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Abstract

Porras Hernandez, A. M. 2022. Micropatterning of hyaluronic acid hydrogels for in

vitro models. Digital Comprehensive Summaries of Uppsala Dissertations from the
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The human body consist of a vast number of cells, and jointly, the cells, form tissues
and organs. The cells interact and respond to their local microenvironment. The cellular
microenvironment consists of a highly hydrated and compliant extracellular matrix, neighboring
cells and circulating biochemical factors; and jointly, provide chemical and physical cues that
regulate cell behaviour However, these cues are often not present in traditional in vitro models,
where cells experience a stiff and unstructured environment.

An approach to better mimic the in vivo microenvironment in vitro is to use hydrogels.
Hydrogels are soft and highly hydrated polymers based on materials naturally found in
the extracellular matrix of various tissues. Furthermore, these materials can be chemically
functionalized to control the physical, chemical, and mechanical properties of the hydrogels.
These functionalities can also be used to prepare micrometre sized cell adhesive regions, or
micropatterns, on the hydrogel substrate. The micropatterns guide the cell shape and permit the
study of the cell response to these changes in shape and function, which has been observed in
e.g., endothelial cells from various origins.

Taken all together, the aim of this work was to develop a hydrogel-based cell culture substrate
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
extracellular matrix polymer, to prepare photocrosslinkable hydrogels. Then, through
photolithography, 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 and cell chirality 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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This thesis builds partly upon the author’s licentiate thesis.

Chemical micropatterning of hyaluronic acid hydrogels for brain endothelial
in vitro cell studies

Porras Hernandez, A. M.

Uppsala University (2022)

From now on this is referred as licentiate thesis throughout this text.

The literature review has been reviewed and updated to fit in its new context.
Of the papers included in this thesis, Paper I and II were part of the licentiate
thesis. By chapters, the contribution from the licentiate thesis is as follows:

Introduction: This chapter was included in the licentiate thesis; for this thesis
it has been reviewed and updated to fit in its new context. Around 10% of the
text is new.

Chapter 1: This chapter was included in the licentiate thesis; around 20% of
the text and references are new. Figure 1 is new.

Chapter 2: This chapter was included in the licentiate thesis; around 30% of
the text and references are new. Figure 7 is new.

Chapter 3: This chapter was included in the licentiate thesis; around 30% of
the text and references are new. Figures 12, 13 and 15 are new.

Chapter 4: This chapter was included in the licentiate thesis; around 10% of
the text and references are new.

Chapter 5: This chapter was not included in the licentiate thesis.

Chapter 6: This chapter was included in the licentiate thesis; around 20% of
the text and references are new. Figures 23 and 24 are new.

Chapter 7: This chapter was included in the licentiate; around 50% of the text
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Chapter 8: The summaries of Paper I and II (Chapter 8.1 and 8.2) were in-
cluded in the licentiate. The text in Chapter 8.3 Summary of Paper III and 8.4
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Introduction

The human body consist of a vast number of cells, and jointly, the cells, form
tissues and organs. Cells respond to their surroundings, or so-called microen-
vironment. The cell’s microenvironment consist of a highly hydrated and
compliant extracellular matrix, neighboring cells and circulating biochemical
factors; that provide chemical and physical cues that regulate cell behaviour
(1,2). However, these characteristics are often not present in traditional in vitro
models used to study human physiology.

In vitro models consist of cells that are cultured outside their native environ-
ment. Cells are grown on a substrate that provides structural support for cell
attachment and kept under a favourable artificial environment with defined
and controlled experimental conditions. Traditional substrates for cell culture
consist of a flat and stiff polystyrene plastic substrate. Polystyrene substrates
offer a cheap and easy to use platform for in vitro studies, however, they lack
the complex chemical and mechanical cues experienced by cells in vivo.

In recent years, there has been a great interest in the development and im-
provement of cell culture substrates for in vitro studies recapitulating the cell
microenvironment. One of these approaches is the use of hydrogels, high wa-
ter content polymers, that aim to mimic the native ECM (3,4). Through chem-
ical 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 elec-
tronic components(5).

Microfabrication techniques are a set of technologies that permit the construc-
tion of objects in the micrometre to millimetre range (6). Their use has per-
mitted the formation of micropatterns on cell culture scaffolds to model the
cell microenvironment in vitro (6,7). Micropatterns are micrometre sized cell
adhesive regions on substrates (e.g. hydrogels) that impose a defined cell ad-
hesion pattern and permit the study of morphological implications and effects
on different cell types (8,9). For example, it has been demonstrated that endo-
thelial cells increased their proliferation or apoptosis rates depending on the
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size of the micropattern (10). Furthermore, micropatterning and it has contrib-
uted to the observation and study of cell chirality, an inherent property of in-
volved in early tissue formation (10,11).

Endothelial cells line blood vessels 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. Particularly,
brain endothelial cells and present certain characteristics different to endothe-
lial cells found in other organs, resulting in a particularly tight barrier (12,13).
This barrier protects the brain harmful molecules and pathogens. However, it
also impedes the passage of drugs treating diseases affecting the brain (14,15).
Therefore, there is great interest in studying 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 depending on
the micropattern geometry

4. Explore the effect of varying glucose conditions on the cell’s
morphology

5. Explore the effect of the micropattern size on cell chirality
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Chapter 1 Hydrogels for Cell Culture
Scaffolds

Most cells in vivo are surrounded by an extracellular matrix (ECM). The ECM
is composed of water, proteins, and polysaccharides. It provides biochemical
and biomechanical cues and structural support to the cells, and ultimately give
shape and structure to the tissue. Each tissue has a unique composition and
mechanical properties (16). The stiffness of human tissue varies widely, as
schematically summarized in Figure 1. On the other hand, in vitro studies
utilize extensively polystyrene tissue culture plates as cell substrate, which
have a stiffness of ~3.5 GPa, 1,000 times larger in magnitude compared to the
e.g., brain stiffness (17). Furthermore, it has been widely observed that cells
are responsive to the mechanical properties of their substrate in vitro (18,19).

Brain
Muscle Polystyrene Glass
\\ culture plate ~ coverslip
Gummy S
Lungs \
- bear Bone

7 I —————
10° 108 10° 10"
Elastic modulus (Pa)

Increasing stiffness

Figure 1. Schematic representation of the stiffness of various tissues and materi-
als. Tissue stiffness is determined by their elastic modulus measured in pascals (Pa).
Brain=~1 kPa, lung=~2 kPa, skeletal muscle=~ 5 to 150 kPa, gummy bear= 60 kPa,
tissue culture plate= ~3.5 GPa, bone= 20 GPa and glass= 70 GPa (17,19,20) The
larger the elastic modulus the stiffer the tissue or material is.

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.
Moreover, hydrogel materials can be modified to present specific chemical,
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mechanical and biological properties to better mimic the ECM of the desired
tissue (3).

1.1 Hydrogels

Hydrogels are a type of materials that consist of crosslinked hydrophilic pol-
ymer chains, where water penetrates between the chains causing the swelling
and formation of a hydrogel (3). Hydrogels can be formed by naturally derived
or synthetic building blocks. Fibrin, collagen, and hyaluronic acid are natu-
rally found in the ECM and have been used for preparation of hydrogels for
cell culture. Alternatively, synthetic materials such as poly(ethylene glycol)
(PEG) and polyacrylamide can be used (5,21). Most often, naturally derived
materials are inherently cell adherent and can be used for cell culture without
further modification. However, they are usually obtained from animal tissue
and come with an inherent variability from batch to batch depending on the
handling conditions. On the other hand, synthetic materials often require fur-
ther functionalization to render cell adherent, however, they can offer greater
control of the material properties (5,22).

1.2 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 2). It is negatively
charged and attracts positive ions resulting in an osmotic balance that brings
in water, resulting in a highly hydrated molecule (23). HA is one of the pri-
mary components of the ECM of different tissues throughout the body, includ-
ing the brain (24). HA functions as a structural element in the ECM, maintain-
ing a hydrated environment, modulating ion and molecule exchange and pro-
vide mechanical support for the cells. HA can interact with some cell surface
receptors, being CD44 one of the most known and described (25).

Figure 2. Hyaluronic acid. HA consists of alternating units of D-glucuronic acid and
N-acetyl-D-glucosamine monosaccharides. Reproduced from licentiate thesis.
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HA typically exists as high molecular weight (10,000 kDa) (26), but it can be
cleaved by hyaluronidase, a cellular secreted enzyme, into lower molecular
weight chains (27). 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 (28,29). Therefore, HA further functionalization with cell adhesion mo-
tifs to be used as cell culture scaffold (23). However, this can be an advantage,
as this opens 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 ad-
hesion (discussed further in Chapter 3).

1.3 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 (3). There are various crosslinking
strategies, such as light, thermal, and ionic mediated (5). In this thesis a light
mediated crosslinking (or photocrosslinkable) was used due to its compatibil-
ity with microfabrication techniques (discussed further on Chapter 2).

To prepare photocrosslinkable HA hydrogels, HA must be chemically func-
tionalized to add reactive groups. HA contains functional groups along its
backbone, where the carboxylic acid and hydroxyl groups are the two most
commonly used groups for chemical modification (30). Photocrosslinkable
HA hydrogels have been developed by functionalizing the HA backbone with
different groups such as norbonene (31,32) and methacrylates (33-35).

In Paper II a photocrosslinkable HA derivative, hyaluronic acid acrylamide
(HA-am) was prepared following a previously published protocol (36). In this
manner, HA (MW= 135 kDa) was 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 hyaluronic acid acrylamide (HA-
am). Crosslinks will be formed between the acrylamide groups using UV light
and a photoinitiator (Figure 3). Upon exposure to light, the photoinitiator ab-
sorbs 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 (9,37).

16



Acrylamide group % ,
l UV light
/\/ * ”

HA backbone Photoinitiator

Figure 3. 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. Reproduced from licentiate thesis.

Considerations for this type of crosslinking method are the type of photoiniti-
ator, the photoinitiator concentration, and the exposure time. The photoinitia-
tor type will determine the light wavelength. In this work, we used Irgacure
2959, one of the most common photoinitiators used due to its demonstrated
compatibility to cells (37). Irgacure 2959 has an excitation wavelength be-
tween 320-390 nm (UV light) and this wavelength does not affect cellular
DNA, compared to UV light used for sterilization (240-280 nm). The photoin-
itiator 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 (38). 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.

1.4 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
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 mod-
ulus describes this ratio, when shear forces are applied to the material (39). G
and E are related as shown by the equation £= 2G(1+v); where v is the mate-
rial’s Poisson’s ratio (21). HA hydrogels, and most hydrogels, have a Pois-
son’s ratio of ~ 0.5 (21,31,40), therefore this relation approaches E = 3G.

G can be determined by experimental techniques such as shear rheometry. In
shear rtheometry measurements, the crosslinked hydrogel is placed between
two plates and a constant strain is applied to the material in a range of frequen-
cies (Figure 4). These measurements provide the storage (G”) modulus, which
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represents the energy stored during material deformation, describing the elas-
tic behaviour of the material (39). 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.

P

Oscilating plate—p ‘,\
Hydrogel ——

Fixed plate ——p |

Figure 4. Shear rheometry. The hydrogel is placed between a fixed plated and an
oscillating plate. The oscillation is applied at a fixed strain. Reproduced from licenti-
ate thesis.

The stiffness of HA hydrogels can be varied by controlling the degree of cross-
linking in the hydrogel. In the case of UV crosslinkable HA hydrogels this can
be controlled by increasing or decreasing the UV exposure time. As a rule of
thumb, longer UV exposure times will result in stiffer hydrogels (32,33). An-
other approach is to increase the concentration of HA in the precursor solution,
where increasing the HA concentration will result in an increased stiffness
(23). Photocrosslinkable HA hydrogels have been reported to have an elastic
modulus from 0.51 kPa up to 100 kPa (32,35). Hydrogels can have stiffness
values within kPa range and do therefore provide a more biomimetic environ-
ment for culturing cells in vitro.
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Chapter 2 Methods for the Microfabrication of
HA-am Hydrogels for Cell Culture Scaffolds

Photocrosslinkable hydrogels are an interesting material as cell culture scaf-
fold, not only due to their tunability to better mimic the mechanical properties
of'tissue in vivo, but also due to their compatibility with microfabrication tech-
niques.

Microfabrication is a set of technologies that permit the construction of objects
in the micrometre to millimetre range, such as microelectromechanical sys-
tems (MEMS) (6). The fabrication of MEMS relies widely on photolithogra-
phy, and it is often the first step in the fabrication process. Even, micromould-
ing 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 BloMEMS (7).

In this section, the basics of different microfabrication techniques, that have
been used for the microfabrication of hydrogels, will be introduced. Then, how
these methods have been adapted for the microfabrication of 2D and 3D struc-
tures in hydrogels for cell culture scaffolds will be discussed.

2.1 Photolithography

Photolithography is one of the most important techniques, and commonly the
starting point in the fabrication of MEMS (7). This technique permits the fab-
rication of micrometre sized 3D structures on a substate. This method 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 photo-
mask, with the desired microscale pattern, that will protect or expose some
regions to UV light. UV exposure will cause chemical changes on the photo-
resist 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 5). SU-8 is a
negative photoresist widely used to fabricate chips and master moulds (41).
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Figure 5. Photolithography. A photoresist film is deposited on a silicon wafer. The
photoresist is then covered with a photomask containing the desired micrometre fea-
tures. Then, the photoresist is exposed to UV light through the photomask opening.
The resulting structure will depend on the photoresist properties. 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. Adapted from li-
centiate thesis.

Using this technique, it is possible to fabricate small structures with high res-
olution. 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 pat-
terned (e.g., silicon, glass, hydrogel) and the photomask. Photomasks can be
made on glass or plastic films. For high resolution applications (~1 um sized
structures), chrome-glass photomasks are required. For lower resolution re-
quirements, the mask can be prepared by toner ink printed on transparency
films (~50 um). Overall, the required and achievable resolution is application
dependent (7).

Photocrosslinkable hydrogels can be processed using photolithography to
form 3D structures (5,42). The process is very similar to silicon-based lithog-
raphy, where the photoresist is the hydrogel. HA-am hydrogels can be com-
pared to a negative photoresist, i.e., the hydrogel is activated and forms
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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.

2.2 Micromoulding

Micromoulding is an important set of methods for the microfabrication of ma-
terials that cannot be patterned using photolithography. It is particularly useful
for shaping polymer materials once a master mould is fabricated. Moulds with
micrometre sized features can be fabricated by photolithography, for example
using SU-8 on silicon. This method is widely used for soft polymers, specifi-
cally poly(dimethylsiloxane) (PDMS), resulting in soft lithography, a subfam-
ily of micromoulding with extensive use in BloMEMS (7).

2.2.1 Soft Lithography

Soft lithography consists in the use of a micromolded piece of PDMS to create
a pattern or form a device, e.g., microfluidic device (Figure 6). PDMS is an
elastomeric polymer, with physicochemical properties that are advantageous
for BioMEMS, such as soft, optically transparent, biocompatible and perme-
able to gases. PDMS is thermally cured by first mixing the PDMS pre-polymer
(monomer) and a crosslinking agent. The mixture is then poured over the mas-
ter mould and let to solidify. Once cured, the micromoulded PDMS piece can
be peeled off from the mould and the mould can be reused (7).

S PDMS Cum:g
an
'/‘/ ?0\’\ curing peeling

SU-8/silicon mould

Figure 6. 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 cross-
linked 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.
Reproduced from licentiate thesis.

2.2.2 Microcontact Printing

This method consists of the transfer of a molecule of interest from a microfab-
ricated piece of PDMS, i.e., stamp, onto a surface. The PDMS contains the
micrometre sized pattern. The molecule will then transfer only on the areas

21



contacted by the stamp (7) (Figure 7). This technique mostly works for for-
mation of 2D patterns on a stiff substrate. However, it has been adapted to
pattern hydrogels and will be discussed further in Chapter 3.

1 2 3

PDMS __, ,\“y\ﬂV
stamp _JB1 ISV IR 18 = g

T I

Substrate Patterned
substrate

Figure 7. Microcontact printing. (1) This method consists in the transfer of
a molecule from a PDMS stamp to a substrate. (2) The stamp is place in con-
tact with the substrate to pattern. (3) The molecule will be transfer only to the
areas that were in contact with the stamp.

Molecule

Micromoulding is very useful in shaping hydrogel precursors during cross-
linking. Hydrogel precursors are dissolved in a buffer solution and then cross-
linked by different means (e.g., exposure to light or a temperature change). In
this manner, hydrogels can be formed in specific shapes in moulds. In Paper
I, IT and III, HA-am hydrogels were micromolded using a silicon/SU-8 mould
on a glass substrate, resulting in an 8 mm in diameter and 200 pm thick struc-
ture (Figure 8).
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Figure 8. 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. Adapted from licentiate thesis.

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 immunofluo-
rescence 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 micros-
copy and biocompatibility in cell studies. Glass silanization permits covalent
attachment of the hydrogel onto the coverslip (21). Silanization is the deposi-
tion of silanes onto substrates. Silanes are chemical compounds with a central
silicon atom and contain two reactive groups (Figure 9A), one that will react
with hydroxyl groups present on the glass substrate (X in Figure 9A), and a
second one that will bind covalently to the hydrogel (R in Figure 9A) (43,44).

A X B OCH,
I 0O
X—Si—R —Si CH
)l(l H,CO ?IMOW 2
OCH, CH,

X= Leaving group
R= Functional group 3-(Tr|methoxySIIyI)propyI methacrylate

Figure 9. 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-(trimethoxysilyl)propyl methac-
rylate). Adapted with permission by Elsevier. Ratner, B. D., & Hoffman, A. S. Phys-
icochemical surface modification of materials used in medicine. (pp. 259-275) Copy-
right 2013. Reproduced from licentiate thesis.
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This approach was used in the design and development of the cell culture scaf-
folds in Papers I - I11. For this purpose, 175 um thick glass was functionalized
with silane methacrylate (3-(trimethoxysilyl)propyl methacrylate) (Figure
9B). In this manner it was possible to micro-mould and attach a HA-am hy-
drogel 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 HA-
am Hydrogels

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 (45,46). In vivo, cells are exposed to a highly structured ECM and
neighbouring cells that impose boundary conditions that dictate the cell archi-
tecture. These conditions are not achieved in traditional cell culture substrates,
where cells are rather exposed to homogenous and unstructured cell adhesive
substrate (8).

As previously mentioned, HA hydrogels are mostly synthesized from high
molecular weight HA and requires its further functionalization with cell adhe-
sion motifs to be used as cell culture scaffold (23). However, this can be an
advantage, as this opens up the possibility of incorporating different cell ad-
hesive 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. Microfabrication techniques has permitted the spatial
control of chemical functionalities, to control the appearance of cell adhesive
regions, or micropatterns, on various substrates, including hydrogel materials.

3.1 Cell Adhesion

Cells attach to a substrate (ECM or polystyrene plate) through the process of
cell adhesion mediated by integrins (47). Integrins are transmembrane proteins
that interact with ECM proteins, mediating cell attachment and signal trans-
duction inside the cell (Figure 10). Moreover, integrins also bind to the cyto-
skeleton, through actin binding proteins and stabilizes the cell-matrix interac-
tions. Integrins are heterodimeric proteins consisting of a large extracellular
domain and a short cytoplasmic domain. There have been identified 24 differ-
ent heterodimers in mammalian cells (48). Usually, individual cell types ex-
press multiple integrins, and each integrin can bind to various proteins and
vice versa. Fibronectin, collagen and laminin are some of the proteins present
in the ECM that are ligands for integrins (47,48).
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Figure 10. 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. Adapted from licentiate thesis.

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 recog-
nition sequence found in fibronectin, vitronectin and fibrinogen; and about
one third of the integrins bind to this sequence (48,49).

3.2 Controlling Cell Adhesion In Vitro

Micropatterns are micrometre sized cell adhesive regions on otherwise non-
cell adhesive substrate. Micropatterns can vary in shape and size, resulting in
the geometrical confinement of cells (8,9). Upon cell adhesion, the cells adapt
their shape and their cytoskeletal actin filaments to the underlying micropat-
tern, as shown in Figure 11 (50).
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Figure 11. Micropatterning cells. Cells adapt their shape to the underlying pattern.
Single human umbilical vein endothelial cells (HUVECs) seeded on fibronectin mi-
cropatterns of various geometries with a constant cell adhesive are of 2500 um? Scale
bars: 30 um. Adapted with permission of Journal of Cell Science. Florian A. Gegen-
furtner, Berenice Jahn, Helga Wagner, Christoph Ziegenhain, Wolfgang Enard, Lud-
wig Geistlinger, Joachim O. Rédler, Angelika M. Vollmar, Stefan Zahler; Micropat-
terning as a tool to identify regulatory triggers and kinetics of actin-mediated endo-
thelial mechanosensing. J Cell Sci 15 May 2018; 131 (10): jes212886. Reproduced
from licentiate thesis.

In order to covalently link adhesive molecules on the surface of the substrate,
the molecule to be patterned must contain chemical groups that can react with
the substrate. Micropatterns can consist of full proteins or short peptide se-
quences 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.

3.2.1 Micropatterning Methods

Micropatterns can be prepared on variety of substrates, such as glass, polysty-
rene culture plates and hydrogels. The first examples of micropatterning were
prepared using microcontact printing on glass substrate (51). Later, advances
in biomaterials functionalization, specifically the functionalization of hydro-
gels with reactive groups, and their combination with microfabrication has
opened up the opportunity to prepare micropatterns on more compliant mate-
rials.

27



3.2.1.1 Microcontact Printing

Microcontact printing has been widely used to prepare 2D micropatterns on
stiff substrates such as glass. This method requires a PDMS stamp with the
desired pattern fabricated via soft lithography (as discussed in Chapter 2). The
first examples of micropatterning for controlling the shape and position of
cells were prepared using microcontact printing. Briefly, a cell adhesive mol-
ecule, usually a protein as fibronectin, is inked to the PDMS stamp. Then the
PDMS stamp is placed in contact with the substrate, generally glass. Then the
protein is transferred only to the areas where the PDMS stamp was in contact
with (Figure 12).
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Figure 12. Microcontact printing of cell adhesive molecules on a substrate. (1)
Inking of PDMS stamp. (2) Inked stamp. (3) Printing on desired substrate (4) Result-
ing patterned substrate.

Microcontact printing is not the first choice the patterning of hydrogels due to
the soft nature of the hydrogels and the requirement of certain amount of force
during microcontact printing, resulting in structural damage and loss of integ-
rity of the hydrogel. However, some approaches have been developed to over-
come these problems. For example, by forming a hydrogel layer and freeze
dry it. Then the freeze-dried hydrogel has the stability to sustain a microcon-
tact printing step (52). Another approach consists in first depositing the cell
adhesive molecule on a solid substrate (e.g., glass) following the standard mi-
crocontact printing steps (Figure 12). Then the adhesive molecule is trans-
ferred from the solid substrate to the hydrogel, by placing the hydrogel pre-
cursor solution and leave it to crosslink while the adhesive molecule is trans-
ferred, as depicted in Figure 13 (5,53). Overall, while these methods have
successfully patterned hydrogels for cell culture scaffolds, these approaches
add complexity to the process and are time consuming.
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Figure 13. 2D patterning of collagen hydrogels via microcontact printing. A.
Glass substrate with patterned molecule, prepared via microcontact printing. B. The
uncross linked collagen hydrogel is placed on the patterned glass. The hydrogel is
pressed with a PDMS sheet to form a uniform layer and left to crosslink while the
pattern is transferred. C. Peeling off the crosslinked patterned hydrogel. D. Cell seed-
ing on patterned hydrogel. Adapted from Biomaterials, 39, Hsiao, T. W., Tresco, P.
A. & Hlady, V. Astrocytes alignment and reactivity on collagen hydrogels patterned
with ECM proteins, 124-130, Copyright 2015, with permission from Elsevier.

3.2.1.2 Photolithography

Photolithography has been widely used for the preparation of 2D patterns on
hydrogel substrates. Photolithography is preferred for micropatterning of hy-
drogels since it is mechanically gentler than microcontact printing. 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 (54).

In Paper I, a simplified approach to prepare and micropatterned hyaluronic
acid hydrogels was developed (Figure 14). In this method, a cysteine contain-
ing RGD peptides (GCGYRGDSPG) was patterned on the surface of mi-
cromolded HA-am hydrogels using photolithography. First the 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 be-
tween the thiol group in the peptide and the acrylamide on the HA-am back-
bone.
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Figure 14. 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 place in close contact to the peptide solution and hy-
drogel 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. Adapted from licentiate thesis.

In this method, a cysteine containing RGD peptides (GCGYRGDSPG) were
used. The cysteine contains a thiol group (SH) that can react with the acryla-
mide groups on HA-am, via so-called thiol-ene reactions (Figure 15). Thiol-
ene reactions occur between a thiol and an alkene group. Alkenes are hydro-
carbons containing a carbon — carbon double bond. Thiols present weak sul-
phur hydrogen bonds and can be broken under mild conditions (55). 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 photoinitia-
tors, and naturally Irgacure 2959 can be used. Furthermore, it is possible to
control the amount of peptides attaching to the hydrogel substrate, where
longer UV exposure result in more amounts of peptides attaching to the hy-
drogel, as demonstrated in Paper 1.
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Figure 15. Schematic of photoinitated thiol-ene reaction. The thiol-ene
reactions occurs between the alkene and thiol group. The alkene group is pre-
sent in the acrylamide group (depicted in red) in HA-am. The thiol group (de-
picted in orange) is present in the RGD peptide sequence, in a cysteine pep-
tide. The reaction is initiated by a photoinitiator which decomposes and form
radicals upon UV exposure.

The use of micropatterns have permitted the study the morphological implica-
tions and effects on different cell types (8), including endothelial cells from
various origins (56) and it will be discussed further on the following chapter
(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 (12,57,58). Brain microvas-
cular 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 microflu-
idic systems. Micropatterned models have provided mechanistic information
on the effect on the morphology of endothelial cells (56). Moreover, micro-
fluidic systems have been used to emulate blood flow in vitro and have pro-
vided insightful information about the function of endothelial cells (59) 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 capillar-
ies, or microvessels, participate in gas and nutrient exchange within tissues
and are much smaller, ~10 pm in diameter, compared to veins and arteries
(12,13,57,58,60).

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 16). The blood-brain barrier tightly modulates the movement of mol-
ecules, 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 (13). While the
function of brain microvascular endothelial cells is influenced by pericytes
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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 on the study of this subtype.
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Figure 16. The blood brain barrier. The blood brain barrier is formed by endothelial
cells lining the blood capillaries. The endothelial cells are surrounded by a basement
membrane, pericytes and astrocytes end-feet. Reproduced from licentiate thesis.

Brain microvascular endothelial cells are non-fenestrated, i.e., they lack trans-
cellular pores, present in other endothelial cells. Moreover, they are particu-
larly rich in tight junctions, conferring the blood-brain barrier decreased per-
meability. Claudins, occludins and junction adhesion molecules are tight junc-
tion proteins that 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) (13,57,58,61).

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 cell’s function. These studies consist in
growing cells outside their native tissue. Naturally, the selection of parame-
ters, 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 dis-
aggregated and then cells are isolated to be cultured. However, the recovery
of the specific 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 (62).

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 vi-
ral genes (62). 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 are another source of cells for in vitro studies. Stem cell can differ-
entiate into more mature and specialized cell types. Stem cells can be catego-
rized 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 repro-
grammed into pluripotent embryonic stem-like state (63). Moreover, they can
be propagated extensively and obtained from clones (64). iPSCs are particu-
larly 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 (65—67). However, they are a viable
alternative and have been widely used for in vitro studies of brain endothelial
cell’s function. Moreover, they are a cost-effective alternative, particularly for
the development of cell culture scaffolds (67).

34



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 glu-
cose concentrations affect cell function, for example, the amount of glucose
might be increased to 25 mM to keep high proliferation rates during cell cul-
ture maintenance. On the other hand, increasing glucose concentration can
also have negative effects on brain microvascular endothelial cells, including
bEnd.3 cells (68-70). 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 (68).

Glucose variation in cell media can be used to study diabetes in vitro to deter-
mine the underlying mechanisms in glucose and endothelial cells dysfunction.
Glucose concentration can be increased between 25 to 35 mM to mimic hy-
perglycaemia, decreased to 1 to ~ 2.2 mM to mimic the hypoglycaemic case,
while 5.5 mM glucose concentration represents healthy homeostasis (68,70—
73). 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 af-
fects blood-brain barrier permeability (74—76). However, the mechanisms of
how the blood-brain barrier is involved in diabetes mellitus are still not com-
pletely well understood (74,75). 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 this thesis.

It has been shown that bEnd.3 cells display a decrease in viability after 48h,
but not after 24h of 25 mM and 40 mM glucose exposure (70). 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 condi-
tions (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
(69). On the other hand, the permeability of bEnd.3 cells exposed to hypogly-
caemic 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
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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 de-
creased (73).

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 hypergly-
caemic conditions (35 mM). However, ZO-1 was discontinuous at the cell-
cell contacts. Furthermore, increased permeability was observed under both
hypoglycaemic and hyperglycaemic conditions (72). Moreover, endothelial
cells alignment has been affected due to variations in glucose level in the me-
dia on microfluidic devices and on micropatterned systems which will be dis-
cussed further in the following sections.

4.4 Endothelial Cells in Microfluidics Systems

Endothelial cells align to the direction of the blood flow and present an elon-
gated cell morphology corresponding to a healthy, atheroprotective phenotype
(56,77). Microfluidic systems, fabricated via soft lithography, have been used
to simulate the blood flow that endothelial cells experience in vivo (59).

Microfluidic devices can be fabricated using soft lithography. In their most
basic configuration, they consist of a microfluidic channel in PDMS bonded
to a glass substrate. The PDMS piece also contains inlet and outlet openings
for the flow of cell media. Microfluidic devices offer precise control over the
media flow to model different regiments of blood flow, experienced by endo-
thelial cells depending on the type of blood vessel they line. Furthermore, they
minimize the amount of cells, media and reagents necessary for their culture
and their assessment of function.

It has been observed that human umbilical vein endothelial cells (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 (71,78,79). How-
ever, 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 (80) and on iPSC-derived brain endothelial cells (81).

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. 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 (82). The same
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behaviour was observed on primary porcine aortic endothelial cells. Here, the
authors observed that the actin did not align to the flow direction after expo-
sure 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 (71).

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 and this has been observed for both primary
baboon carotid endothelial cells (83) and HUVECs (84,85). Brain microvas-
cular endothelial cells also showed this behaviour, as demonstrated on Paper
II, where the nuclei, actin fibres and cell body of bEnd.3 cells were more
aligned on 10 um RGD patterns and their alignment decreased as the line
width increased. Moreover, primary baboon carotid endothelial cells grown
on 25 um collagen patterns on glass show a similar degree of actin orientation
compared to cells exposed to flow (83). Also, micropatterned endothelial
cells, from the same origin, downregulated the expression of vascular cell ad-
hesion molecule-1 (VCAM-1), a critical molecule in early plaque develop-
ment. Furthermore, this behaviour is also observed when this cells were ex-
posed to flow (86).

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. In this manner, increased
cell elongation results in an increase in the elongation of the nucleus (Figure
17). This was demonstrated using a constant fibronectin micropatterned area
while the geometry was varied (87).
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Figure 17. 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 pm. Adapted by permission from Nature Com-
munications. Versaevel, M., Grevesse, T. & Gabriele, S. Spatial coordination between
cell and nuclear shape within micropatterned endothelial cells. Copyright 2012. Re-
produced from licentiate thesis.

It has also been demonstrated that the size and shape of the micropattern af-
fects the cell’s function. For example, bovine capillary endothelial cells could
adhere to 10 um x 10 um fibronectin patterns, while cells in smaller patterns
(5 um x 5 um) underwent apoptosis (10). In Paper I, it was shown that bEnd.3
cells adhered to 25 um x 25 um RGD patterns, while they did not adhere to
10 um x 10 um patterns. However, bEnd.3 cells could adhere to 10 um wide
lines, as demonstrated on Paper II. Furthermore, Chen et al. observed that
cells underwent different fates, proliferation or apoptosis, depending on the
size and shape of the pattern where they can adhere and spread (10). Later,
Versaevel et al. demonstrated that proliferation is controlled by the nuclear
deformation, where more elongated nuclei showed higher levels of chromatin
condensation and a decrease in DNA synthesis. Cells with less elongated nu-
clei, i.e., rounder nuclei, exhibited lower chromatin condensation accompa-
nied with higher DNA synthesis, indicative of a proliferative state (87).

The process of formation of new blood capillaries (angiogenesis) can also be
studied using micropatterning. Angiogenesis is of interest to study vasculari-
zation in vitro and vascularization of materials for tissue engineering. A fol-
low 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 um and
increasing the length. Moreover, while cells on thin lines differentiated, cells
on wider lines just stayed in proliferative state (88). Tube formation has been
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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 pm wide lines, while no
differentiation was observed on wider lines, up to 200 um (89). Later, Leslie-
Barbick et al. prepared line patterns from 10 um up to 100 um patterns con-
sisting 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 um pat-
terned lines with PEG-RGDS and PEG-VEGF, in a higher proportion com-
pared to HUVECs grown on line patterns with RGDS only (84). Lei ef al.
prepared SVVYGLR peptide line micropatterns, a peptide sequence found on
osteopontin that is cell adhesive, where HUVECs growing on 10 and 50 um
patterns underwent tube formation (85).

While endothelial cells from various origins have been studied on micropat-
terns, 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 um?, resulting in cell pairs of primary human brain microvas-
cular endothelial cells to study the cell-cell interactions. The cell pairs were
treated with cyclic adenosine monophosphate (cAMP), an intracellular signal-
ling molecule that improves barrier function in endotheli al cells (90). 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 (91). In Paper II it was demonstrated that the alignment of brain
endothelial cells growing on 10 um 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 hypo- hyper- and healthy
glucose levels respectively. The cells and their nuclei showed less alignment
under high and low glucose conditions, while F-actin showed the opposite be-
haviour, where actin fibres were more aligned under high and low glucose
conditions. Furthermore, the cell and nuclei were more elongated under nor-
mal 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, prolifera-
tion, and permeability in endothelial cells (88,91,92). In recent years, due to
micropatterned substrates it has been possible to observe and study cell
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chirality. These studies have increased the understanding of the establishment
of the left-right asymmetry in various organisms, including humans, which is
of great interest in the biological and medical field. This topic was explored
in Paper I1I and will be discussed in more detail in the following chapter.
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Chapter 5 Cell Chirality

Left-right asymmetry or chirality is a widely conserved property in nature,
observed in small molecules, such as sugars and amino acids (93). It is also
seen in numerous living organisms, in vertebrates and invertebrates, including
the human body (94,95). While the human body exhibit external bilateral sym-
metry, i.e., it can be divided in two equal parts, in the interior things are not
symmetrical. Internal organs adopt a left-right asymmetry or chirality, i.e. one
side of the body is not a mirror image of the other across the midplane (96,97).
For example, the left side contains most of the heart, the stomach, the pan-
creas, and the spleen, whereas the right side contains most of the liver and the
gall bladder (Figure 18). Therefore, symmetry must be broken during devel-
opment, however, how this process occurs is still not well understood (95).

)
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Figure 18. Left-right asymmetry at an organism level. The human interior adopts
a left-right asymmetry, where one side of the body is not the mirror image of the other
side across a midplane. The left side contains most of the heart, the stomach, the pan-
creas, and the spleen, whereas the right side contains most of the liver and the gall
bladder.

The left-right axis is consistently oriented relative to the dorsal-ventral and
anterior-posterior axis, determining the midline/midplane during embryogen-
esis (98,99). There are two proposed models describing how left-right asym-
metry is established. The first model postulates that left-right asymmetry relies
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on an embryonic structure known as the node, which generates fluid flow re-
sulting in asymmetric gene expression. The second model hypothesize that
left-right asymmetry is an inherent property of the cells (95-97,100,101).

Cell chirality has been observed in vivo, but only in invertebrates (102). How-
ever, in vitro models have enabled the study of vertebrates and human cell
chirality, demonstrating an inherent cell chirality under specific culture con-
ditions (103—105). Cell chirality can be described by asymmetric alignment,
migration, rotation of cells; as well as the asymmetric positioning of subcel-
lular components and cell polarization (11,106—114). Individual cells often
exhibit high randomness in morphology and migration; therefore, cell chiral-
ity is statistically defined as a population property (11,104).

5.1 Study of Cell Chirality on Micropatterned Substrates

During development cells are guided by physical boundaries imposed by the
ECM, neighbouring cells, and tissues, resulting in directional alignment and
migration associated with the establishment of left-right asymmetry. By using
micropatterns it is possible to culture cells on well-defined appositional
boundaries to mimic the physical boundaries during development, and there-
fore study the mechanisms dictating left-right asymmetry (104,115). Com-
monly used micropattern geometries are lines and rings, that provide two ap-
positional boundaries (Figure 19). Generally, these micropatterns are between
100 to 200 um in width. The appositional boundaries offer a primary direction
for the cells to elongate and orient. Then the cells have to make a decision on
which direction to orient and/or migrate, which is amplified by the opposing
boundaries leading to a chirality bias (11).
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Figure 19. Micropattern geometries for cell chirality studies. A. Ring. B. Line.
Cell adhesive region depicted in green. Non-adhesive region, depicted in grey.

In micropatterned substrates the cell alignment is calculated using image anal-
ysis software (discussed further in Chapter 6). On a ring micropattern, the cell
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alignment is based on its deviation from the circumferential direction, where
apositive value (0° to 90°) is designated counter-clockwise (CCW) alignment,
while a negative value (-90° to 0°) represents a clockwise (CW) alignment
(11), as schematically presented in Figure 20A. Line micropatterns have also
been used for the analysis of cell chirality where cell chirality is often reported
as positive or negative. In Paper III, CellProfiler™, an open source image
analysis software to obtain the cell orientation was used (116). CellProfiler ™
calculates the orientation of the cell by fitting the segmented cell to an ellipse.
The orientation then corresponds to the angle between the x-axis (determined
by the RGD pattern direction) and the major axis of the ellipse, giving values
within £90° (116,117) (Figure 20B). In this manner, the cell angle orientation
gets negative (-90° to 0°) values or positive values (0° to 90°), respectively,
relative to the line pattern (Figure 20B).
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Figure 20. Cell chirality micropatterns. A. Cell alignment on ring micropatterns.
Cell alignment bias in ring micropatterns is determined by the deviation of cell align-
ment from the circumferential direction, where a cell gets at angle between -90° to 0°
and is defined as clockwise (CW) alignment, while a cell with an angle between 0° to
90° value represents a counter-clockwise (CCW) alignment. Adapted with permission
from B. The cell chirality in line micropatterns is determined by the cell angle orien-
tation relative to the line pattern, which gets negative (-90° to 0°) values or positive
values (0° to 90°). A is adapted with permission from Wan, L. Q., Ronaldson, K.,
Park, M., Taylor, G., Zhan, J. M. & Vunjak-Novakovic, G. Micropatterned mamma-
lian cells exhibit phenotype-specific left-right asymmetry. Proc Natl Acad Sci U S A.
2011;108(30):12295-300.

Cell chirality can also be defined by the cell’s organelle positioning, resulting
from the relationship between the apicobasal axis and the front-rear axis. The
apicobasal axis is defined as a result from 2D cell attachment, while the front-
rear axis is defined by the nucleus-centrosome axis i.e., the x axis is defined
as the direction from the nucleus to the centrosome as schematically presented
in Figure 21A (11,103,104,118). It has been shown that cells growing on mi-
cropattern (lines and rings) are polarized at the boundaries, defining the front-
rear axis of the cells, where the cells position their centrosomes and Golgi
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apparatus towards the boundary(Figure 21B) (11,114). It has been shown that
the cell chirality bias based on micropatterned substrates is consistent with the
chirality of organelle positioning (119). Using the definition of cell polariza-
tion, counter clockwise alignment on rings can be considered as a cellular
‘leftward’ bias, and clockwise as a ‘rightward’ bias (11,103,118)

@D Celinuclei ® Centrosome = Golgi apparatus

Figure 21. Organelle positioning. The apicobasal axis is defined as a result from 2D
cell attachment, while the front-rear axis is defined by the nucleus-centrosome axis.
A. A red arrow is drawn from the centre of the nucleus, depicted in blue, to the cen-
trosome, depicted in green. Cells migrating or orienting to the left of the nucleus-
centrosome axis are defined as leftward bias, while cells migrating or orienting to the
right are defined as rightward bias (11,103,118). B. Cell polarization on micropat-
terns. Cells polarized at the boundary by positioning their centrosomes (green) and
Golgi apparatus (purple) closer to the boundary than nuclei (blue). A is adapted by
permission from Springer Nature, Stem Cell Research & Therapy, Micropatterning of
cells reveals chiral morphogenesis. Wan, L.Q., Ronaldson, K., Guirguis, M., Vunjack-
Novakovic, G., 2013. B is adapted with permission from Wan, L. Q., Ronaldson, K.,
Park, M., Taylor, G., Zhan, J. M. & Vunjak-Novakovic, G. Micropatterned mamma-
lian cells exhibit phenotype-specific left-right asymmetry. Proc Natl Acad Sci U S A.
2011;108(30):12295-300.

It has now been widely observed that cell chirality varies depending on cell
type (Table 1). For example the bias of endothelial cells is different to muscle
cells, exhibiting clockwise and counter-clockwise bias respectively (11). En-
dothelial cells exhibit clockwise bias, regardless of the blood vessel they line,
where human umbilical vein and human brain microvascular endothelial cells
both exhibited a clockwise bias (111,120). In Paper III we demonstrated that
mouse brain microvascular endothelial cells also exhibited a negative bias,
where the cell chirality bias was most pronounced on 100 um wide lines.
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Table 1. Cell chirality varies depending on cell type. Positive angles stand for coun-
ter clockwise (CCW) bias, while negative alignment angles stand for clockwise bias
in ring micropatterns.

Cell type Bias Spe- Tissue Phenotype | Cell Pattern Ref.
cies origin type
Human any
umbilical vein Umbili- Endothelial . . 1,121)
endothelial cells cw Human cal vein cells Primary Ring
(HUVEC)
Hl.Jman brain Brain Endothelial . . (120)
microvascular CwW Human caillar cells Primary Ring
endothelial cells priary
i i Paper
bEnd.3 Negative | Mouse Bra}n Endothelial Cell line Line P
capillary | cells I
Human skeletal Skeletal an
muscle cells | CCW Human m 65:1: Myoblast Cell line Ring
(hSKMC) u
11
c2c12 ccw Mouse | SKeIel | yroblast | Cellline | Ring an
muscle
. . . 109,1
C2C12 Negative | Mouse Skeletal Myoblast Cell line Line (109
muscle 10)
Rat cardiac Cardiac . . (11)
fibroblast ("% Rat Heart fibroblast Primary Ring
Human (11
adipose  stem | CW Human | Adipose Stem cells Primary Ring
cells (hASC)
Human Bon (11
mesenchymal CwW Human one Stem cells Primary Ring
cells (IMSC) marrow
Human (11)
primary skin ("% Human | Skin Fibroblast Primary Ring
fibroblast
Human skin . . . . (11
fibroblast line CW Human | Skin Fibroblast Cell line Ring
Human skin (11
cancer CcCwW Human | Skin Fibroblast Cell line Ring
fibroblast line
NIH/3T3 CwW Mouse | Embryo Fibroblast Cell line Ring an
MDCK CCW Dog Kidney Epithelial Cellline | Ring (108)
MDCK Positive Dog Kidney Epithelial Cell line | Line (114)
MC3T3-El CW Mouse | Calvaria | Osteoblast | Cellline | Ring (11
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Recent studies have also demonstrated that protein kinase C (PKC) activation
or treatment with carbon nanotubes induces cell chirality reversal, suggesting
that cell chirality might be affected in disease states (111,120—122). Endothe-
lial cells experienced cell chirality reversal due to PKC activation induced by
indolactam V (111,120). PKC is a mediator of vascular permeability which
has also been implicated in disorders associated with hyperglycaemia in dia-
betes mellitus (106,111,120,122,123).

Major discoveries in cell structure and function have been achieved using mi-
cropatterned substrates as demonstrated in this section and Chapter 4. How-
ever, these studies would not have been possible to assess without immuno-
fluorescence, high resolution imaging and image analysis. These methods are
non-trivial and will be discussed in more detail in Chapter 6.
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Chapter 6 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 mol-
ecules in fixed cells and their conjugation to fluorescent labels. In this manner,
various cell components can be identified and located using fluorescent mi-
croscopy. In recent years, new methods have been developed so-called live
stains, that permit the fluorescent labelling of various cell components on liv-
ing cells and follow their changes in real time. Moreover, various image anal-
ysis methods and software have been developed to quantify phenotypical fea-
tures from the acquired microscopy images of cells.

6.1 Immunofluorescence

Immunofluorescence is a technique based on an antibody binding to the pro-
tein of interest in a cell sample, followed by visualization of the bound anti-
body by conjugating the antibody to a fluorophore. Immunofluorescence re-
quires fluorescent microscopy (discussed in Section 5.4) and allows to capture
images to determine the cellular localization of the protein of interest (124).
Immunofluorescence can be used in various sample types, such as tissue sam-
ples, entire organisms and on cultured cells (124,125). Immunofluorescence
protocols have been adapted to cultured cells under different culture condi-
tions, such as inside microfluidic devices, as demonstrated in Paper IV, or for
cells growing on hydrogel samples, as demonstrated in Paper II and I1I (21).

Immunofluorescence exploits the fact that antibodies can selectively react to
unique protein molecules. Briefly, antibodies are proteins produced by cells
of the immune system. Antibodies can react against molecules that the host
organism recognizes as foreign substance, also known as antigens, such as
pathogenic bacteria and viruses, and generate an immune response. Moreover,
the immune system can produce various antibodies which each will specifi-
cally recognize a unique antigen, for example a protein coat of a virus (124).
Antibodies can be produced by immunizing an animal, i.e., introduce a foreign
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protein and let them produce antibodies, and then retrieve them from their
serum. In this manner antibodies against various human proteins have been
produced. However, in recent years there has been development of non-animal
methods to produce antibodies.

Antibodies are proteins that consist of two identical polypeptide heavy chains
and two identical light chains forming a Y shape (Figure 22). Two different
antigen binding fragments are identified in the antibody structure, the antigen
biding fragment (Fab) and the crystallizable fragment (Fc). Moreover, the Fab
domains contains the variable fragment (Fv), which have different amino acid
sequences in different antibodies, and it is this diversity that enables different
antibodies recognize specific antigens. While the Fc fragment is conserved
within species (124).

Light chain
Variable / Binding
region (Fv) fragment (Fab)
Crystallizable
fragment
(Fe)

Heavy chain

Figure 22. Antibody Structure. Antibodies consist of two identical polypeptide
heavy chains and two identical light chains forming a Y shape. They contain two an-
tigen 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. Re-
produced from licentiate thesis.

There are two immunofluorescence methods, direct or indirect immunofluo-
rescence. Direct Immunofluorescence utilizes a fluorophore conjugated pri-
mary 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, fluorescently
labelled, recognizes and binds to the primary antibody (Figure 23). The sec-
ondary antibody must origin 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 of-
ten higher in indirect methods due to multiple fluorescently labelled secondary
antibodies that can bind to one primary antibody (124,125).
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Figure 23. 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 immuno-
fluorescence utilizes two antibodies, a primary antibody, and a secondary antibody.
The primary antibody binds to the antigen and secondary antibody, fluorescently la-
belled, 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. Reproduced from
licentiate thesis.

Independently of the immunofluorescence method, direct or indirect, the fol-
lowing steps are often followed: fixation, membrane permeabilization (if the
target epitope is buried within the membrane), blocking, primary antibody in-
cubation, with or without secondary antibody incubation. There is no univer-
sal 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 activ-
ity and preserve the cells, to retain the cellular distribution and preserve cellu-
lar 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 (126). However, for the staining of hydrogel-
based samples, paraformaldehyde is preferred, due to possible swelling or col-
lapsing of the hydrogel when using solvents, resulting in deformation of the
sample.

After fixation, the sample might still require membrane permeabilization to
facilitate antibody penetration in the cell. This step is performed using differ-
ent detergents such as saponin, Triton-X 100 or Tween 20. Different deter-
gents and concentrations may give different results, and the optimal
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parameters should be determined experimentally, where minimal cellular
morphology distortion with optimal antibody penetration is achieved (124).

During primary and secondary antibody incubation, non-specific interactions
between the antibodies and the biological sample might occur, due to low af-
finity of the antibody to the antigen or the trapping of the antibody in hydro-
phobic structures (124). This can be attenuated by a blocking step, using a
blocking buffer solution containing proteins is added to the sample. The pro-
teins essentially can bind to all proteins present in the sample and the antibod-
ies will compete with the blocking protein to bind their antigen. Common
blocking buffers contain bovine serum albumin (BSA) or serum (125). 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
(124). 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
contain goat serum.

After the previous steps, the sample is ready for antibody incubation. The pri-
mary 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
4',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 sam-
ples. However, in recent years there has been great advance in the develop-
ment of live stains, i.e., stains that work on living cells in culture and will be
discussed in the following section.

6.2 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 pro-
pidium iodide, that interact with live or dead cells respectively. Calcein-am is
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permeable to cells and becomes green-fluorescent after hydrolysis by intracel-
lular esterase enzymes, ubiquitous in live cells. On the other hand, propidium
iodide is non-cell permeable and can only enter damaged membranes, an in-
dicator 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 assess cytotoxicity and cell viability. However, the cell sample cannot be
further used.

There are now various types of available products to stain cellular components
to observe morphological and migration changes in the cell culture. It is pos-
sible to stain the nuclei, actin filaments, tubulins, lysosomes, and the whole
cell (e.g., CellTracker™) on living samples. These dyes have opened the pos-
sibilities to track changes in the cell components in real time. Another ad-
vantage of live staining is that it does not require 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 avail-
ability 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 environment) 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 tempera-
ture and CO,. However, they are bulky and often expensive (Figure 24A).
Stage incubators are a smaller and cheaper alternative to microscope incuba-
tors. They consist of a transparent chamber the size of traditional cell culture
plate with temperature control, CO, and O, supply (Figure 24B). However,
the use of such set ups, and microscope incubators, reduces the access of the
microscope for other users, where often the sample cannot be moved until the
experiment is finished, even if image acquisition is not running, as this might
cause perturbations in the cell culture conditions, affecting the experimental
outcome. One possible solution is to construct a customized device to fit one’s
specific needs, as shown in Paper IV. In this approach a microfluidic carrier
was developed (Figure 24C). The carrier, which has the outer dimension of a
standard culture well plate, accommodates a microfluidic device, an integrated
perfusion system for the microfluidic device, and a temperature feedback con-
trol to maintain the microfluidic chip temperature at 37 °C when outside the
incubator. This carrier is an affordable, user-friendly system that maintains
physiological conditions during imaging and minimizes the microfluidic de-
vice manipulation during transport from the microscope and incubator in be-
tween imaging sessions.
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Figure 24. Set ups for live imaging microscopy. A. Microscope incubator. It con-
sists of a chamber surrounding the microscope and offers controlled warm air incuba-
tion. Photo: Zeiss B. Stage top incubators consist of a small chamber that is placed on
the microscope stage. They are equipped with CO2, Oz and humidity control and fit a
standard culture plate. Courtesy of ibidi GmbH. C. Customized microfluidic carrier.
Carrier design to be used during microscopy and transport of a microfluidic device.
The carrier is the size of a standard culture plate and contains heat and media perfusion
control. This carrier minimizes the microfluidic device manipulation and maintains
physiological conditions during microscopy. Reproduced with permission from Pa-
per IV.

6.3 Fluorescent Microscopy

Fluorescent microscopy is required for visualization of fixed and fluorescently
labelled living samples. Fluorescence is a type of luminescence due to the ab-
sorption 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 flu-
orescent microscopes often give blurry images with low contrast. This is due
to the entire depth of the sample is being illuminated and fluorescent signals
are collected from all regions, i.e., from the focus plane and the arears below
and above it. Confocal microscopy is often desired for high resolution imag-
ing, due to their ability of eliminating out of focus light, by selectively col-
lecting light from a thin (<1 pm) section of the sample. Moreover, they can
capture multiplanar images which can be integrated to produce a 3D represen-
tation of the sample (124,125,127).
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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 micro-
scope, 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 pin-
hole 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 (127).

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.

6.4 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 in-
formation 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 (128). One of the main applications of
biological image analysis is cell phenotype quantification and structure visu-
alization. In order to obtain quantitative information from specific images,
custom tools have been developed using programming software, such as py-
thon and MATLAB. However, some tools have been developed for general
use and have been widely adopted by researchers, such as ImageJ (129) and
CellProfiler™, which is particularly useful for high throughput cell image
analysis (116).

The most basic pipeline of image analysis of biological samples is the follow-
ing: image acquisition; pre-processing; segmentation; and feature extraction.

During image acquisition a digital image is acquired, which was covered in
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the previous section. The rest of the steps can be performed using cell image
analysis software such as ImagelJ 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. These steps do 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 is crucial for stud-
ying 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 the intensity values in the image, similar-
ity 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 inten-
sity 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 orelse 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 (130).

After the objects have been identified in the segmentation process information
can be extracted. For example, with CellProfiler™, a large number of features
of each segmented object can be calculated, such as orientation and eccen-
tricity (116). CellProfiler™ calculates the orientation of an object by using an
ellipse-fitting model (116,117,131). Where the fitted ellipse has same second-
moments as the object, i.e., the ellipse has the same perimeter and area as the
segmented object, as schematically represented in Figure 25A. The orienta-
tion then corresponds to the angle between the x-axis and the major axis of the
ellipse resulting in orientation values of £ 90° (116,117). A horizontally
aligned object to the x-axis has a 0° angle, while an object whose major axis
points to the upper right has a negative orientation (-90° to 0°). On the other
hand, an object that points to the left will have a positive orientation (0° to
90°) (Figure 25B). The eccentricity is the ratio of the distance between the
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foci of the ellipse and its major axis length (Figure 25C). A value of O corre-
sponds to a circle, while an ellipse whose eccentricity is 1 is a line segment
(116,117).
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Figure 25. Orientation and eccentricity calculation. A. The segmented object (de-
picted in light blue) is fitted into an ellipse. B. The orientation is the angle between
the x axis (depicted in green) and the major axis (depicted in red). C. The orange dots
correspond to the ellipse foci. The eccentricity is the ratio of the distance between the
foci of the ellipse and its major axis length. A value of 0 corresponds to a circle, while
an ellipse whose eccentricity is 1 is a line 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 quan-
titative description of the components of interest. This process takes a step
after step manner; however, all steps depend on each other, resulting in a ra-
ther iterative process. For example, the image resolution selected during im-
age 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, while the nucleus, is easier to segment due to its
elliptical shape. Furthermore, 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 7 Conclusions and Outlook

This thesis demonstrates the fabrication of cell culture substrates for the study
of brain microvascular endothelial cell function. First, a photocrosslinkable
HA hydrogels (HA-am) was synthesized to prepare covalently photocross-
linked HA hydrogels via micromoulding (Paper I). Second, photolithography
was used to control, with high precision, the presence of cell adhesive mole-
cules and its geometrical distribution. In this manner, it was possible to control
the cell adhesion of brain endothelial cells on the micrometre scale (Papers 1,
II and III) and study their changes in morphology. 2D micropatterned sub-
strates are powerful tools to understand endothelial cells’ structure and func-
tion. However, these studies would not have been possible to assess without
immunofluorescence, confocal microscopy, and image analysis. To perform
this, an immunofluorescence protocol for the staining of nuclei, F-actin and
Z0-1 of bEnd.3 cells on micropatterned substrates and microfluidic chips was
developed (Papers II and IV). Furthermore, the high-throughput image anal-
ysis was used for the extraction of quantitative properties of the cells in these
images (Papers II and III).

Micropatterned in vitro substrates allows the study of the effects and mecha-
nisms of cell function in a controlled manner. While a lot of research has been
done using micropatterned substrates and hydrogel substrates to better mimic
the in vivo situation, there is a necessity in standardization to better compare
studies across laboratories and cell types. For example, cell chirality analysis,
an inherent cell property was demonstrated using micropatterned substrates.
This property presents an easy comparative measurement among cell types,
due to its binary nature. However, different pattern sizes and cell orientation
analysis are used. As a first step to reach standardization the effect of pattern
size was assessed in Paper III. Furthermore, CellProfiler™, an open source
and widely use image analysis software, was used for the cell orientation and
cell chirality determination of brain endothelial cells.

The endothelial cell microenvironment in vivo is extremely complex and is
always changing, for example caused by diseases or toxic substances entering
the blood stream. In this thesis, changes in the structural cues given by the
ECM were modelled by changing the cell adhesive areas in the hydrogel (Pa-
pers II and III). Then, the effects of glucose levels on brain endothelial cells
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morphology in these limited areas were assessed (Paper II). However, in vivo,
the endothelial cell microenvironment can also vary in other ways. For exam-
ple, the ECM can change in composition or mechanical properties, due to dis-
ease. Through microfabrication methods it is possible to develop standardized
and high-throughput in vitro models that permit the variation of various pa-
rameters, at the same time, such as the ECM composition and mechanical
properties to study their effect at the cellular level.

While great advances to better mimic the cell microenvironment have been
done, there is still work to do to incorporate the dynamic nature of the cell
microenvironment in vitro; and ultimately contribute to the understanding of
the effect of the cell microenvironment on endothelial cell function.
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Chapter 8 Summary of Included Papers

8.1 Summary of Paper |

In Paper I, two microfabrication techniques, micromoulding and photolithog-
raphy were used to prepare photocrosslinkable hydrogels for cell culturing of
brain endothelial cells. First, HA derivative (HA-am) was synthesized to pre-
sent acrylamide groups on their backbone. The acrylamide groups can cross-
link 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 in-
creased 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 pre-
senting 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 um x 5 um, cells did not adhere to these patterns.
The minimum pattern size to which cells adhered was 25 pm x 25 um (Figure
26A), while more cells adhered to 100 um x 100 um patterns (Figure 26B).
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Figure 26. 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 um x 25 um RGD peptide patterns B. bEnd.3 cells on 25 um x 25
pm RGD peptide patterns. Scale bars=25 pm. 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., Sjégren, F., Shi, L., Os-
sipov, D., Antfolk, M., Tenje, M. (2020) A simplified approach to control cell adher-
ence on biologically derived in vitro cell culture scaffolds by direct UV-mediated
RGD linkage. Journal of Materials Science: Materials in Medicine 31:89. Reproduced
from licentiate thesis.

8.2 Summary of Paper I

In Paper II we utilized the developed platform from Paper I to investigate if
brain microvascular endothelial cells could align to RGD patterns. For this
purpose, we prepared RGD micropatterns on HA-am hydrogels with varying
line widths (10 - 100 um). Mouse brain microvascular endothelial cells
(bEnd.3) were seeded on the micropatterns for 24 h, then fixed, stained their
nuclei, F-actin and ZO-1; and imaged using confocal microscopy (Figure 27).
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 show a widely distributed nuclei, actin and cell orienta-
tion. Moreover, the bEnd.3 cells showed decreased nuclei or cell elongation
on non-patterned substrates, compared to cells growing on line patterns.

In this paper we also investigated the emulated hypo and hyperglycaemia
states to assess the effect on brain microvascular endothelial cells on micro-
patterned substrates. For this purpose, bEnd.3 cells growing on 10 pm micro-
patterns were exposed to 1 mM, 25 mM and 5 mM glucose concentrations,

59



often used to represent hypo- hyper- and healthy 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 un-
der extreme glucose levels.
10 ym 25 um 50 pym

75 pm 100 pym

/Nuclei F-actin/Nuclei RGD pattern

Figure 27. 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: bEnd.3 cells seeded on the lines stained for F-actin (red) and
nucleus (blue). Third row: bEnd.3 cells seeded on the lines stained for zonula oc-
cludens-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 um. Adapted from Porras Hernandez, A.
M., Barbe, L., Pohlit, H., Tenje, M., Antfolk, M (2021) Brain microvasculature endo-
thelial cell orientation on micropatterned hydrogels is affected by glucose variation.
Scientific Reports 11:19608. Reproduced from licentiate thesis.
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8.3 Summary of Paper 111

In Paper III we investigated if brain microvascular endothelial cells exhibited
a cell chirality bias on line micropatterns (Figure 28A) and to determine the
optimal line width to study the effect on cell chirality under disease states or
treatment with toxic substances. Cell chirality was determined by the cell
alignment bias to the underlying micropatterned (Figure 28B). Overall, brain
microvascular endothelial cells exhibited a negative chirality bias on line mi-
cropatterns ranging from 10 um to up to 400 um, compared to non-patterned
substrates, where cell chirality bias is not exhibited (Figure 28C).
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Figure 28. Cell chirality of micropatterned brain microvascular endothelial cells.
A. Stained brain microvascular endothelial cells, nuclei in blue, ZO-1 in yellow and
RGD pattern in green. B. Schematic of cell orientation calculation. C. Bar plot of the
percentage of cells exhibiting a negative or positive bias depending on the line width.
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8.4 Summary of Paper IV

In Paper IV a customized microfluidic carrier was developed for the study of
brain microvascular endothelial cells under various flow regimens. The pur-
pose of the carrier was to minimize the disturbance of the cell culture, by min-
imizing the microfluidic device manipulation, flow and temperature disturb-
ances during transport from the microscope and incubator in between imaging
sessions. The carrier had an outer dimension of a standard culture well plate
and accommodates microfluidic device, an integrated perfusion system for the
microfluidic device, and a temperature feedback control (Figure 29A). Fur-
thermore, the live imaging of nuclei and F-actin, and the immunofluorescence
staining of ZO-1 proteins of brain microvascular endothelial cells was
achieved inside the microfluidic chip (Figure 29B and C respectively).

A Perfusion B Nuclei F-actin Merged
System  vricrofluidic
device

F-actin

1
Media Heater
reservoir

Figure 29. Customized microfluidic chip carrier for the study of brain microvas-
cular endothelial cells. A. B. Live staining of nuclei (green) and F-actin of brain
microvascular endothelial cells inside the microfluidic chip. Scale bar=10 um C. Im-
munofluorescence of microvascular brain endothelial cells inside of microfluidic chip.
Nuclei staining in blue, ZO-1 staining in yellow, F-actin staining in red. Scale bar=10
pum.
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Popular Science Summary
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The human body consist of a vast number of cells, and jointly, the cells, form
tissues and organs. Cells are in contact and communicate with their surround-
ings, or so-called microenvironment. The cell microenvironment consists
partly of the extracellular matrix, a highly hydrated mixture of proteins and
polysaccharides where the cells adhere to. Neighbouring cells and circulating
biochemical factors also form part of the cell microenvironment. Altogether it
gives structural, mechanical, and chemical cues to the cells, dictating their
shape and function to form specific tissues.

Biomedical research utilizes in vitro models to study the cells’ function in
health and disease, where cells are grown outside their native tissue. Cells are
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grown in a well-controlled artificial environment, that aims to mimic the, the
environment that cells experience in the human body (the in vivo situation).
However, most of the time this is not the case. For example, traditional cell
culture substrates, cell culture plates, are almost as stiff as bone, while for
example brain and lung tissue are softer than a gummy bear. Furthermore, cell
culture plates lack structural cues that guides where and how the cells adhere
on these substrates.

So how can we model this complex environment in vitro? How do we study
the effect of the microenvironment on the cell? One way is by using hyalu-
ronic acid hydrogels.

In this thesis, first, hyaluronic acid, a polysaccharide found in the extracellular
matrix of various tissues, such as the brain, was chemically functionalized to
form hydrogels. Hydrogels are an interesting type of materials to be used as
cell substrate due to their high-water content that makes them as soft as tissue
in vivo. Second, the same chemical functionalities were used to control the
size and geometry of cells by forming micrometre sized cell adhesive regions,
on these hydrogels, or so-called micropatterns. The micropatterns dictate
where the cells will adhere, and the cells will adapt their shape to these re-
gions. These hydrogels were then used to study changes of the cell morphol-
ogy of brain microvascular endothelial cells in vitro.

Brain microvascular endothelial cells form the small blood vessels (or mi-
crovessels). Microvessels are around 10 um in diameter, 10 times smaller than
the thickness of a strand of hair. These microvessels forms a protective net-
work, also known as the blood brain barrier, that transports oxygen and nutri-
ents to the brain, but also protects it from toxic molecules reaching the brain
tissue. Endothelial cells are very small, about 10 to 30 um in width and they
have elongated shape, i.e., they are long and thin. However, under for example
disease states, these cells take less elongated shapes and become dysfunc-
tional, causing the vessels to become more permeable, leaving the brain un-
protected from toxic molecules.

These cells were cultured on hydrogels to study the how their shape changes.
Cells on line micropatterns 10 pm in width, showed a more elongated mor-
phology, compared to cells growing on hydrogels without micropatterns, as
cells on cell culture plates. As the cell adhesive area increased to up to 400 pm
wide, the cells became less elongated. Also, changes in cell shape were ob-
served when cells were exposed to extreme glucose concentrations, very high
or very low, as patients with diabetes would experience. Cells in high and low
glucose showed less elongated morphology when growing on 10 pm wide
lines. This indicates that the blood brain barrier can become leaky due to ex-
treme glucose levels, causing toxic molecules to reach the brain.
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Svensk Sammanfattning
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Mainniskokroppen bestar av ett stort antal celler somillsammans bildar
viavnader och organ. Cellerna &r i kontakt, och kommunicerar, med sin
omgivning, den sa kallade mikromiljon. Cellens mikromiljo bestér delvis av
den extracelluldra matrisen, en vattenbasera blandning av proteiner och
polysackarider som cellerna faster i. Narliggande celler och cirkulerande
biokemiska faktorer ingér ocksad i cellmikromiljon. Sammantaget ger den
strukturella, mekaniska och kemiska signaler till cellerna, vilket dikterar deras
form och funktion for att bilda specifika vavnader.

Biomedicinsk forskning anvéinder in vitro-modeller for att studera cellernas
funktion i hélsa och sjukdom, dar celler odlas utanfor sin ursprungliga vavnad.
Celler odlas i en vilkontrollerad artificiell miljo, som syftar till att efterlikna
in vivo-miljon, miljén i kroppen. Men for det mesta ar skillnaderna stora. Till
exempel &r traditionella cellodlingssubstrat, cellodlingsplattor, néstan styva
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som ben, medan till exempel hjirn- och lungvdvnad adr mjukare &n en
gummibjorn. Dessutom saknar cellodlingsplattorna strukturella ledtrddar som
styr var och hur cellerna féster pa dessa substrat.

Sa hur kan vi modellera denna komplexa miljé in vitro? Hur studerar vi
effekten som mikromiljon har péd cellen? Ett sdtt 4r att anvénda
hyaluronsyrahydrogeler.

I denna avhandling funktionaliserades forst hyaluronsyra, en polysackarid
som finns i den extracelluldra matrisen i olika vdvnader, sdsom hjérnan, for
att bilda hydrogeler. Hydrogeler &r en intressant typ av material att anvénda
som cellsubstrat pa grund av deras hoga vattenhalt som goér dem lika mjuka
som vdvnaden in vivo. Dessutom anvindes samma kemiska funktionalisering
for att kontrollera storlek och geometri hos cellerna genom bildandet av
mikrometerstora celllregioner pa dessa hydrogeler, sa kallade mikromonster.
Mikromonstren bestdmmer var cellerna kommer att fasta, och cellerna
kommer att anpassa sin form till dessa regioner. Dessa hydrogeler anvindes
sedan for att studera fordndringar av cellmorfologin hos hjdrnans
mikrovaskuléra endotelceller in vitro.

Hjarnans mikrovaskulédra endotelceller bildar sma blodkarl (eller mikrokérl).
Mikrokérl &r cirka 10 pm i diameter, 10 ganger mindre &n tjockleken pa ett
hérstra. Dessa mikrokérl bildar ett skyddande nétverk, dven ként som blod-
hjarnbarridren, som transporterar syre och niringsdmnen till hjirnan, men som
ocksé skyddar den frin att giftiga molekyler nar hjarnvivnaden. Endotelceller
ar mycket sma, cirka 10 till 30 um breda och de har en langstrackt form, dvs
de ar ldnga och tunna. Men under till exempel sjukdomstillstind antar dessa
celler mindre langstriackta former och blir dysfunktionella, vilket gor att kérlen
blir mer permeabla, vilket Idmnar hjérnan oskyddad fran giftiga molekyler.

Dessa celler odlades pa hydrogeler for att studera hur deras form foréndras.
Celler som vixte pd 10 um breda linje-mikromdnster visade en mer forldngd
morfologi, jamfort med celler som viaxte pd hydrogeler utan mikromonster,
som celler pé cellodlingsplattor. Nér kontaktytan for cellen okade till upp till
400 pum bred, blev cellerna mindre forlaingda. Dessutom observerades
fordndringar 1 cellformen ndr celler exponerades for extrema
glukoskoncentrationer, mycket hoga eller mycket laga, som kan uppkomma
hos patienter med diabetes. Celler i hog eller lag glukoshalt uppvisade mindre
forlangd morfologi ndr de viaxte pad 10 um breda linjer. Detta indikerar att
blod-hjarnbarridren kan borja lacka pa grund av extrema glukosnivéer, vilket
gor att giftiga molekyler kan né hjérnan.

66



Ciencia Popular
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El cuerpo humano esta formado por un gran nimero de células y, en conjunto,
las células forman tejidos y 6rganos. Las células estan en contacto y se comu-
nican con su entorno, o el llamado microambiente. El microambiente celular
consiste en parte en la matriz extracelular, una mezcla altamente hidratada de
proteinas y polisacaridos a la que se adhieren las células. Las células vecinas
y los factores bioquimicos circulantes también forman parte del microam-
biente celular. En conjunto, el microambiente da sefales estructurales, meca-
nicas y quimicas a las células, dictando su forma y funcion para formar tejidos
especificos.

67



La investigacion biomédica utiliza modelos in vitro para estudiar la funcion
de las células en estados salud y enfermedad, donde las células se cultivan
fuera de su tejido nativo. Las células se cultivan en un entorno artificial con-
trolado, que trata de imitar el entorno que las células estan expuestas en el
curpo. Sin embargo, la mayoria de las veces este no es el caso. Por ejemplo,
los sustratos de cultivo celular tradicionales, las placas de cultivo celular son
casi tan rigidos como el hueso, mientras que, por ejemplo, el tejido cerebral y
pulmonar es mas suave que un osito de goma. Ademas, las placas de cultivo
celular carecen de sefiales estructurales que guien donde y como se adhieren
las células a estos sustratos.

Entonces, ;como podemos modelar este entorno complejo in vitro? ;Cémo
estudiamos el efecto del microambiente en la célula? Una forma es mediante
el uso de hidrogeles de acido hialuroénico.

En esta tesis, primero, el dcido hialurénico, un polisacarido que se encuentra
en la matriz extracelular de varios tejidos, como el cerebro, se funcionalizd
quimicamente para formar hidrogeles. Los hidrogeles son un tipo interesante
de materiales para ser utilizados como sustrato celular debido a su alto conte-
nido de agua que los hace tan suaves como el tejido in vivo. En segundo lugar,
se usaron las mismas funcionalidades quimicas para controlar el tamafio y la
geometria de las células mediante la formacion de regiones adhesivas de cé-
lulas de tamafio micrométrico, o micropatrones. Los micropatrones dictan
donde se adherirdn las células, y las células adaptaran su forma a estas regio-
nes. Estos hidrogeles luego se usaron para estudiar los cambios de la morfo-
logia celular de las células endoteliales microvasculares del cerebro in vitro.

Las células endoteliales microvasculares del cerebro forman los pequefios va-
sos sanguineos (o0 microvasos). Los microvasos tienen alrededor de 10 um de
diametro, 10 veces mas pequefios que el grosor de un mechdn de cabello. Es-
tos microvasos forman una red protectora, también conocida como barrera he-
matoencefalica, que transporta oxigeno y nutrientes al cerebro, pero también
lo protege de las moléculas toxicas que llegan al tejido cerebral. Las células
endoteliales son muy pequefias, de unos 10 a 30 um de ancho y tienen forma
alargada. Sin embargo, bajo estados de enfermedad, por ejemplo, estas células
toman formas menos alargadas y se vuelven disfuncionales, lo que hace que
los vasos se vuelvan mas permeables, dejando al cerebro desprotegido de las
moléculas toxicas.

Estas células se cultivaron en hidrogeles para estudiar como cambia su forma.
Las células en micropatrones en forma de linea con 10 um de ancho mostraron
una morfologia mas alargada, en comparacion con las células que crecen en
hidrogeles sin micropatrones, como células en placas de cultivo celular. A
medida que el area adhesiva de las células aumentaba hasta 400 pm de ancho,
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las células se alargaban menos. Ademas, se observaron cambios en la forma
de las células cuando las células se expusieron a concentraciones extremas de
glucosa, muy altas 0 muy bajas, como las que experimentarian los pacientes
con diabetes. Las células en glucosa alta y baja mostraron una morfologia me-
nos alargada cuando crecieron en lineas de 10 pm de ancho. Esto indica que
la barrera hematoencefalica puede tener fugas debido a los niveles extremos
de glucosa, lo que causaria que moléculas toxicas lleguen al cerebro.
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