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Abstract

The neurovascular unit (NVU) comprises the blood-brain-barrier (BBB)
and its surrounding astrocytes, pericytes and neurons that are embedded in
the extracellular matrix (ECM). As the main function of the BBB is to pro-
tect the brain from inlet of pathogens and toxins, the specialized endothelial
cells that keep the barrier tight will also hinder the passage of pharmaceuti-
cals. Understanding the detailed microenvironment and cellular interactions
involved in the development of the neurovascular unit is, therefore, an im-
portant step towards designing CNS-targeting pharmaceuticals that can pass
into the brain. At the same time, the initial steps of pharmaceutical develop-
ment often involve the use of animal based in vitro models with poor human
translation; thus, there is a great need for novel methods to better mimic the
complexity of the human NVU. Apart from conventional cell culture mod-
els, the use of micro-engineered devices, microphysiological systems (MPS),
have gained popularity. The use of MPS allows for fabrication of tissue-like
structures using stem cells and provide more in vivo-like parameters in terms
of physical cues and dynamic flow. Various materials have been explored
for chip fabrication, and biological and synthetic ECM-mimicking hydrogels
have been developed for cell encapsulation. Unfortunately, models developed
to date often lack either: i) relevant and reproducible cell sources, ii) mate-
rials that allow for easy chip fabrication where sensors can be integrated to
understand metabolic effects and barrier integrity, or iii) animal-free defined
ECM-mimicking scaffolds that support the culture of sensitive cells.

This thesis presents an isogenic model of the BBB using iPSC-derived en-
dothelial cells and astrocytes cultured in a MPS made from the non-absorbing
polymer OSTE+ that allows for easy fabrication and integration of interdigi-
tated gold electrodes for continuous barrier integrity monitoring. The model
presents barrier-protective effects of the BBB-penetrating drug NACA. To
better understand the metabolic attributes of astrocytes, a flow-cell sensor is
evaluated for the measurement of glucose and lactate turnover during a keto-
genic diet. The results imply that such a sensor is valuable for the measure-
ment of metabolic changes and can, in the future, be integrated in to MPSs.
Furthermore, a model of early neuronal development is realized by using de-
fined copper-free click chemistry to conjugate laminin to a hyaluronic-based
hydrogel system for the differentiation of neuroepithelial stem cells. The use
of the hydrogel is validated for bioprinting, and the first-ever printed neu-
roepithelial stem cells are presented. In an other study astrocyte 3D culture
and bioprinting is evaluated in peptide conjugated hyaluronic-based hydro-
gels. Unique attachment and spreading of human fetal astrocytes is observed
while the common glioblastoma U87 cells display a rounded up morphology.
The results of the hydrogel study imply that the defined chemistry of the
hydrogel is suitable for both neuroepithelial stem cells, U87 and fetal primary
astrocytes, and can in the future be integrated in to MPS to circumvent the
use of animal derived matrices. In summary, these results provide solutions
to some of the problems to date and lay the ground work for the continuation
of the development of human-relevant MPS of the NVU.
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Sammanfattning

Den neurovaskulära enheten (NVU) omfattar blod-hjärnbarriären (BBB)
och dess omgivande astrocyter, pericyter och neuroner som är inbäddade i den
extracellulära matrisen. Eftersom BBBs huvudsakliga funktion är att skyd-
da inloppet av patogener och toxiner till hjärnan, kommer de specialiserade
endotelcellerna som håller barriären tät, också att hindra passagen av läkeme-
del. Att förstå den detaljerade mikromiljön och cellulära interaktioner som är
involverade i utvecklingen av den neurovaskulära enheten är därför ett viktigt
steg i utvecklingen av CNS-inriktade läkemedel som kan passera in i hjärnan.
Eftersom de första stegen i läkemedelsutvecklingen involverar in vitro-testning
med cellmodeller, finns det ett stort behov av nya metoder och modeller som
bättre kan efterlikna komplexiteten hos den mänskliga NVU. De flesta in
vitro-modeller av NVU som används idag inom läkemedelsforskning är base-
rade på djurhärledda celler som dåligt översätter flera aspekter av mänskliga
celler och vävnader. Förutom konventionella cellodlingsmodeller har använd-
ningen av mikrokonstruerade enheter, mikrofysiologiska system (MPS), som
har ökat i popularitet. Användningen av MPS gör det möjligt att tillverka
vävnadsliknande strukturer med stamceller och ger mer in vivo-liknande pa-
rametrar när det gäller fysiska signaler och dynamiskt flöde. Olika material
har utforskats för chiptillverkning och biologiska och syntetiska extracellulära
härmande hydrogeler har utvecklats för cellinkapsling. Tyvärr saknar modeller
som utvecklats hittils oftas något av följande i) relevanta och reproducerbara
cellkällor ii) material som möjliggör enkel chiptillverkning där sensorer kan
integreras för att förstå metaboliska effekter integritet och barriärintegritet
iii) djurfria definierade ECM-liknande material som stödjer odling av käns-
liga celler. Denna avhandling presenterar en isogen modell av BBB som be-
står av iPSC-härledda endotelceller och astrocyter odlade i en MPS gjord av
den icke-absorberande polymeren OSTE+ som möjliggör enkel tillverkning
och integrering av interdigiterade guldelektroder för kontinuerlig övervakning
av barriärintegriten. Modellen presenterar de barriärskyddande effekterna av
det BBB-penetrerande läkemedlet NACA. För att bättre förstå de metabo-
liska egenskaperna hos astrocyter, utvärderas en flödescellsensor för mätning
av glukos- och laktatkonsumption vid en ketogen diet. Resultaten antyder
att en sådan sensor är värdefull för mätning av metabola förändringar och
kan i framtiden integreras med MPS. Dessutom realiseras en modell av tidig
neuronal utveckling genom att använda en definierad kemi för att konjugera
laminin till ett hyaluronbaserat hydrogelsystem för differentiering av neuroe-
pitel stamceller. Användningen av hydrogelen verifieras för bioprinting och
de första bioprintade neuroepitel stamcellerna presenteras. I en annan studie
utvärderas konjugeringen av peptider till hyaluronbaserade hydrogelsystemet.
Fästningen av mänskliga fosterastrocyter observeras att skilja sig från fäst-
ningen av U87 glioblastomcellinjen. Resultaten av hydrogelstudierna antyder
att hydrogelens definierade kemi är lämplig för både neuroepitel stamceller,
U87 och fostrets primära astrocyter, och kan i framtiden integreras i MPS
för att kringgå användningen av djurbaserade ECM. Sammanfattningsvis ger
dessa resultat lösningar på några av de problem som finns idag och lägger
grunden för fortsatt utveckling av mänskliga relevanta MPS för NVU.
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Thesis Aims and Structure

Aim and Objectives of the Thesis

The aim of this thesis was to investigate possible solutions to shortcomings of
existing in vitro models of the neurovascular unit and 3D models of neural devel-
opment. Specific issues in the field remain reproducible cell sources, non-absorbing
chip materials allowing for easy fabrication and sensor integration, measurement
possibilities of metabolic biomolecules and animal-free defined ECM hydrogels al-
lowing for 3D culture of sensitive neural cells. These short-comings were addressed
with the following specific objectives:

i) creation of an isogenic iPSC-derived BBB model of endothelial cells and astro-
cytes (Paper I), the use of iPSC-derived neuroepithelial stem cells from the same
donor to study neuronal differentiation in 3D cultures (Paper II)

ii) fabrication and implementation of a microphysiological system (MPS) from a
non-absorbing polymer (Paper I) and (Paper V)
iii) integration of an impedance sensor in the MPS for continuous monitoring of the
barrier integrity and investigation of metabolic effects on the iPSC-derived astro-
cytes to understand glucose consumption and lactate production during a ketogenic
diet (Paper I) and (Paper III)

iii) development of NVU-relevant hyaluronic acid-based hydrogels for 3D culture
and bioprinting by firstly creating a 3D cell culture model for neuronal differen-
tiation using laminin 521 (Paper II) and secondly creating 3D astrocytic models
using fetal primary astrocytes and U87 cells to study cell attachment and spreading
(Paper IV)

11



12 THESIS AIMS AND STRUCTURE

Thesis Structure

The structure and chapter names included in this thesis are listed here below:

Chapter 1, The neurovascular unit An overview of the biology of the neu-
rovascular unit in health and disease, including metabolic- and barrier-altering
disorders. This chapter also describes the microenvironment of early neural de-
velopment, including the extra cellular matrix and a brief introduction to stem cell
differentiation and fates.

Chapter 2, In vitro models A description of in vitro 2D models of the
neurovascular unit used to date, including different cell sources, methods and tech-
nologies and limitations of these models in the drug discovery process.

Chapter 3, Microphysiological systems This chapter focuses on micro-
fabrication techniques, materials and methods used to create microphysiological
systems, including microfluidics and different impedance- and metabolic sensing
methods.

Chapter 4, 3D models of neural development Engineered 3D models of
the neurovascular unit are discussed, including self-assembled models. The use of
bioprinting and tissue engineering for the development of therapeutics are discussed.

Chapter 5, Achievements, discussion, and future outlook This chapter
summarizes the work and main achievements of this thesis and discusses future
outlook and problems that need to be addressed for the improvement of preclinical
in vitro models.



Chapter 1

The neurovascular unit

In this chapter, the cellular structure and function of the neurovascular unit (NVU)
are described. The micro environment of the developing brain is also discussed in-
cluding the origin of neuroepithelial stem cells, and blood-brain barrier (BBB) for-
mation. Important components of the extracellular matrix (ECM) such as hyaluronic
acid (HA), laminin (LN) and integrin receptors are described.

1.1 Anatomy and cellular composition

The health and the function of the central nervous system (CNS) strongly depend
on the BBB and its surrounding neural and immune cells that together are re-
ferred to as the NVU [1], Figure 1.1. By tightly lining the microvasculature of the
brain, the endothelial cells (EC) serve as a gateway to the brain parenchyma firmly
enclosed by tight junction (TJ) proteins that restrict the paracellular diffusion of
hydrophilic substances while small hydrophobic molecules, i.e. O2, CO2, are free
to pass the barrier unrestrictedly though passive diffusion.

Surrounding the EC is the inner part of the basal lamina (BL), in which per-
icytes reside. Pericytes form a non-complete layer around the EC and can, with
the help of their highly plastic morphology, reshape and regulate the blood flow
through the capillaries. They are also important contributors during angiogenesis
and BBB formation among, other functions [2]. Through the outer part of the BL
astrocytes contact the EC by reaching out with their end feet. Astrocytes have
several important roles in the BBB and are proven to be important for regulation
of barrier permeability in the adult brain through the upregulation of TJ proteins
in EC [3].

The BBB does not only serve as a highly selective membrane of the brain mi-

13



14 CHAPTER 1. THE NEUROVASCULAR UNIT

Figure 1.1: A schematic showing the anatomy and cell types of the neurovascular
unit with a cross-section of a brain capillary (left) and detailed composition (right).
Specialized endothelial cells surround the capillaries of the brain and are tightly
connected with tight junction proteins. Outside the endothelial cells, pericytes
and smooth muscles are embedded in the basal lamina 1 (BL1). Outside the BL1,
astrocytes reach out with their endfeet connecting to the basal lamina 2 (BL2) layer
together with neurons and microglia. Reprinted with permission from [6], ©2015
Wiley Periodicals, Inc.

crovasculature, but also has an important role in balancing the homeostasis of the
brain microenvironment that is necessary for the correct functioning of neurons.
Acting as metabolic helper cells, the astrocytes protect the surroundings of neurons
by taking up glutamate, transforming it into glutamine that is released and can be
used again by neurons. Astrocytes are also involved in the production of ECM com-
ponents contributing to the outer BL. Components of the BL are mainly laminin,
collagen IV, fibronectin, heparan sulfate proteoglycans and nidogens anchoring the
cells through specific receptors on the cell surface [4]. Furthermore, astrocytes are
highly involved in neuroinflammatory responses to stress caused both by injury and
various neurodegenerative diseases. Since the CNS is separated from the peripheral
immune system, microglia, the immune cells of the brain, have the important role
of controlling immune response as well as maintaining homeostasis [5].

1.2 The microenvironment during early development

During the first weeks of embryonic development, gastrulation takes place in which
the three germ layers are formed: ectoderm, mesoderm, and endoderm. Following
gastrulation, the neurulation process starts at gestational week (GW) 3, where, in
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short, the neural plate, the neuroepithelium, is formed into the neural tube in the
ectoderm, see Figure 1.2. Rapid symmetric proliferation of the neuroepithelial stem
cells develop the neural tube from a simple structure into a multilayer configuration
with three distinct areas that later will develop into the forebrain, midbrain, and
hindbrain.

As the development continues, the hollow shape of the neural tube will form
into the ventricles of the brain by the neuroepithelial cells, giving the name of this
space the ventricular zone (VZ) [8]. Neuroepithelial stem cells (NES), sometimes
referred to as neural progenitor cells (NPCs), give rise to most cell types of the
brain. As mentioned, they are capable of both symmetric division at earlier stages
of development. During midgestation, they will undergo asymmetric division and
self-renew at the same time as giving rise to radial glia (RG) progenitor cells. The
radial glia cells will extend their processes from their soma, reaching all the way out
to the pial surface, serving to support and guide populations of neurons that later

Figure 1.2: Schematic showing how the perineural vascular complex invades the
neural tube during early development. Radial glia are seen migrating outward in
the neural tube. Reprinted with permission from [7], ©2017 Wiley Periodicals, Inc.
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will differentiate and migrate to form the area called sub ventricular zone (SVZ).
As neurodevelopment proceeds, the VZ will disappear, while the radial glia cells
will become a population of neural stem cells that are kept throughout adulthood
[9], [10].

The formation of the BBB begins around GW 6-7 as angiogenic sprouts form a
surrounding network around the neural tube (the perineural vascular complex) and
start an invasion into the tube, Figure 1.2. This process is highly dependent on
vascular endothelial growth factor (VEGF) signaling coming from NPCs[11]. The
specialization of the EC forming the microvasculature in the developing brain will
start to take on BBB characteristics around GW 8 and peak during GW 35. The
specialization of the EC includes inducing of BBB-associated genes such as TJ pro-
teins and the glucose transporter GLUT-1, processes that are influenced by WNT
signaling from NPCs [12]. Signaling of Sonic hedge hog (Shh) from astrocytes to
EC has also been proved to promote BBB tightness [13]. In this thesis, astrocytes
are used in a co-culture with EC to promote the function of the barrier (Paper I).
Another important promoter of vascular progenitor cell development is bone mor-
phogenic protein (BMP), demonstrated in a study using human embryonic stem
cells (hESC) [14].

All of these events require major morphological restructuration of the tissue in-
cluding proliferation, differentiation, and migration of large cell populations. With
these processes in mind, it is important to understand the involvement of the micro
environment, including the structure of the ECM, signaling, cell-cell interactions
as well as the exchange of nutrients and growth factors. The ECM was for a long
time thought of as a rigid network with the main task being to support the cells
and there by proving the shape of the tissue, see Figure 1.3. Today it is clear that
the ECM has far more detailed and complex tasks transferring mechanical forces
determining biomolecular signaling of the cells that will translate into gene regula-
tion and cell fate during development but also later in life [16]. The ECM makes
up for 40 % of the total brain volume during fetal development. That is double the
volume of the adult ECM, proving how important the micro environment is for the
neurodevelopmental processes.

RNA sequencing analysis of the fetal neocortex shows that ECM molecules
are expressed to a higher extent in humans compared to mice suggesting that the
evolution of the human neocortex has been affected by the richness of ECM compo-
nents [18]. The interaction between cells and their surrounding 3D environment are
governed by macromolecules on the cell surface. Being connected to the detailed
actin-based cytoskeleton of the cell, focal adhesion sites can control the morphol-
ogy and attachment of the cell to its surroundings, both through intrinsic signals
from the cells as well as mechanical stress from the ECM. A major ECM receptor
group has been found to be the integrin family, where integrin a6 and b1 are of
specific importance as they are expressed in NPCs and can together bind to the
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Figure 1.3: A schematic of a brain microvessel and the surrounding ECM composed
by laminin, fibronectin, type IV collagen, hyaluronan, heparan sulphate proteogly-
can, chondroitin sulphate proteoglycan and tenascin R, embedding astrocytes neu-
ron and glia (left) with a close up showing a detailed view illustrating cellular attach-
ment, perineuronal networks and the neural interstitial matrix (right). Reprinted
with permission from [15], ©2019 Wiley-VCH Verlag GmbH & Co. KGaA, Wein-
heim.
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highly abundant ECM proteins collagen and LN. Composed of the three chains
alpha, beta and gamma, there are several isoforms of LNs existing out of which
LN-521, LN-511 and LN-111 are expressed both by radial glia and neuroepithelial
cells as shown in Figure 1.4. From these isoforms, LN-511 is the most dominating
during early embryonic development, both in the BL and in the inner cell mass,
whereas LN-111 is found to be the most abundant in the outer extraembryonic
layer [19],[20]. It has also been proved that LN a5 is important for the stabilization
of synaptic stability through integrin a3b1 binding in the developing mouse hip-
pocampus [21]. Attachment studies of hESC show that coatings of L-521 provide
better cell spreading via integrin alpha 6 beta 1 than coatings of L-511. The reason
for this remains unclear since both LN types bind to integrin a6b1 [22]. In this
thesis, the use of LN 521 is applied for the differentiation of NES in 3D cultures,
presented in Paper II.

Other important receptors for attachment are the focal adhesion markers pax-
illin (PXN) and vinculin (VCL), which both function as anchors between the inner

Figure 1.4: Schematic drawing of the to date known 16 isoforms of laminin showing
the alpha, beta and gamma subunits forming a coiled coil. Reprinted with permis-
sion from [17], ©2012 Annual Reviews.



1.3. METABOLIC- AND BARRIER COMPROMISING DISORDERS 19

cell cytoskeleton and integrins on the cell surface. A developmental study of Vin-
culin null mice revealed problems of both inability of neural tube mid-line fusing
as well as dilated pericardiac cavity formation, suggesting the loss of interaction
between the cellular actin cytoskeleton and the ECM abundant protein VCL [23].
When embryonic rat hippocampal neurons were cultured on hydrogel scaffolds of
stiffness between 0.1 kPa and 20 kPa, a higher level of expressed VCL associated
endocytosis was seen in the case of softer substrates. The upregulation of PXN was
seen to promote neurite formation as a response to the positive feedback loop of
the endocytic activity [24].

Cell attachment has also been achieved through binding to small fragments
of ECM proteins. One essential adhesion molecule is the short peptide sequence
RGD (arginine-glycin-aspartate) that has been found to bind to integrins recep-
tors of several ECM-proteins such as laminin, fibronectin, collagen and gelatin and
thereby promote adhesion for many cell types including neurons. Similarly, there
are several studies, including the laminin peptide IKVAV (isoleucine-lysine-valine-
alanine-valine), suggesting improved cell adhesion and neuronal differentiation both
in 2D and 3D in vitro culture [25], [26], [27]. These peptides are used in Paper IV
to study the attachment and spreading of astrocytes.

One of the main components of the human fetal ECM is hyaluronic acid (HA)
which is produced on the inner side of the plasma membrane in the cell. In this
thesis, HA-based hydrogels are used to study both neuronal differentiation and
astrocyte attachment (Paper II and Paper IV). HA is made up of repeated units
of N-glucuronic acid and N-acetylglucosamine that can make up polymers of up
to 25000 disaccharide units that in turn can organize into complex secondary and
tertiary constructs [10]. The family of enzymes called hyaluronidases can degrade
HA and, therefore, also impact the structure and stiffness of the ECM. Adding
hyaluronidases to human fetal neocortex slices is a study that proved this by re-
sulting in reduced stiffness [28]. HA composition and tensile strength has further
been proposed to be important during the final neurulation steps that involve fold-
ing and closing of the neural tube in a mouse model [29].

Regulating the water content of the ECM through HA has also been proposed
as a way of controlling stiffness and porosity, enabling neuronal migration and dif-
ferentiation to a greater extent in early developmental stages compared to that of
the later stages [30].

1.3 Metabolic- and barrier compromising disorders

Diseases of the CNS are often related to a compromised BBB, which in its healthy
state has a protective function hindering the entrance of foreign compounds and
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pathogens into the brain. Neurodegenerative diseases such as multiple sclerosis, is-
chemic stroke, Alzheimer’s, Schizophrenia and many others have all been suggested
to have oxidative stress as a common aetiology causing neuroinflammation as an
effect of microglia activation [31] [32]. Various treatments have been considered to
fight oxidative stress, including the BBB penetrating antioxidant N-acetylcystein
(NAC) [33]. In this thesis the modified more lipophilic version N-acetylcystein
amide (NACA) is used to counteract barrier breakdown in a BBB model presented
in Paper I [34]. To mimic a neuroinflammatory state caused by microglia activa-
tion, the nitrosative stressor linsidomine (SIN-1) is applied on the perivascular side
of the BBB model while the anti oxidative NACA is administered on the vascular
side, illustrated in Figure 1.5. This resulted in barrier rescue and regulation of glu-
tahione levels, a reaction previously observed in stressed neurons, also highlighting
the protective effects of astrocytes during neuroinflammation [35].

Some approaches to protect the brain from oxidative stress related to disease
or injury, involve dietary modifications. The ketogenic diet, based on high-fat low-
carbohydrate intake, has been used to treat epilepsy in both children and adults.
As an alternative to a glucose-based diet, the ketogenic diet has been suggested
to protect neurons from oxidative stress, although the full mechanism being the
effect is not yet fully understood [36], [37]. An Alzheimer’s disease model, shows
evidence of ketone bodies promoting clearance of amyloid-β peptide [38]. In this
thesis a ketogenic diet is used for astrocytes to evaluate glucose consumption and
lactate production using a microfluidic flow-through sensor (Paper III).

Other diseases of the CNS are related to malfunctions of the microenvironment

Pro-inflammatory cytokines

Aggregated β-amyloid peptide

Microglia activation

Inflammatory response

NO O2
-.

ONOO-

Oxidative 

injury

Type II NOS NADPH-oxidase

Figure 1.5: A schematic overview of peroxynitrite production from activated mi-
croglial cells [32].
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caused by an alteration in the ECM. Matrix metalloproteinases (MMPs) are re-
sponsible for remodeling and breaking down the ECM components. Enhanced or
uncontrolled activity of MMPs often leads to increased motility of cells, loss of at-

Figure 1.6: Laminin related malfunctions of the CNS a) LN alpha5 isoforms are
involved in the neural tube closure b) impaired LN gamma1-nidogen interaction
causes malformation of the basal lamina (basal membrane) causing failed neural
attachment and spreading c) LN gamma3 isoform is important for cortical devel-
opment d) LN alpha2 isoforms important for oligodendrocyte development e) LN
beta2 isoforms are important CNS synapses f) LN511 protects neurons from exi-
totoxin induced apoptosis g) LN411 and LN511 are produced by endothelial cells
in the inner basal lamina while astrocyte endfeet produce LN alpha1 and alpha2
isoforms in the outer basal lamina. Autoimmune T-cell invasion in regions where
LN alpha5 is low. Reprinted with permission from [17], ©2012 Annual Reviews.
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tachment, disorganization or reduced matrix turnover. Malfunction of MMP9 has
been linked to several neurodegenerative diseases such as autism spectrum disorder
and epilepsy [39]. Incorrect expression of BL proteins, such as different LN types
can result in various complications [17]. When the BL is sufficiently weakened,
T-cells will invade through the BBB into the brain parenchyma. T-cell will in turn,
activate microglia and macrophages of the brain, leading to an inflamed state of
the brain, see Figure 1.6.

The cell surface glycoprotein CD44 is a receptor for HA and has been found
to affect both cell adhesion and migration in several mammalian cell types. Up-
regulation of CD44 is a survival mechanism for cells to avoid apoptosis which is
typically seen in cancers such as glioblastoma multiform glioblastoma multiform
(GBM). Such cancerous environments of the brain also contain higher level of HA
than healthy tissue, which affects ECM stiffness which further alters cell signaling
though mechano transduction. As integrin-mediated cell signaling is well studied,
little is still known about CD44/HA interactions in glioma adhesion and invasion.
Studies, where different GBM lines were seeded on HA or RGD enriched HA hydro-
gels suggest that early attachment (0.5 h) is CD44 mediated whereas later attach-
ment (3 h) is integrin mediated [40]. Attempts to block the CD44 receptor have
been made in different ways to treat GBM. Researchers have seen that inhibition
of CD44 dimerization using a low molecular weight inhibitor showed tumor sup-
pression in vivo and in vitro as an effect of inactivated CD44 receptors hindering
cells to attach to their surroundings [41]. Anti-cancerous effects were seen both in
vivo and in vitro from the phenylpropanoid Verbascoside (VB) that inhibits c-Met,
a receptor tyrosine kinase, induced epithelial-mesenchymal transition by degrading
c-Met in the cells, suggesting that further investigation of the molecular mechanism
is of interest [42]. The CD44/HA interaction is studied in this thesis for astrocyte
and glioblastoma 3D cultures in Paper IV.

While the BBB mostly functions as a protective filter for large hydrophilic
molecules, it has been found that the protection is not absolute, and large molecules
can pass into the brain parenchyma at 0.1 % of their blood concentration possibly
through nonspecific transcytosis [43]. Understanding the specific interaction be-
tween such large molecules and the EC can be an important strategy for designing
future BBB permeable pharmaceuticals.



Chapter 2

In vitro 2D models

This chapter provides a background on in vitro 2D models of the neurovascular unit
and how these models can be used to gain useful knowledge in a pharmaceutical
drug discovery process. In this chapter, different cell sources are discussed and how
they, in different ways can contribute to preclinical models.

2.1 Background

A need for CNS targeting drugs has become inevitable as neurodegenerative disease
increases as an effect of the aging human population. Understanding neurodevel-
opment and learning more about the healthy brains own way to build functional
cellular structures can give us clues on how to develop therapies such as neurophar-
maca and cell therapy to treat neurodegenerative disease. Independently of the
specific target of a CNS drug, the first requirement for a successful drug candidate
is for it to pass the barrier into the brain parenchyma. For this reason, the under-
standing of BBB permeability is a key aspect in the success of a drug design. Failure
to predict barrier permeability in clinical trials due to lack of relevant experimental
models therefore continues to be an issue in the drug development process.

The most trusted BBB permeability studies used to date are those performed
in vivo in animal models. These studies are, however, low throughput, time costly
and expensive to perform and carry with them the factor of interspecies differences
[44]. Before moving to the animal phase of preclinical studies, most in vitro studies
are performed in BBB models consisting of either immortalized human colorectal
adenocarcinoma cell line (Caco2) or Madin Darby Canine Kidney (MDCK) cells
[44]. These models show barrier characteristics and can provide certain input on
drug permeability, but one of the critical questions to be asked is whether they
resemble the properties of the human BBB enough to give any predictability.

With this in mind, several researchers and many companies are developing so-
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V

Figure 2.1: Drawing of TEER measurement using chopstick electrodes in a cell
barrier layer cultured in a Transwell insert.

phisticated human cell-based in vitro models. Already existing cases prove that
human cell-based models have made superior predictions over animal in vivo mod-
els. Animal models will likely remain a core part of the drug discovery process since
they provide important information on systemic effects, which cannot be achieved
to date with in vitro models.

2.2 Primary cells and immortalized cell lines

Typical methods to determine barrier permeability include transendothelial elec-
trical resistance (TEER), where the resistance across a cell layer is measured using
electrodes on each side of the layer, as represented in Figure 2.1. Another common
method is to measure the apparent permeability (Papp) of a fluorescent molecule,
typically in the range of tens or hundreds of Daltons. These methods are also used
in this thesis to characterize barrier permeability in 2D cultures. Measuring TEER
in vivo is difficult and requires invasive methods. TEER values of rat venous and
arterial vessels of 10 – 16 µm were measured above 1000 W cm2 [45], [46].

As mentioned, two of the commonly used barrier models consist of the epithe-
lial origin non-cerebral Caco2 cells and MDCK that are both immortalized cell
lines. Barrier permeability in terms of TEER for Caco2 cells and MDCK has been
measured to 475 W cm2 and 72 W cm2, respectively, with a Papp of fluorescein mea-
sured to be 2.1×10−6 cm s−1 and 2.8×10−6 cm s−1, respectively. Both the Caco2
and MDCK cell lines express the important junctional protein Occludin as well
as the efflux P-glycoprotein (Pgp) and influx transporters Glucose transporter 1
(GLUT-1) and large amino acid transporter 1. The efflux transporter Breast can-
cer resistant protein (BCRP) was found to be present in Caco2 cell, however, not
in the MDCK cell line, raising the question of whether MDCK cells are suitable for
drug permeability studies [47].

BBB models using primary cell sources such as porcine form barriers with TEER
measured to 1300 W cm2 and Papp for sucrose measured to 3×10−6 cm s−1, while
bovine brain endothelial cell barrier have shown TEER values of 500 W cm2 for
mono-cultures and up to 1300 W cm2 when co-cultured with astrocytes [45], [48].
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Using primary cells, human and animal is, however, problematic due to lengthy
isolation procedures, limited availability, batch to batch differences. Isolated hu-
man primary brain EC additionally tend to lose their barrier forming properties
such as TJ expression when taken out of their native environment and cultured in
vitro, suggesting that the specific micro environment provides to the function of the
EC. Batch-to-batch-related problems and availability of large cell numbers can be
avoided by the use of immortalized cell lines. Unfortunately, human lines have the
tendency of loosing their barrier properties in the process of immortalization [49]
[50].

In this thesis, Caco2 cells were used to build a barrier system using a microfluidic
model, presented in Paper V. The aim of this study was, however, not BBB oriented
and in the context of this thesis, solely focusing on developing experimental methods
to later be used in a different setting focusing on the NVU presented in Paper I.

2.3 Stem cell-derived cell models

Ever since the discovery of induced pluripotent stem cells (iPSC) generation from
human somatic cells in 2007, iPSC have been widely used for numerous applica-
tions [51]. The discovery has enabled unlimited access to differentiation of several
cell types that previously were difficult to obtain from healthy humans. Addition-
ally, the possibilities for personalized medicine by the generation of patient-specific
cell lines open up the possibility to create disease models for individuals. Sev-
eral iPSC-derived models of the BBB exist in both, mono-, co-cultures combining
EC, astrocytes, pericytes or neurons. The most common culture format used is
Transwell- like structures (permeable cell culture supports) that allow for tracer
dye permeability measurements to establish barrier properties, as well as TEER
measurements. 2D in vitro models are important for initial tests of cell function-
ality and dose responses for example but lack aspects that can be achieved using
MPS such as more in vivo like volume to surface ratio and flow-induced shear stress,
discussed in Chapter 3.

2.3.1 iPSC-derived brain endothelial cells
Various differentiation protocols exist to produce human brain microendothelial
cells (hBMEC) using cues and signalling similar to those during embryogenesis.
Important signalling pathways include VEGF, BNP and FGF [52], [53]. The most
widely used protocol for deriving hBMEC is based on spontaneous differentiation
of endothelial and neural cells mixed, with a selection step at the end where the
cells are passaged and seeded on collagen/fibronectin-coated Transwells. The colla-
gen/fibronectin coating favors attachment of hBMEC and thereby functioning as a
selection step, sorting out neural cells [54]. Astrocyte co-culture barriers were mea-
sured up to 1450 W cm2, and molecular permeability was observed to correlate with
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Figure 2.2: Schematic overview of isogenic differentiation of astrocytes and en-
dothelial cells starting from human iPSCs. Modified with permission from [61].

in vivo rodent values. This protocol, however, contains undefined components such
as fetal bovine serum (FBS) and platelet derived serum (PDS) with high batch to
batch variation. Improvement of the protocol has been done by addition of retinoic
acid (RA) at the end of the differentiation, resulting in measured TEER of up to
4000 W cm2 and increased expression of several TJ proteins [55]. Others have made
improvements in terms of seeding density and differentiating the cells in a hypoxic
environment [56], [57]. The most recent update for this protocol includes media
compositions free of FBS and PDS replaced by combinations of the supplements
B27, N2 and insulin-transferrin-selenium (ITS), resulting in barriers measured up
to 8000 W cm2 [58]. In this thesis, the latest updated protocol was adapted using the
B27 supplement in Paper I, in an isogenic co-culture with NES-derived astrocytes,
the protocol described below. It should be noted that the discussed protocols have
been criticized for producing cells that resemble those of epithelial origin, lacking
specific endothelial properties. A commentary to this discussion was published re-
cently, highlighting the key attributes of the hBMEC derived from the mentioned
protocols [59]. We motivate the use of this protocol in our study with the specific
barrier characteristics in terms of TJ markers expressed, high TEER, as well as
expression of the important efflux transporter BCRP [60].

2.3.2 iPSC derived astrocytes and neurons
Astrocytes play an important role in the BBB development and maintenance of
homeostasis in the brain. The development of astrocytes starts late in the em-
bryonic phase and their maturation continues long after birth [62]. Mimicking the
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astrocytic development from neural stem cells has often resulted in long-term dif-
ferentiation protocols lasting up to several months, relying on the use of fibroblast
growth factor (FGF), epidermal growth factor (EGF) or serum [63], [64]. iPSC-
derived astrocytes have often been characterized by their ability of inflammatory
response, glutamate uptake and the expression of markers such as calcium-binding
protein B (S100B), CD44, vimentin (VIM), glial fibrillary acidic protein (GFAP)
and excitatory amino acid transporters (EEAT1/2) [65], [63]. Efforts of shorten-
ing lengthy differentiation protocols have been attempted, both by the culture of
long-term (lt)-NES with FGF, heregulin, insulin-like growth factor 1 and activin A
for 28 days. The derived astrocytes proved capable of glutamate uptake and cal-
cium responsiveness to neurotransmitters, however, they were negative to GFAP
and EEAT2 functionality suggesting an immature phenotype [66], [67]. In this the-
sis the lt-NES generated from the same iPSC-line used to differentiated EC were
used in Paper I [68],[69]. The lt-NES were differentiated based on a protocol using
primary astrocyte media on a gelatin coating for 28 days generating astrocyte-like
cells (hiAstrocytes) Figure 2.2 as described by Voulgaris et. al., [61]. Astrocyes
derived with this protocol display a similar mRNA and protein profile to human
astrocytes, are able to syntesize and secrete glutathione. Additionally, they display
a functional uptake of glutamate and express both EEAT1 and EEAT2 as well as
inflammatory potency.

As described by Falk et. al., lt-NES can generate neurons through spontaneous
differentiation by the withdrawal of FGF and EGF [69]. Over a period of four
weeks, the lt-NES produced around 90 % tubulin beta III (TUBB3) positive neurons
and about 10 % (glial fibrillary acidic protein (GFAP) positive astrocytes. The
neural stem cell marker Nestin was seen to decrease from 90 % at differentiation
day 0 to occasional TUBB3 positive neurons still expressing Nestin after 4 weeks
of differentiation.

Neuronal differentiation of lt-NES has further been studied in disease models of
lissencephaly and Alzheimer´s Disease in 2D and 3D hydrogel models respectively
[70], [71]. As presented by Zhang et. al., the disease phenotype is different in 2D
and 3D. Furthermore, 3D models, are of interest to improve neuronal differentiation
protocols since cellular attachment in long-term differentiations often is an issue.
In this thesis, lt-NES were used in Paper II for spontaneous 3D differentiation in
LN conjugated HA-based gels that are presented more in detail in Chapter 4.





Chapter 3

Microphysiological systems

This chapter presents an overview of MPS and their fabrication. Aspects of material
choice and sensor integration are discussed. Specifically, impedance sensors are
evaluated for barrier integrity measurement as well as metabolic sensors for the
detection relevant biological molecules in the healthy and stressed state of the NVU.

3.1 Background

The use of a microphysiological system (MPS) provides a more in vivo like envi-
ronment compared to standard 2D cell culture. 2D in vitro models, discussed in
Chapter 2, where cells are cultured in standardized well plates, are useful in many
ways and can give preliminary indications on how certain tissues react to drug
exposure for example. The microenvironment of the cell is, however, poorly resem-
bling that of a cell in a tissue, since large volumes of media are used in comparison
to the surface area where the cells grow. Such environment diluted any signalling
molecules or other proteins secreted by the cells. Using engineered microfluidic sys-
tems provide a better volume to surface ratio, facilitating for cells to create their
own micro environment. A continuous fluidic flow will also provide fresh nutrients
while rinsing out debris and waste products allowing the cells to grow in a dynamic
setting resembling that of living tissue, see Figure 3.1. Controlling the rate of the
flow can also affect the behavior of vascular cell types which will be discussed below.
Shortcomings of MPS modelling the NVU to date are related to either cell sources
that often are non human, primary cells that lose their function when taken out
of their natural environment or cell sources that fail to mimic the complexity of
hBMEC, discussed in Chapter 2. Other issues include material choices for device
fabrication, sensor integration and sensor readouts at a sampling rate too low to
capture pharmacodynamic events.

29
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Figure 3.1: An overview of a typical in vitro model of the BBB using iPSC-derived
cells for culture in Transwells and microfluidic chips for drug discovery. Reprinted
with permission from [72].

3.2 Common materials and methods for microfluidic
fabrication

When choosing materials for a microfluidic system, there are important properties
that need consideration. Biocompatibility is a key aspect and can vary substan-
tially for different cell types and material surfaces and coatings. The transparency
of a material is also important since visual evaluation through microscopy is a key
method used. Gas permeability is another factor that will affect the cell culture
conditions in a device. As mentioned in previous chapters, standardization of proce-
dures is a key aspect in the pharmaceutical industry and a requirement for adoption
of organ-on-chip technologies for high throughput screening studies. Such consid-
erations strongly depend on cost and simplicity of fabrication. When designing a
microfluidic system it is, therefore, necessary to choose what factors are of most
importance in the particular study where compromises often are required to meet
a certain goal.
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3.2.1 Design and fabrication

Fabrication methods for microfluidic systems include classical microfabrication tech-
niques such as photolithography, e-beam evaporation, computer numerical control
(CNC) milling, hot embossing, laser ablation and injection molding [73]. A more
recent fabrications method is 3D printing, which allows both for the creation of
channel structures and patterns but also the creation of 3D-cell cultures and tis-
sues by the printing of cell-layden hydrogels (discussed in Chapter 4).

This thesis exemplifies two different pipelines; Paper I presents a device that
comprises a simple procedure yet requires clean room facilities, enabling continuous
barrier monitoring, whereas Paper V exemplifies a more simple barrier model fab-
rications process that more easily can be upscaled with low costs without the need
of more sophisticated laboratory facilities. The topic of tape based microfluidics in
particular is not within the scope of this thesis, however barrier models in general
will be discussed. As many organ-on-chip models, the mentioned designs are based
on a two-channel system using a porous membrane separating the channels and
providing a culture support for the cells. Such designs are widely used for barrier
models and can be used for co-culture of various cell types, typically ECs together
with pericytes, astrocytes or neurons [74], [75]. Other common design approaches
include porous tube models that provide a 3D luminal geometry, structurally more
resembling a vessel, however complicating electrode integration possibilities. Other
approaches to create 3D-vessel structures involve ECM-based microfluidic chips
that in addition to providing a luminal geometry, allow the cells to attach and grow
in a 3D ECM better improving the in vivo resemblance. Similarly, as for the porous
tube models, electrode integration remains a key challenge [76].

3.2.2 Material considerations

One of the most common material choices for microfluidics today is polydimethyl-
siloxane (PDMS). Its popularity comes from the ease of use, widespread biocom-
patibility with many cell types, inexpensiveness, transparency and low auto flu-
orescence. Using PDMS in upscaled industrial processes is however cumbersome
due to processes involving automation and standardization. A key reason for not
choosing PDMS in microphysiological systems the polar surface area formed that
causes adsorption and absorption of small molecules such as pharmaceuticals that
introduces issues for drug related studies [77]. An additional problem of PDMS
is its gas permeability which complicates gas tension control and water evapora-
tion [78]. Some of these issues are not encountered for the use of other materials
glass-based devices for example are known to be chemical inert with no risk of
leaching uncured components which can be the case with polymer-based materi-
als. Furthermore, glass is pressure resistant and optically transparent and provides
excellent imaging possibilities but results in fragile devices that require expensive
and lengthy fabrication processes.
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Different types of thermoplastics, including polycarbonate (PC), poly methyl-
methacrylate (PMMA) and cyclo-olefin have been used for MPS fabrication and
have similar benefits like glass, reduced absorption of small molecules and good
optical transparency at the cost of expensive and lengthy mold production in
industrialized up scaling processes [79]. Both PDMS, glass and thermoplastic-
based devices often rely on multilayer processes making it difficult to integrate
sensors, and typically requires the use of glues, adhesives or plasma treatment.
Even though thiol-ene- chemistry has been used for a long time, it was only in 2011
that the off-stoichiometric combinations of the two monomers were presented as off-
stoichoimetry thiol-ene (OSTE) [80]. Ever since, various designs and applications
using OSTE have been adopted both for organ-on-chip models, immuno-assays and
flow chambers [81]. In this thesis, a version of the chemistry including epoxy is
used, referred to as off-stoichoimetry thiol-ene-epoxy (OSTE+) (Paper I) [82]. The
dual cure steps enable assembly of layers sandwiching a PC membrane after the
first UV-curing step that leaves the OSTE+ solid with an active surface that can
bond with various materials including glass and metals. After the second curing
step any left over thiol and epoxy groups will have cross-linked leaving a solid hy-
drophilic and chemically inert surface, making membrane integration easy and free
of any surface treatment or gluing steps. A one-step injection molding process is
used with OSTE+ according to Figure 3.2 [83], which is analogous to the method
other researchers have reported using PDMS.

Choice of membrane material, thickness and pore size is also an important factor
when designing a MPS since it will directly affect the attachment and spreading
of the cultured cells. Commercially available polyethylene terephthalate (PET)
and PC membranes are commonly used both in Transwells and MPS. They are
robust and easy to handle in the fabrication process and have been shown to be
compatible for cell culture of various types if coated with appropriate ECM proteins.
Commonly found pore sizes are between 0.4 – 3 µm, and have been proven to affect
TEER of primary murine and hBMECs [85], [86]. A similar trend is presented in
Paper I showing that TEER decreases 1.6 times for 1 µm pores compared to 0.4 µm
pores. Even though such polymer membranes are commonly used and easy to work
with, it should be noted their thickness, typically 10 µm, creates a large physical
separation between cells in relation to their size, making it difficult for cells cultured
on opposite sides of the membrane to interact. One solution has been presented
in the form of a hydrogel membrane that degrades over time allowing for better
cell-cell interaction to better mimick the in vivo tissue structure [87]. A similar
commercial solution has been presented as the OrganoPlate by Mimetas. Using a
bulk hydrogel instead of a membrane at the electrode site removes any disturbance
that could come as an effect of membrane pore size or density. The 40 individual
chips at the bottom of a 384 well plate allow for high throughput studies. However,
it should be noted that the plate is dependent on gravity-driven flow, as opposed to
other microfluidic systems mentioned where flow is induced with a pump allowing
for better control [88].
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Figure 3.2: Step by step fabrication scheme of OSTE+ microphysiological system
including mold generation (top part), porous membrane integration, reaction in-
jection molding, and curing (lower part). Reprinted with permission from Paper I
supplementary [84].

3.3 Fluidic flow

EC of the brain microvessels experiences a shear force as a result of the blood
flow. Flow-induced shear stress has been proposed to help in the process of induc-
ing barrier tightness through TJ formation in hBMEC [89]. Another study shows
that shear stress, additionally to up-regulation of TJ and adherent junctions, also
increases the expression of multi drug-resistant transporters [90]. Lower BBB per-
meability as a response to shear force has also been demonstrated in an isogenic
NVU model on chip, where blood from the same donor was perfused. In another
study using iPSC-derived hBMEC no effect of shear force was observed on TJ and
adherent junctions regulation. In the same study, it is also suggested that the cells
do not align in the direction of the fluid flow. On the contrary, observations of cell
alignment in the flow direction have been demonstrated using primary BMECs.
Taken together, these conclusions suggest that culture format, cell source, design
of MPS, media ratio to surface can all have an effect on the obtained results.

To induce and control the flow, different pump systems exist, such as peristaltic
pumps and syringe pumps, commonly used in microfluidic settings [91], [92]. Differ-
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ences between the two mentioned systems are the mechanism of moving the fluid,
flow precision, available volume, and amount of channels that can be operated
among others. Another common way of inducing flow include gravity-driven bi-
directional devices, which place the microfluidic system on a rocker. These types of
set-ups remove any complications that could arise due to the integration of tubing
and pump connections, such as bubble formation, but they provide a more limited
flow control [88].

3.4 Impedance sensing

TEER has become a standard way of measuring barrier integrity. As described in
Figure 2.1 the measurement relies on the placement of electrodes on both sides of
the barrier in order to measure the electrical resistance across. In other words, the
electrodes are not in physical connection to the cells, and the read-out reflects on
the barrier integrity caused by tight junctions connecting the cells. This method
has also been adopted in the setting of MPS for barrier monitoring with different
organ applications, for example two studies of BBB the using human iPSC-derived
apply the use of sintered silver/silver chloride electrodes and gold electrodes re-
spectively [93], [75]. MPSs such as these two however only provide readouts every
24 h, a frequency that is too low to capture many drug responses. Other problems
related with such electrode configurations are related to creating a stable incubator
interfaces, due to the often manual insertion of electrode wires. An other study
presents a minute scale TEER measurement, however using primary mouse cells
[94].

Electric cell-substrate impedance sensing (ECIS) is another method used to
monitor barrier integrity that relies on electrode placement typically on top of the
cell-substrate, meaning that the resulting impedance signal is based only from the
cells that are nearby or in immediate contact with the electrodes. Due to the nature
of this close contact between cells and electrodes, electric cell-substrate impedance
sensing (ECIS) will also be sensitive to additional information such as attachment
and spreading of the cultured cells, depending on at what frequency the measure-
ment is made.

Paper I presents how the interdigitated electrodes were patterned to the mem-
branes according to the design in [95]. Due to the nature of the electrode design
used, it is important to note that the measured ECIS is affected only by the cells
forming a barrier in contact with the electrodes. It is, therefore, crucial to combine
the impedance measurement together with a dye permeability assay that would re-
veal any leaky barrier areas or larger wholes that are not situated by an electrode.
The combined information of the continuous ECIS and dye permeability can be
relied on for dynamic barrier monitoring.
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3.5 Metabolic sensing

An important way to understand the cellular micro environment is by measuring
metabolites, nutrients, and physical parameters during standard culture conditions
to be able to understand how these parameters change in disease or during drug
exposure [96]. When working with enclosed microfluidic structures, vital factors to
control are O2 and CO2, as discussed previously in this chapter, specifically during
the use of gas permeable materials. Common methods to measure O2 inside a MPS
include the use of optical and electrochemical sensors, while levels of CO2 can be
monitored by measuring generated bicarbonate ions from dissolved CO2 that will
change the pH [97], [98]

Other important parameters to measure are biomolecules and metabolites. For
this purpose, electrochemical sensors have been widely used. In this thesis, an am-
perometric sensor is used, a type of electrochemical sensor that applies a constant
potential over an electrode to measure changes in electric current caused by an
enzyme catalyzed reaction [96]. As mentioned in Chapter 1, ketogenic diets have
been proposed to have a protective function for the stressed or injured brain. Mea-
suring glucose and lactate is, therefore, interesting to understand the response of
individual cell types but also the interaction of several cell types. To date, several
integrated sensors exist in MPS. Integration of biosensors for glucose and lactate in
microfluidic structures have been demonstrated by using glass plug-ins containing
platinum working and counter electrodes and silver/silver chloride as a reference
electrode to measure metabolites directly from human colon micro tissues in real-
time in a PDMS chip [99]. Recent work shows multi-analyte continuous metabolite
monitoring under dynamic conditions on a 3D chip culture over more than one week
[100]. In a rat study of brain ischemia, researchers present an in vivo real-time mon-
itoring system of glucose, lactate and ascorbate using a microfluidic chip flow cell
containing the sensor unit directly connected to the brain with a micro dialysis
probe [101]. Challenges of sensor integration remain to date, where considerations
such as material compatibility, ease of fabrication process and compatibility are
central.

In this thesis, a commercial microfluidic flow-through sensor is evaluated for
measuring low-volume media samples of fetal primary astrocytes (FPA) and iPSC-
derived astrocytes undergoing a ketogenic diet. Operating with a working electrode
of platinum covered with an enzyme layer, glucose oxidise or lactate oxidase, the
sensor was able to measure glucose consumption and lactate production of the cells
treated with a ketogenic diet for 24 h. As a future challenge, a sensor as such
could be integrated or connected with a MPS of the NVU as the one presented in
Paper I, to get better insight in metabolic fluctuations during both homeostatic
and pathological conditions.
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3.6 Summary of results and novelty

A low-cost adhesive tape-based barrier model is presented in Paper V, laying out the
methodological concepts of using vertically layered channels separated by a porous
membrane using dye permeability measurements of barrier integrity. This study
relies on the use of both simple and low resource lab equipment and a more simple
barrier cell model Caco2, in comparison to iPSC, with a proof of concept study
showing the effects of capsicin exposure through untargeted metabolomic analysis.
While this paper focuses on low cost and simple fabrication using adhesive tape, it
also lays out the methodological framework for the NVU model presented in Paper I.

Paper I presents a OSTE+ based MPS that offers both the ease of use of PDMS
and the hydrophilic and non absorbing nature of thermoplastics due to its tightly
cross-linked components. The dual cure steps of OSTE+ enable integration of a
porous membrane with interdigitated electrodes without the use of surface treat-
ments, glues, gaskets or thick layers typically required by PDMS-based devices.
The fabrication method furthermore allows the creation of curved fluidic walls
toward the porous membrane, improving cell attachment by avoiding sharp cor-
ners where barrier interruptions often were seen to occur. iPSC-derived astrocytes
and endothelial cells are cultured in the device to form an isogenic model of the
BBB. Barrier disruption and rescue is monitored continuously by measuring ECIS
from the administration of the nitrosative stressor SIN-1 and the antioxidant BBB-
penetratic drug NACA. Mass spectrometry further reveals the protective effect of
NACA that stimulates the protective cellular pathway of glutahione that prevents
from nitrosaive stress. These results are in line with what previosly has been demon-
strated with the widely used NAC [102].

Paper III concludes that treatment of fetal primary astrocytes (FPA) with the
ketone body beta-hydroxybuturate (BHB) changes the cell metabolism with a de-
crease of lactate production compared to control cells that feed on glucose. However,
no significant change in gene expression is observed. Monocarboxylate transporter
SLC16A1 is expressed at lower amounts in iPSC derived astrocytes compared to
FPA suggesting that the iPSC-derived astrocytes have not reached a mature enough
state to be metabolically comparable to FPA. These results are in line with what
was observed in terms of glucose consumption between the two cell types. While
FPA were measured to consume around 0.4 mm glucose in 24 h and produce ca
0.75 mm lactate, the iPSC derived astrocytes consume only 0.1 mm glucose and
produce 0.1 mm lactate over 24 h. Significant difference in lactate production was
observed for iPSC-derived astrocytes treated with BHB compared to control cells
receiving glucose.



Chapter 4

3D models of neural development

In this chapter, 3D culture models of neural development are discussed. An overview
of commercial and customized scaffolds is given including the use of Matrigel, col-
lagen and hyaluronic acid-based hydrogels. The use of spheroids and organoids are
briefly mentioned and models based on 3D cell encapsulation and bioprinting are
discussed.

4.1 Background

Compared to 2D in vitro models, microfluidic systems offer a more controlled micro
environment, possibilities to activate mechanical cues, physiological perfusion and
low-cost fabrication and use of reagents, discussed in Chapter 3. Challenges still
remain in terms of protocol standardisation, the need of advanced laboratory facil-
ities as well as complex long fabrication times. 3D models based on hydrogels can
be used to avoid some of these issues, allowing for more simple and fast fabrication
methods such as gel casting and bioprinting. Apart from more simple fabrication
methods compared to microfluidic cultures, 3D cell models allow for the creation of
a more in vivo like environment, from a tissue point of view, with the use of tunable
scaffolds where cells can self organize, adhere to each other and biomimetic motifs
of the scaffold Figure 4.1.

As mentioned in Chapter 1, the mechanical properties of the ECM during de-
velopment play an important role in differentiation and migration of stem cells.
Controlling the mechanical properties of scaffolds in 3D in vitro models is therefore
of interest when designing an ECM scaffold. The level of porosity is also important
and affects the ability to spread, migrate and connect with neighbouring cells. The
porosity of a scaffold will also affect the accessibility for exchange of nutrients and
other soluble biomolecules, Figure 4.1. To date, commercialized scaffolds have been
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Figure 4.1: Important aspects of ECM matrices used for cell encapsulation that
can affect cellular behaviour, including the structure and mechanics of the matrix,
possibilities for cells to attach to the matrix and to each other as well as secretion
of biomolecules. Reprinted with permission from [103], ©2018 by Annual Reviews.



4.2. COMMERCIAL AND CUSTOMIZED HYDROGEL SYSTEMS 39

widely used for enpasulation of cells, as well as custom made hydrogels that often
are developed both for the purpose of closely mimicking the ECM but also to suit
the purpose of bioprinting applications for the generation of custom made 3D in
vitro models.

4.2 Commercial and customized hydrogel systems

The commercially available basement-membrane matrix Matrigel has been used for
cell culture for more than 40 years, and is considered the golden standard for many
researchers. Extracted from Engelbreth-Holm-Swarm mouse sarcomas, Matrigel
has a rich content of several ECM components such as laminins, collagen IV, en-
tactin, the heparin sulfate proteoglycan perlecan, tumor-derived proteins, growth
factors and enzymes [104]. Although growh factor reduced versions of Matrigel
exist, residues of unwanted components can still be found. Moreover, Matrigel can
suffer from large batch to batch differences, is animal based and poorly defined,
limiting experimental reproducibility and possibilities for clinical translation. De-
spite these known factors, Matrigel has been used frequently, perhaps due to the
lack of better options, and proved to support the culture of both human pluripo-
tent stem cells, neural stem cells and cardiomyocytes [105], [106], [107], as well as
3D cultures for neuronal differentiation of human neural stem cells [108]. Other
common biologically derived ECM products such as collagen, fibrin, aglinate, HA,
and silk fibrils have been used for 3D culture applications. These products suffer
from less batch to batch variability and are more defined, however, fail to promote
3D cell culture to the same extent as the rich Matrigel [109]. One approach to pro-
mote cell culture involves the incorporation of commercial scaffolds such as collagen
and fibrin in both decellularized adult and fetal brain tissue, showing that robust
neuronal cultures were favoured in the fetal ECM scaffolds [110]. Although, this
approach improves cell culture conditions, it still relies on animal based products.

Synthetic scaffolds mimicking the ECM have also been developed, made by
polymers such as polyethylene glycol (PEG), poly(2-hydroxy ethyl methacrylate)
and poly(vinyl alcohol). Such hydrogels are highly defined compared to biologi-
cally derived scaffolds and can be tuned mechanically and biochemically to favour
cell culture. Another advantage is the high water content allowing for transport
of nutrients [109]. The hydrolytic degradability of a scaffold can also affect the
cultured cells. When neural stem cells were cultured in PEG hydrogels, a higher
level of hydrolytic degradability resulted in an increase of neuronal marker expres-
sion [111]. Synthetic hydrogels have further been improved to mimick the in vivo
ECM by the introduction of adhesion sites. Including peptides RGD, IKVAV and
YIGSR in HA-based 3D hydrogels at different ratios showed an improved neuronal
differentiation of iPCS derived NPCs [112].

Different methods for polymer cross linking exist, including photopolymeriza-
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tion, Michael Addition, thiole-ene coupling and azide-alkyne addition. In this theis
the well-established copper-free click chemistry based on a bioorthogonal strain-
promoted alkyne-azide 1, 3-dipolar cycloaddition (SPAAC) is used for the cross link-
ing of a multi armed azide modified PEG and a cyclooctyne-modified hyaluronan
(HA-BCN) Figure 4.2 [113]. This system allows for conjugation of any biomolecule
with an attached azide group. In this thesis, 3D cell culture models using the con-
jugation of a full-length LN (Paper II) and the peptides cRGD and IKVAV (Paper
IV) are presented.

4.3 Neurospheres and organoids

Neurospheres are self-assembled structures mainly composed by neuronal and glia
progenitor cells, neural stem cells or post-mitotic cells [114]. They have been used
to study neurogenesis and neural development providing more in vivo like cellu-
lar structures compared to 2D models [115]. A major problem of neurospheres
is, however, the access of oxygen and nutrient exchange in the centermost parts
that often become necrotic. The spontaneous nature of their formation introduces
further problems of repeatability [114]. As a next step of complexity in struc-
ture, organoids were developed, and for the first time in 2014 the human brain
organoid was presented, developed with human pluripotent stem cells to model

Figure 4.2: Schematic drawing of the copper-free click chemistry reaction of HA-
BCN and multi-armed azide modified PEG based on alkyne-azide cycloaddition.
Reprinted with permission from [113], ©2018 IOP Publishing Ltd.
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the early structures and cellular linages of the embryonic CNS [116]. Similarly to
neurospheres, organoids lack vascularization leading to decreased cell survival. The
vascularization of cerebral organoids has been proven possible in an adult in vivo
mouse model. Vascularization was achieved by implanting organoids in the host
vascular bed and live imaging proved blood flow through the host-derived blood
vessels within the organoids [117]. Methods developed to grow vascular networks
in vitro include 3D bioprinting technologies, sacrificial molding, hydrogel molding
by needles, or the use of self organizing methods where EC are co-cultured with
organoids. However, non of these methods have so far reached the success level of
in vivo models [118]. Although the use of neurospheres and specially orgnanoids
have been important in disease modeling, they are not the main focus in this thesis
that will discuss the use of hydrogels and the use of them to create 3D cultures.

4.4 Bioprinting and protective effects of hydrogels for cell
encapsulation

As mentioned earlier in this chapter, methods such as 3D bioprinting can facilitate
longer and sometimes more complicated fabrication processes related to microflu-
idic in vitro models. Bioprinting technologies allow for the creation of tissue-like
structures in a 3D format. With the possibilities of automation, high throughput
studies can be conducted for example in drug screening applications. Important
considerations of a bioink include aspects such as biocompatilibty, storage and loss
modulus, viscoelastic behaviour and biochemical properties for example [119]. A
study of bioprinted mouse NPC suggested that the incorporation of dopamine in
gelatin methacrylate based hydrogels increased the proliferation of the cells. Addi-
tionally, an increase in expression of neuronal markers was observed after 12 days
when dopamine was added [120]. Others have shown co-culture of bioprinted iPSC-
derived spinal neuronal progenitor cells and oligodendrocyte progenitor cells that
could differentiate and extend processes throughout the matrices based on Matrigel,
gelatin/fibrin and methacrylate [121].

The encapsulation of cells in hydrogels should ideally have a protective effect
since cells pushed through a syringe will experience a strong shear force. In this
thesis (Paper II), HA-based hydrogels are evaluated for their protective effect on
NES that are both bioprinted and ejected through a 27G needle, which is in the
range of needles typically used for transplantation of stem cells [122].

4.5 Summary of results and novelty

Paper II presents a 3D culture model of neural cells based on a custom-made
hyaluronic-based hydrogel and the first-ever 3D printed lt-NES. LN 521, which
has been previously demonstrated to promote neuronal differentiation [123], was
conjugated to a HA-based hydrogel system using copper-free click chemistry as an
attempt to better mimick the ECM during neurodevelopement. 3D culture of the
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widely used neuroblastoma cell line SH-SY5Y shows viability over a 10 day period.
The cells take on the morphology of spheroids when cultured in both 1 % and 2 %
hydrogels. Furthermore, 3D-printed SH-SY5Y show improved viability when LN
521 was present in the hydrogels. To approach more clinically relevant questions,
the highly sensitive lt-NES were spontaneously differentiated in the softer 1 % 3D-
hydrogels, proving viability over a 7 day period, where added LN 521 increased
viability. Immunostainings demonstrate expression of the early neuronal marker
doublecortin (DCX) both with and without added LN, verified on an mRNA ex-
pression level using qPCR. To test the potentially protective effect of the hydrogel
matrix, ejection of lt-NES was carried out through a 27 G syringe needle afters
which viability was measured. The results imply that cells encapsulated in the hy-
drogel matrix have higher survival compared to cells ejected in cell media after 24
h. Furthermore, bioprinting was attempted with the lt-NES after which viability
was measured. The measured cell viability was between 50 – 55 % after 24 h, with
no effect of added LN 521. Addition of the apoptosis inhibitor Y-27632 increased
viability after 24 h to 70 %. After bioprinting, the cells were left to spontaneously
differentiate for 10 days, after which extensive neurites were developed, staining
positive for the neuronal marker TUBB3.

Paper IV leverages the benefits from the material findings in paper II using
HA and PEG-based hydrogels for 3D cell culture and bioprinting. The conjugation
of cellular attachment promoting peptides cyclic arginine-glycine-aspartate (RGD)
and isoleucine-lysine-valine-alanine-valine (IKVAV) were evaluated to see if the hy-
drogel could support the spreading and network formation of astrocytic cells. FPA
and the glioblastoma cell line U87 were successfully cultured for 6 days encapsulated
in 3D hydrogels verified by viability testing. No change in viability was seen for cells
cultured with or without any of the two peptides, in line with observed results of
mRNA expression levels of attachment markers that did not change in the presence
of conjugated peptides in the hydrogel. Expression of the hyaluronic acid receptor
CD44 is verified with immunostaining with a positive result for both FPA and U87
cells. Additional cytoskeletal f-actin staining reveals morphological attributes of
FPA attaching and spreading their processes out from cell clusters connecting with
other neighboring clusters. Surprisingly, U87 cells that previously have proven to
be invasive when cultured in 3D collagen gels, displayed a more rounded up and
spherical morphology compared to the FPA, suggesting a lack of attachment points
in the 3D hydrogel [124]. Bioprinting experiments conclude mixed morphologies of
FPA after 4 days of culture, where cells remaining inside the printed gel appeared
more rounded up compared to cells that had migrated out of the gel and acquired
a more stellate morphology.

Initial studies (not presented) blocking the HA receptor CD44 were carried
out to investigate whether the cultured cells actively utilize the CD44 receptor for
binding to the HA component of the hydrogel, by receptor blocking with soluble
CD44 antibody and the low molecular weight inhibitor verbascoside (VB), discussed
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in Chapter 1. Further investigation of CD44 receptor blocking could be done with
increased treatment times up to 12 h in contrast to the 3 h suggested for cell
attachment in a previous study [40]. Additionally, network formation analysis could
be utilized for confocal micrographs of both f-acting stained FPA and U87 cells for
quantification and better understanding of cellular attachment.





Chapter 5

Achievements, discussion and
future outlook

5.1 Achievements

This thesis compiles the development of 3D in vitro models and MPS to mimic early
neuronal development and the NVU. The motivation for creating more complex in
vitro models is strongly connected to the development of therapeutics and their
pre-clinical discovery process. The access to better human-based models could save
lengthy and costly trials that have proven to fail in many of the cases due to poor
translation between animals and humans. Some of the factors lacking in existing
in vitro models today are listed below:

• relevant human translatable cell models
• non-absorbing microfluidic models with integrated sensors for continuous mon-

itoring of barrier integrity and metabolites
• defined biomaterials relevant for the culture of NVU cells
The studies compiled in this thesis were designed to investigate the needs listed

above and represent a development in the field of MPS and 3D cell culture. In
particular, the following discoveries and goals were achieved:

• first isogenic human iPSC derived BBB model with < 2 min temporal resolu-
tion in PDMS free MPS and its response to the BBB penetratic drug NACA
during nitrosative stress (Paper I), (Paper V)

• first demonstration of 3D cultured and bioprinted lt-NES in laminin conju-
gated hyaluronan-based hydrogels (Paper II)

• validation of a low volume flow-sensor suitable for MPS-integration for the
monitoring of lactate and glucose turnover in ketogenic astrocytes (Paper III)

• development of astrocytic 3D culture and bioprinting to study cellular at-
tachment and spreading in peptide-functionalized hyaluronan-based hydrogels
(Paper IV)
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5.2 Discussion and future outlook

The main conclusion to this thesis is that 3D models and MPS of the NVU represent
a promising solution for the improvement of preclinical in vitro models. Not only
can they provide a structured micro environment that better mimics how cells
and tissues are structured in vivo with the help of micro engineering and matrix
customization, but also because of the possibility of creating personalized isogenic
models for specific diseases.

Future challenges lie in incorporating more complex cell structures and com-
partments in MPS without letting the engineering design and materials interfere
or cause stress and unnatural features in the cultured cells. One example is the
use of porous membranes functioning as a cell culture substrate and a way of cre-
ating compartments in fluidic channels. Such physical barriers do not exist in vivo
and might provoke unnatural phenotypes and functions in the cells. Improvement
of membrane design is being attempted, including features such as pore size and
density and membrane thickness. Researchers have also designed models using hy-
drogels to form barriers onto which different cell types can be seeded on separate
sides. This provides a more natural environment for the cells from a stiffness point
of view. Downsides of excluding membranes is the compromise in mechanical sta-
bility. Other obstacles include separation and extraction of cell for downstream
analysis such as gene expression, and sensor integration.
Many functions of the NVU are still poorly understood, specifically how the dif-
ferent cell types interact with each other in terms of signalling that contributes to
various diseases. Access to direct measurement of metabolites could expose im-
portant details on such cell-cell interactions. The evaluated biosensor presented in
Paper III is a good example of a possible module that could be incorporated in series
with one or several MPS units to gain insight in metabolite consumption or secre-
tion such as glucose and lactate discussed in Paper III with regards to a ketogenic
diet. Understanding similar conditions in a MPSs based on pathological patient-
derived cells could help to reveal how various cell types contribute to metabolic and
barrier-altering effects, by following barrier integrity and lactate/glucose turnover
simultaneously in real-time.

The use of hydrogels in MPS is essential to bring out the intrinsic features of
sensitive cells such as neurons that require very different features of their microenvi-
ronment compared to for example endothelial cells. Several custom-made hydrogels
have been developed up to date however integration of receptor specific motifs and
cues needs improvement to better mimic the complex structure and content of the
brain ECM. The presented HA-based hydrogels in this thesis have proven to sup-
port sensitive cell types such as lt-NES but also more commonly used FPA and
U87 cells. The hydrogel is fully defined and proven to be stable during at least 10
days of culture. The incorporation of the synthetic PEG furthermore provides the
possibility of modulus tuning, opening up possibilities for the creation of stiffer hy-
drogels that are more suitable for cell types that in vivo rely on stiffer surroundings
such as muscle cells or bone cells. Future incorporation of such hydrogels could
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therefore be explored in MPS to create other models of other organs or tissues.
Challenges of iPSC-based in vitro models remain up to date and need atten-

tion. Genetically related problems arising during reprogramming, heterogeneity of
the cell population, diversity between different iPSC-derived cell lines remain, as
well as donors, and could be addressed using advanced gene editing technologies
such as CRISPR/Cas-9. Other issues involve that of protocol standardization in
terms of culture conditions that will greatly affect the maturity and reproducibility
of the final cell product [125], [126]. Since pharmaceutical research is strongly de-
pendant on good manufacturing practice and protocol standardization, the future
of iPSC-based in vitro models is highly dependant of standard implementation in
order to be adapted in to pharmaceutical pipelines. Similarity, the standardization
of MPS is crucial for translatability between labs and required for future use in
pharmaceutical companies.

As mentioned, the use of MPS can bring along great advantages for improving
existing in vitro models. Certain aspects such as systemic effects are, however,
difficult to predict, highlighting the importance of animal models for drug toxicity
testing. As an attempt to study effects outside of the particular tissue of interest,
researchers have developed models by connecting several chip units to each other
implementing computerized models and artificial intelligence [127], [128]. Such
approaches are important in the understanding of drug metabolism and lay the
groundwork for the concept of body-on-a-chip, that in the future could provide
information on systemic and metabolic effects in various disease models.
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