibody was raised in 

rabbit, and the secondary anti-rabbit was raised in goat, the optimal blocking 

buffer would optimally consist of goat serum. 

After the previous steps, the sample is ready for antibody incubation. The 

primary antibody is diluted in the blocking buffer and added to the sample. 

After incubation, the unbound antibody is removed by multiple washes with 

PBS containing a detergent (Triton-X 100 or Tween 20) in low concentrations. 

In the same manner, the secondary antibody is added and removed if indirect 

immunofluorescence is performed.  

Often by the end of the immunofluorescence other cellular components are 

commonly stained, such as the nuclei and the cytoskeleton and they do not 

require the use of antibodies. For example, the nucleus is often stained using 

4ʹ,6-diamidino-2-phenylindole (DAPI) or Hoechst 33342. Both DAPI and 

Hoechst 3342 interact with DNA and emit fluorescence in the blue spectrum. 

The staining of actin filaments in the cytoskeleton is usually achieved using 

phalloidin conjugated to a fluorescent dye. Phalloidin is a bicyclic peptide that 

binds selectively to the actin filament. While DAPI and phalloidin are cell 

permeable, they are toxic to the cells and therefore are not used in living 

samples. However, in recent years there has been great advance in the 

development of live stains, i.e. stains that work on living cells in culture and 

will be discussed in the following section.  

5.2 Live Imaging  

One of the first and widely used stains in living samples is the so called 

Live/Dead® staining. It consists of two fluorescent dyes, calcein-am and 

propidium iodide, that interact with live or dead cells respectively. Calcein-

am is permeable to cells and becomes green-fluorescent after hydrolysis by 

intracellular esterase enzymes, ubiquitous in viable live cells. On the other 
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hand, propidium iodide is non-cell permeable and can only enter damaged 

membranes, an indicator of dead cells. The dye will fluoresce upon binding to 

DNA, resulting in predominant red fluorescence in the nuclei area. This stain 

is widely used to asses cytotoxicity and cell viability.  

There are now available various types of products to stain cellular components 

to observe morphological and migration changes in the cell culture. It is now 

possible to stain the nuclei, actin filaments, tubulins, lysosomes, and the whole 

cell (e.g. CellTracker™) on living samples. These dyes have open up the 

possibilities to track changes in the cell components in real time. Another 

advantage of live staining is that it does not required the fixation and all the 

time-consuming steps of immunofluorescence protocols and the samples can 

be kept alive and still studied, instead of end-point samples. However, the 

availability of live stains is limited to common cell components (nuclei, actin, 

etc.) while dyes for more specific proteins to different cell types are not 

available, and immunofluorescence must be used instead. 

A very important aspect of using live staining is that during imaging the cells 

must be maintained in cell culture conditions (i.e. 37°C, humidity and pH 

controlled) otherwise it will cause cell decay and death. These conditions can 

be maintained using a so-called microscope incubator, which consist of a 

chamber on top of the microscope stage that can control temperature and CO2. 

However, this equipment is costly. Cheaper and smaller set ups called stage 

top incubators also exist. Nonetheless, this equipment might not be available 

for all laboratories. One possible solution is to change the buffering system, 

instead of bicarbonate that relies on 5% CO2; HEPES buffer can be used. 

However, the temperature would still be an issue.  

5.4 Fluorescent Microscopy  

Fluorescent microscopy is required for visualization of fixed and fluorescently 

labelled living samples. Fluorescence is a type of luminescence due to the 

absorption of light of a molecule and ending with the emission of light. The 

wavelength of the emitted fluorescent is generally longer that the wavelength 

of the absorbed light. For example, a very common fluorescent dye used is 

fluorescein, or FITC, which has an excitation wavelength of 490 nm and an 

emission wavelength of 525 nm.  

A fluorescent microscope can accommodate several laser lines with a wide 

range of wavelengths (from UV to the infrared) to excite various fluorophores 

with different excitation wavelengths. However, conventional wide field 

fluorescent microscopes often give blurry images with low contrast. This is 

due to the entire depth of the sample is being illuminated and fluorescent 
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signals are collected from all regions, i.e. from the focus plane and the arears 

below and above it. Confocal microscopy is often used for high resolution 

imaging, due to their ability of eliminating out of focus light, by selectively 

collecting light from a thin (<1 µm) section of the sample. Moreover, they can 

capture multiplanar images which can be integrated to produce a 3D 

representation of the sample (85,86,88).  

A confocal microscope works similar to a wide field fluorescent microscope; 

however, a confocal microscope is equipped with a pinhole, which blocks the 

light from the out of focus areas. Briefly, during imaging in a confocal 

microscope, the objective focuses light from a laser to a limited spot (focal 

spot) in the sample. The fluorescent probes are excited and emit fluorescent 

light in all directions. The irradiation is most intense at the focal spot, but the 

areas above and below the focal spot in the sample are also illuminated. The 

output light from the laser is reflected by a beam splitter. A scanner deflects 

the laser beam into the objective so the laser scans across the sample. Then, 

the fluorescence emissions from the fluorophores in the sample are collected 

by the objective and follows the reverse path back to the beam splitter and to 

a detector. When multiple fluorophores are used, the splitter transmit the 

emissions to separate detectors. The fluorescence captured is then focused by 

the pinhole. The pinhole diameter can be adjusted to block more or less the 

out-of-focus light, affecting the axial resolution. Values between 0.7 to 1.0 

airy unit allows most of the in-focus light to reach the detector and blocks 

most of the out-of-focus light (88).  

When multiple cell components are being stained it is of special importance 

to carefully choose the fluorophores. The choice of fluorophores is first based 

on the available laser lines in the microscope. Second, different fluorophores 

are selected for each of the targets. The optimal choice is to select fluorophores 

that are excited by different lasers as well as different excitation spectra to 

minimize spectral overlap. 

5.5 Image Analysis  

Each microscopy image contains a huge amount of information. It was not 

until the popularization of image analysis in the biological field, that this 

information was made available. The development of image analysis 

techniques has permitted various biological discoveries and nowadays 

quantitative image analysis is a vital tool in many labs (Chen_2017). One of 

the main applications of biological image analysis is cell phenotype 

quantification and structure visualization. In order to obtain quantitative 

information from specific images, custom tools have been developed using 

programming software, such as python and MATLAB. However, some tools 
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have been developed for general use and have been widely adopted by 

researchers, such as ImageJ (89) and CellProfiler™, which is particularly 

useful for high throughput cell image analysis (90).  

The most basic pipeline of image analysis of biological samples is the 

following: image acquisition; pre-processing; segmentation; and feature 

extraction. During image acquisition a digital image is acquired, which was 

covered in the previous section. The rest of the steps can be performed using 

cell image analysis software such as ImageJ and CellProfiler™, and will now 

be briefly described.  

After image acquisition, images often go through a pre-processing step. This 

step aims to enhance the image for better visual inspection by reducing noise 

in the image. This is achieved by the application of different types of filters, 

such as smoothing filters and edge enhancing filters. The choice of filter will 

depend on the type of cell component and the type of noise in the image. For 

example, edge enhancing filters are often used to enhance the actin filament 

in the images. This step does not increase the image information, but helps in 

the successful identification of objects in the following steps.  

The most basic image processing step is segmentation, where the object of 

interest is distinguished from the background. This step is very important since 

accurate segmentation of the objects of interest in an image facilitates the 

study of the object properties, such as counting the number of objects and 

measure their geometric properties (e.g. orientation, perimeter, area). 

Segmentation is difficult and there is no universal method. Generally, 

segmentation methods are based on two basic properties of intensity values in 

the image, similarity and discontinuity. Similarity, or region-based methods, 

rely in partitioning the image into regions that are similar based on a set 

criterion.  Discontinuity, or edge-based methods, detect the edge regions 

where the intensity values go from light to dark. Thresholding, a region-based 

method, is one of the most common approaches used in segmentation. Briefly, 

an initial grey level intensity or threshold value T is set. All pixels in the image 

will be classified based on the T value. If the pixel intensity value is greater 

than T the pixel is part of an object, else the pixel belongs to the background. 

Watershed segmentation, an edge-based method, identifies edges (regions 

where pixels go from dark to light) and the regions inside the edges are objects 

(91). 

After the objects have been identified in the segmentation process information 

can be extracted. For example, CellProfiler™ can measure a large number of 

features of each segmented object, such as area, perimeter, orientation and 

eccentricity to name a few. The measurements can be exported and opened in 

Microsoft Excel (90).  
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Even though the process takes a step after step manner, all are dependent on 

each other and can become a rather iterative process. For example, the image 

resolution selected during image acquisition will have an effect in the quality 

of the object detection. Small features such as actin fibres will not be able to 

be segmented properly if the image resolution is very low. However, in the 

case of nuclei, due to its particular shape and big size it is easier to segment. 

Immunofluorescence and image analysis are powerful tools used in biological 

research for the evaluation of cell phenotypes. Immunofluorescence enables 

the visualization of subcellular components and their distribution in the cell. 

Then, the images acquired can be processed by image analysis to obtain 

quantitative description of the components of interest. Moreover, high 

throughput image analysis tools permit the analysis of large image data sets 

from various cell components. This allows to detect phenotypes and trends 

that otherwise would be missed by simple human visual inspection.  
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Chapter 6 Conclusions and Outlook  

This thesis demonstrates the use of microfabricated hydrogels for the cell 

culture and the study of brain endothelial cells. This was achieved by first 

preparing covalently photocrosslinked HA (HA-am) hydrogels via 

micromoulding. Second, photolithography was used to control with high 

precision the presence of cell adhesive molecules and its geometrical 

distribution in the micrometre scale. In this manner, it was possible to control 

the cell adhesion of brain endothelial cells. This was achieved using an RGD-

based peptide that was covalently linked to the surface of the HA-am hydrogels 

via thiol-ene reactions.  

Finally, brain microvascular endothelial cells (bEnd.3) adhered to square and 

line RGD micropatterns prepared on HA-am hydrogels. The minimum square 

dimensions that permitted the adhesion of bEnd.3 cells were 25 µm x 25 µm, 

while the minimum line width was 10 µm. Furthermore, the alignment of brain 

endothelial cells was assessed using immunofluorescence and image analysis. 

The nuclei, F-actin and ZO-1 of bEnd.3 cells growing on lines of varying 

widths (10 – 100 µm) were stained and imaged using confocal microscopy. 

Via image analysis, it was observed that the cells aligned more to the pattern 

as the line width decreased. Additionally, changes in the alignment of bEnd.3 

cells growing on 10 µm wide lines were also observed when exposed to 

different glucose concentrations.  

2D micropatterned substrates are powerful tools to study the structure and 

function of brain endothelial cells. However, these studies would not have 

been possible to asses without immunofluorescence, confocal microscopy and 

image analysis. These studies have contributed to a better understanding of 

how brain endothelial cells respond to changes in their microenvironment, 

such as geometrical cues and glucose concentrations.    

The study of brain endothelial cells in vitro under varying glucose conditions 

have been used to model and study how diabetes mellitus affects the blood-

brain barrier. These studies have given insights into the mechanisms affecting 

patients with diabetes experiencing increased blood-brain barrier permeability 

and neurologic diseases. However, these mechanisms are still not completely 
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understood. Micropatterned substrates can give further new insights into these 

mechanisms and complement traditional in vitro studies.  
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Chapter 7 Summary of Included Papers 

7.1 Summary of Paper I  

In Paper I, two microfabrication techniques, micromoulding and 

photolithography were used to prepare photocrosslinkable hydrogels for cell 

culturing of brain endothelial cells. First, HA derivative (HA-am) was 

synthesized to present acrylamide groups on their backbone. The acrylamide 

groups can crosslink with each other in the presence of a photoinitiator and 

subsequent UV exposure.  In this manner, HA-am hydrogels were fabricated 

using a Si-SU8 mould to control its shape and dimensions. Furthermore, by 

varying the UV exposure times the hydrogel stiffnesses were varied, where 

the stiffness increased with longer exposure times. Then, the otherwise non-

cell adhesive HA-am hydrogel was functionalized with cell adhesive RGD 

peptides. This step was achieved using photolithography, where the unreacted 

acrylamide groups after hydrogel crosslinking could be used in the 

photopatterning of RGD peptides. RGD peptides were designed to contain 

thiol groups by presenting a cysteine amino acid (GCGYRGDSPG), which 

can react with the acrylamide groups in the presence of a photoinitiator and 

UV light, via thiol-ene reactions. By varying the UV exposure, RGD peptides 

would bind to the exposed areas in the photomask to various extents, while 

keeping the RGD peptide concentration constant. It was observed that shorter 

exposure resulted in less RGD binding to the hydrogel and did not provide 

enough adhesive molecules for the cells to attach. On the other hand, longer 

UV exposure caused overexposure, resulting in RGD binding and cell 

adhesion outside the exposed areas. The pattern size also affected cell 

adhesion, while the smallest pattern size achieved was 5 µm x 5 µm, cells did 

not adhere to these patterns. The minimum pattern size to which cells adhered 

was 25 µm x 25 µm (Figure 15A), while more cells adhered to 100 µm x 100 

µm patterns (Figure 15B). 
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Figure 15. Fluorescent images showing bEnd.3 cells growing selectively on square 
peptide GCGYRGDSPG patterns on the hydrogel surface on day 1 A. bEnd.3 cells on 
25 µm x 25 µm RGD peptide patterns B. bEnd.3 cells on 25 µm x 25 µm RGD peptide 
patterns. Scale bars= 25 µm. Live cells within the pattern are stained in green and 
dead cells (non- observed) are stained in red. The cell nuclei are stained in blue. 
Adapted from Porras Hernandez, A. M., Pohlit, H., Sjögren, F., Shi, L., Ossipov, D., 
Antfolk, M., Tenje, M. (2020) A simplified approach to control cell adherence on 
biologically derived in vitro cell culture scaffolds by direct UV-mediated RGD 
linkage. Journal of Materials Science: Materials in Medicine 31:89.  

7.2 Summary of Paper II 

In Paper II the micropatterned HA hydrogels developed in paper I were used 

to investigate if brain microvascular endothelial cells could align to RGD 

patterns. For this purpose, mouse brain endothelial cells (bEnd.3) were seeded 

on  RGD line micropatterns with varying line widths (10 - 100 µm). After 24 

h in culture, the cells were fixed, stained their nuclei, F-actin and ZO-1; and 

imaged using confocal microscopy (Figure 16). The acquired images were 

processed and analysed using CellProfiler™, a high throughput image 

analysis software. From the image analysis, quantitative measurements of the 

orientation of the nuclei, actin fibres and cell bodies; and the elongation of the 

nuclei and the cells were obtained. The data showed that brain microvascular 

endothelial cells nuclei, actin fibres and cell bodies orient to the direction of 

the pattern, and even more so as the line width decreases. Nuclei and cell 

elongation increased as the line width decreased. Cells on non-patterned 

substrates showed a widely distributed nuclei, actin and cell orientation; and 

decreased nuclei and cell elongation, compared to cells growing on line 

patterns.  

In this paper the effect  of hypo- and hyperglycaemia on brain microvascular 

endothelial cells on micropatterned substrates was assessed. For this purpose, 
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bEnd.3 cells growing on 10 µm micropatterns were exposed to 1 mM, 25 mM 

and 5 mM glucose concentrations, to represent hypoglycaemia, 

hyperglycaemia and normal glucose levels respectively. The cells and their 

nuclei showed less alignment under high and low glucose conditions, while F-

actin showed the opposite behaviour, where actin fibres were more aligned 

under high and low glucose conditions. The cell and nuclei were more 

elongated under normal glucose conditions, compared to cells under extreme 

glucose levels.  

Figure 16. Micropatterned bEnd.3 cells on line patterns with varying widths. Brain 
microvascular endothelial cells (bEnd.3) adhere to RGD pattern lines. First row: Lines 
of fluorescent 5-FAM-GCGYRGDSPG peptide patterned on HA-am hydrogels 
(green). Second row: b.End3 cells seeded on the lines stained for F-actin (red) and 
nucleus (blue). Third row: b.End3 cells seeded on the lines stained for zonula 
occludens-1 (ZO-1) (yellow) and nucleus (blue). Forth row: Merged images showing 
the cells on the micropatterned lines illustrating that the cells are adhering only to the 
peptide-patterned lines. Scale bars= to 100 μm. Adapted from Porras Hernandez, A. 
M., Barbe, L., Pohlit, H., Tenje, M., Antfolk, M (2021) Brain microvasculature 
endothelial cell orientation on micropatterned hydrogels is affected by glucose 
variation. Scientific Reports 11:19608  
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