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ABSTRACT
During neural development, human neural stem cells (hNSCs) self-renew and generate the
neurons and glia of the central nervous system (CNS). The brain extracellular matrix (bECM)
provides biomechanical and chemical cues, which regulate hNSCs behaviour. Many fundamental
questions about hNSCs and CNS development still remain unanswered. Emerging technologies
can provide invaluable insights for understanding hNSCs environment and establishing
reproducible neural systems. The aim of the project was to investigate new approaches to model
human neural tissue in vitro that will facilitate studying CNS behaviour and development, with a
particular focus on how human neural cells respond to different environments.
Specific objectives included: 1) investigating hNSCs following bio-electrospray (BES) to assess
BES potential for developing neuro-scaffolds; 2) evaluating the effects of nanodiamonds (NDs)
with different surface modifications on hNSC growth and differentiation; 3) characterising
porcine brain decellularisation protocols and the human developing bECM for future
development of bECM-based scaffolds.
As shown by cellular and molecular analysis, BES did not affect hNSC viability and
differentiation, but highlighted the need for suitable sprayable scaffolds. NDs sustained neuronal
differentiation and neurite outgrowth, regardless of surface chemistry, as indicated by neurite
tracing and RT-PCR, supporting their suitability for certain biomedical applications.
Conditions were established to advance standardisation of decellularisation and solubilisation of
porcine bECM. Additionally, a protein quantification protocol was developed. Porcine bECM
was found to potentiate hNSCs proliferation in presence of laminin, but not alone. Human foetal
bECM was then investigated by mass spectrometry-based proteomics, and 73 matrix proteins
were identified. The brain matrisome composition appeared fairly stable during development,
with the main changes observed between 10 and 20 weeks of gestation.
This multidisciplinary study provides novel insights for developing controlled human CNS
models in vitro that are much needed for biomedical research and basic understanding of human
brain function and development.
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IMPACT STATEMENT
Neurological and neurodevelopmental diseases affect one billion people worldwide (Benam et
al., 2015); however, few successful therapies exist. From its inaccessibility to its complexity, the
challenges of studying the human brain are many. To tackle these challenges, three-dimensional
(3D) culture systems complement two-dimensional cultures to answer fundamental questions of
the cellular and molecular mechanisms governing the human brain. Despite advances in the field
of 3D brain culture systems, little is known about the developing human brain, the brain
extracellular matrix (bECM), and how the environment influences human neural stem cells
(hNSCs).
This study explored innovative cross-disciplinary methodologies to expand the field of
knowledge of 3D neural system design and novel biomaterials. Bio-electrospray technology
showed no significant harm to hNSCs and no alteration to their differentiation capacity, indicating
BES can be used to produce hNSC-embedded 3D scaffolds. Novel biomaterials such as
nanodiamonds (NDs) and porcine bECM were found to influence hNSCs behaviour. NDs
promoted hNSCs neuronal differentiation and porcine bECM isolated by decellularisation,
together with laminin, promoted hNSCs proliferation. Finally, the composition of the human
foetal bECM was analysed for the first time using label-free proteomics. Results showed that over
half of the ECM proteins identified had a higher expression in the later stages of development
analysed, enhancing our understanding of the temporal composition of the human foetal bECM.
The stem cell and 3D cell culture fields are global billion-dollar markets (Miljan, 2015) and are
rapidly evolving and growing. The results from this thesis provide a platform for researchers and
industry to design tailored biomaterials and develop new 3D neural culture systems. The
technologies analysed here will allow precise control over architecture and specific deposition of
cells, which will translate into greater reproducibility of 3D models, useful for large-scale
manufacturing. This work has other broad implications for the academic advancement of neural
tissue engineering by understanding how the environment affects hNSCs. Additionally,
optimising the decellularisation of porcine brain will allow researchers to decellularise human
foetal brain to study its composition further and assess its influence on hNSCs. The study of
human foetal brain will impact the understanding of human neurodevelopment laying the
foundation for successful therapies which will improve global health and wellbeing.
This work has been presented in international and national conferences as posters and talks, and
the NDs work has been published in an international journal of biological systems and
technologies.

As a former member of the UCL Researchers in Museums team, I have

communicated my work to UCL museums visitors and children in primary schools. I have also
written about my research on the Researchers in Museums blog, a platform that has reached over
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half a million people since it started, making a positive contribution to the UCL community and
the heritage sector. Additionally, as part of the editorial team in a neuroscience blog in Spanish,
the knowledge derived from this thesis has been showcased as podcasts and animated videos,
reaching a global audience of over 85,000 views per year.
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1.1 Introduction
Understanding how the central nervous system (CNS) develops has been central to studying
neurological disorders and normal brain behaviour. While considerable knowledge has been
gained over the last century in animal models, there is still much to elucidate about how the human
brain forms, functions and regenerates in health and disease. The brain is the most complex organ
in the body, and to understand it we need to elucidate how neural cells behave individually,
develop, and interact with each other and with their environment at the cellular and subcellular
level. Advances in three dimensional (3D) cell culture, novel biomaterials, extracellular matrix
(ECM) dynamics, stem cells and innovative technologies, can aid neural tissue engineering (TE)
and regenerative medicine (RM), by learning about human neural development and its
pathologies.
Multipotent human neural stem cells (hNSCs) can self-renew and generate neurons, astrocytes
and oligodendrocytes (Svendsen et al., 1999). Until recently, it was thought that new neurons
could not generate in the adult human CNS. However, the discovery that hNSCs are present in
both the human foetus and adult tissue (Adams and Morshead, 2018; Uchida et al., 2000) opened
the door to new possibilities, including new therapies for apparently incurable neurological
diseases. However, in vivo, human brain regeneration is limited. To harness its potential, the
merging of new technological and analytical tools from different disciplines can enable the
development of new alternatives to repair the human CNS.
A goal of RM is to develop biomedical technologies with therapeutic potential. Physical trauma,
degeneration or neurodevelopmental disorders have limited treatments which do not lead to full
recovery of normal neural function. Fortunately, different therapeutic approaches have evolved
into innovative tools and methodologies, such as 3D bioprinting or micro and nanofabrication of
scaffolds, which hold great promise (Chun et al., 2018; Gomes et al., 2017). However, more
research is needed to improve our knowledge and learn about the advantages, limitations and
improvements of neural TE and RM. Interdisciplinary approaches are better suited to overcome
the unique challenges and limitations of engineering human neural tissues.
This work aims to develop systems for the study of human neural cells that will help understand
how the environment modulates hNSCs and their differentiated progeny. The investigation
combines the study of neural cell behaviour, biomaterials, advanced manufacturing technologies,
and analytical tools to explore new alternatives of engineering human neural tissue in vitro to
ultimately further our knowledge on CNS behaviour and development.
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1.2 The central nervous system
The brain and the spinal cord constitute the human CNS. There are two main classes of cells in
the CNS, neurons and glial cells, which are further divided into many more subtypes. The brain
has distinct functional regions and is the organ with the most cell diversity. Neurons can be
classified in at least 10,000 different classes. The brain is estimated to contain a total of ~86 billion
neurons and ~85 billion non-neuronal cells, and one single neuron can have around 5,000 to
200,000 connections (synapses). The heterogeneity and specialisation of CNS cells, together with
their specialised connections enables the complex behaviour and cognitive function of humans
(Herculano-Houzel, 2009; Kandel et al., 2000; Muotri and Gage, 2006).
The CNS can be divided into seven distinct parts, the spinal cord, the medulla oblongata, the pons,
the cerebellum, the midbrain, the diencephalon (formed by the thalamus and the hypothalamus)
and the cerebral hemispheres. The brain can also be divided into three sections, the forebrain
(prosencephalon) which includes the diencephalon and cerebral hemispheres. The midbrain or
(mesencephalon) and the hindbrain (rhombencephalon) formed by the medulla, pons and
cerebellum (Figure 1.1). The outer layer of the cerebellar hemispheres is formed by the cerebral
cortex, which is essential for complex cognitive processes such as memory, language, and
consciousness. Under the cortex, lie other important areas. The basal ganglia, which helps control
motor performance, the hippocampus, associated with memory and learning, and the amygdala,
involved in the processing of emotions (Kandel et al., 2000).
Neurons are signalling cells which form specific networks. Their main morphological
components are the cell body or soma, the axon, dendrites and presynaptic terminals. Action
potentials are electrical signals which transmit information in the brain. They originate in the axon
hillock and travel towards the presynaptic terminal where usually a chemical transmitter
(neurotransmitter) conducts the signal to a postsynaptic dendrite of another nerve cell. Synapses
are the site where actions potentials cause the release of neurotransmitters. Neurons can be
classified in many ways. Based on their shape, they can be categorised as unipolar (with one
primary process), bipolar (with two processes) and multipolar (with one axon and many
dendrites/processes). Neurons can also be subdivided into three groups based on their function as
sensory, motor or interneurons. Additionally, they can also be categorised based on their
biochemistry, firing patterns, physiology and many more features (Armañanzas and Ascoli, 2015;
Kandel et al., 2000).
Glial cells can be subdivided into astrocytes and oligodendrocytes. Astrocytes outnumber other
glial cells; they have numerous and long processes which sometimes terminate in broad end-feet
which contact neurons and blood vessels. They are involved in forming the blood-brain barrier;
they help regulate neurotransmission and neural homeostasis; they provide nutrients to nerve cells
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and help remove excess potassium. Oligodendrocytes insulate nerve cells by forming a myelin
sheath (formed from their plasma membrane), with a discontinued pattern around axons. Myelin
is a lipid-rich substance. Hence electrical signals travel through the unmyelinated parts of the
axon (nodes of Ranvier). Myelination enables electrical signals to travel 10 times faster. On
average, one oligodendrocyte cell can myelinate between 15 to 40 axons. (Jessen, 2004; Kandel
et al., 2000). Ependymal cells are also glial cells in the CNS. They are epithelial cells which line
the ventricular surface of the brain (Del Bigio, 2010).
Microglia are neuron supporting cells that are immunologically competent. They become
activated due to injury, infection or disease. Microglia are phagocytes which develop outside of
the CNS and thus are embryologically unrelated to oligodendrocytes, astrocytes or neurons
(Kandel et al., 2000; Streit, 2002). Other cells, such as pericytes and endothelial cells, are
important for the cerebrovascular function. Pericytes regulate blood-brain barrier formation and
maintenance together with astrocytes. Endothelial cells, pericytes, astrocytes, neurons, vascular
smooth muscle cells and structural proteins form the neurovascular unit which regulates cerebral
blood flow (Muoio et al., 2014; Winkler et al., 2011).

Figure 1.1 Principal divisions of the central nervous system. The central nervous system
(CNS) can be divided into seven main sections indicated by numbers. The brain can be divided
into three main sections shown on the top right. Adapted from Kandel et al. (2000).
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1.3 Human neural development
The human embryonic period begins from conception (i.e. fertilisation) to 56 days or 8 post
conception weeks (PCW). The embryonic period is divided into 23 Carnegie stages (Cs) based
on internal and external features. During the embryonic stage, the basic organisation of the CNS
is established; it is also the period where the majority of abnormalities occur (O'Rahilly and
Müller, 2010; Stiles and Jernigan, 2010).
During early human development, embryonic stem cells are derived from the inner mass of the
blastocyst (Figure 1.2). Human embryonic stem cells (hESCs) are pluripotent cells, they are
capable to differentiate into any cell of all three germ layers, the ectoderm, mesoderm and the
endoderm. Additionally, they can proliferate in vitro without differentiating for an indefinite
amount of time (Takahashi et al., 2007; Thomson et al., 1998).
The formation of the neural tube, neurulation, occurs between 3 and 4 PCW (Cs 8 -13) in humans.
(Detrait et al., 2005; Douet et al., 2014; Stiles and Jernigan, 2010; Volpe, 2000). Neurulation
begins with the formation of the neural plate or neuroepithelium at 18 post conception days (PCD)
(Cs 8), which contains neural progenitor cells from the ectoderm at the dorsal surface of the
embryo (Detrait et al., 2005; Greene and Copp, 2009; Stiles and Jernigan, 2010). The neural plate
folds to form the neural tube by fusion of the neural folds at 23 PCD (Cs 10.5), and by 28 PCD
(Cs13) the neural tube closes completely (Detrait et al., 2005). The neural tube will give rise to
the brain (rostral region of the neural tube) and the spinal cord (caudal region) (Detrait et al.,
2005; Greene and Copp, 2009; O'Rahilly and Müller, 2007; Sadler, 2005). Neurulation is a highly
complex and coordinated developmental process that can be altered by genetic and environmental
factors, causing neural tube closure defects such as anencephaly and spina bifida cystica (Detrait
et al., 2005; Greene and Copp, 2009; Sadler, 2005).
At the end of neurulation, neural progenitor cells are arranged as a single layer along the centre
of the neural tube in a region called the ventricular zone (VZ) (Stiles and Jernigan, 2010). These
neural progenitor cells are stem cells, which will eventually form all neural cells in the CNS
(Silbereis et al., 2016). Neural progenitor cells undergo symmetrical division until 42 PCD (6
PCW), when asymmetrical division starts, during which a neural progenitor and a neuron are
formed in a process called neurogenesis. Shortly after, the newly born neurons migrate from the
VZ towards different areas of the brain, including the developing neocortex where they begin to
differentiate (Stiles and Jernigan, 2010). An additional proliferative zone, the subventricular zone
(SVZ) emerges above the VZ during the 7th PCW (Silbereis et al., 2016).
Neural stem cells (NSCs) and neural progenitors (NPs) are present at various developmental
stages (Figure 1.2) and have the capacity to undergo symmetrical division to self-renew or
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asymmetrical division to produce NSCs a NPs with a more restricted potential which will give
rise to neurons and glia. Both NSCs and NPs are referred to as neural precursor cells (Adams and
Morshead, 2018; Kriegstein and Alvarez-Buylla, 2009). NSCs in the VZ undergo division to give
rise to another type of stem cells called radial glial cells (RG), which have long processes that can
function as guides for neuronal migration (Alvarez-Buylla et al., 2001; Theocharidis et al., 2014).
Additionally, RG go through asymmetric divisions to generate RG and neurons or intermediate
progenitor cells (IPC) which migrate into the SVZ and produce neurons (Figure 1.3) (Hansen et
al., 2010). Because of this, RG can also be considered NSCs (Kriegstein and Alvarez-Buylla,
2009; Silbereis et al., 2016; Theocharidis et al., 2014). A basic summary of neurulation and the
origin of NSCs is shown in Figure 1.2.
The foetal period lasts from the 9th PCW to the end of gestation, during which the most significant
morphological changes occur. This period is characterised mainly by proliferation, migration and
differentiation of neurons. Cortical neurogenesis begins during the embryonic period (6 PCW)
and continues until 108 DPC (15 PCW) (Lui et al., 2011; Stiles and Jernigan, 2010). At 11 PCW,
the SVZ specialises into two distinct niches, the inner and the outer SVZ (ISVZ and OSVZ
respectively) (Dehay et al., 2015; Hansen et al., 2010; Lui et al., 2011; Pollen et al., 2015). The
different layers of the cortex are shown in Figure 1.3. Most of the RG in the brain is located in
the OSVZ (Dehay et al., 2015; Pollen et al., 2015). During corticogenesis, the OSVZ expands and
produces the bulk of cortical neurons. The majority of neurons in the brain are generated in the
foetal period, although it is believed that human neurogenesis could continue throughout life in
specific proliferative zones (Eriksson et al., 1998; Kempermann et al., 2018; Silbereis et al., 2016;
Stiles and Jernigan, 2010).
After neurogenesis, oligodendrogenesis takes place and continues after birth. Migration of
oligodendrocytes continues around three years postnatally. Myelination starts before birth, but it
is mainly established postnatally and continues into adolescence and even adulthood (Silbereis et
al., 2016; Yeung et al., 2014). The first astrocytes to be generated, derive from RG cells at 12
PCW in the frontoparietal cortex (deAzevedo et al., 2003). Astrocytes continue to proliferate three
years after birth (Silbereis et al., 2016). The formation of synapses in the brain starts at 18 PCW
in the neocortical plate, which is the rudimentary beginnings of cortical layers two to six. Synaptic
density peaks between three and 15 postnatal months with some regions continuing into
adolescence (Huttenlocher and Dabholkar, 1997; Silbereis et al., 2016). Afterwards,
reorganisation and elimination of synapsis (pruning) occur in the early postnatal brain and the
prefrontal cortex, well into adulthood (Silbereis et al., 2016). A timeline of the prefrontal cortex
key developmental events is shown in Figure 1.4.
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NPCs

Figure 1.2 Human central nervous system development and origin of neural progenitor
cells. During early stages of development, ESCs can be isolated from the inner cell mass of the
blastocyst or the gastrula. As the neural plate forms, NPCs or NSCs responsive to FGF2 (or
bFGF) can be isolated from the neuroepitheluim. NPCs can be isolated from the early and late
neural tube as well as from the adult brain. NPCs can be cultured in monolayers or as
neurospheres. Radial glial cells can be isolated from the late neural tube and function as NSCs.
ESCs, embryonic stem cells; NPCs, neural progenitor cells; NSCs, neural stem cells; CNS,
central nervous system; FGF2, fibroblast growth factor 2; bFGF, basic fibroblast growth factor.
Adapted from Baizabal et al. (2003).
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Figure 1.3 Human cortical neurogenesis. Radial glia are neural stem cells that differentiate into
neurons, radial glia, and intermediate progenitors, which migrate into the SVZ and produce
neurons. Radial glial have long processes which serve as guide for neurons to migrate towards
the cortical plate. CP, cortical plate; IZ, intermediate zone; OSVZ, outer subventricular zone;
ISVZ, inner subventricular zone; VZ, ventricular zone. Adapted from (Kelava and Lancaster,
2016).
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Figure 1.4 Timeline of the human developing prefrontal cortex. At the top, the anatomy of
the prenatal and adult brain development is illustrated. The middle panel illustrates the timeline
of human brain developmental ages. The bottom panel shows an approximation of the main
developmental cellular processes of the prefrontal cortex. Light brown bars indicate periods of
intense cellular process, while dotted lines indicate when the process is less intense. Arrows mean
that a process takes place from that point onwards. References for each process are indicated on
the right. a) Gould et al. (1990) and Malik et al. (2013). b) Bystron et al. (2006), Meyer (2007)
and Workman et al. (2013). c) Choi and Lapham (1978), deAzevedo et al. (2003) and Kang et al.
(2011). d) Kang et al. (2011) and Yeung et al. (2014). e) Huttenlocher (1979), Kwan et al. (2012),
Molliver et al. (1973) and Petanjek et al. (2011). f) Miller et al. (2012) and Yakovlev (1967). g)
Huttenlocher (1979) and (Petanjek et al., 2011). h) Kostovic and Rakic (1990). i) Kostović and
Judaš (2006) and Kwan et al. (2012). j) Aldama (1930) and Brodmann (1909). TCA,
talamocortical axons; CP, cortical plate; pcd post conception days; pcw, post conception weeks;
y, years. Adapted from Silbereis et al. (2016).
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The extracellular matrix

The study of the ECM in the foetal and embryonic brain is an essential element to understand
how the environment affects NSCs to give rise to mature neurons and glia and ultimately, how
the ECM affects neural development. The ECM is a highly organised scaffold, occupying the
intercellular space in the CNS, which provides structural support and regulates cell behaviour. In
the developing brain, the ECM can influence differentiation, migration, proliferation and tissue
homeostasis (Barros et al., 2011; Novak and Kaye, 2000; Oohashi et al., 2015). The ECM function
and composition varies depending on the developmental stage and brain region (Bandtlow and
Zimmermann, 2000). However, most of the key ECM components are conserved amongst
mammals (Ruoslahti, 1996).
In the adult and developing mammalian brain, contrary to other tissues, fibrous proteins like
collagens or fibronectin constitute a minor portion of the ECM, whereas, glucosaminoglycans
(GAGs) and proteoglycans (PGs) abound (Bandtlow and Zimmermann, 2000; Novak and Kaye,
2000; Oohashi et al., 2015; Ruoslahti, 1996; Zimmermann and Dours-Zimmermann, 2008).
GAGs are long unbranched repeating disaccharide units, which are covalently bound to a core
protein to form PGs (Rowlands et al., 2015; Schwartz and Domowicz, 2018). Several families of
PGs exist depending on the composition of their GAGs. The most common in the CNS are the
chondroitin sulphate PGs (CSPGs) and heparin/heparan sulphate PGs (HSPGs) (Novak and Kaye,
2000; Rowlands et al., 2015), both of which can be found as secreted proteins in the ECM or
attached to the cell membrane (Benarroch, 2015). Additionally, hyaluronan (HA), which is the
most prominent GAG and the only one not linked to a core protein, is widely distributed in the
brain ECM (Novak and Kaye, 2000; Oohashi et al., 2015; Preston and Sherman, 2012). HA binds
to cell surface molecules and can promote activation of signalling pathways and thus regulate
NSC proliferation and differentiation (Benarroch, 2015; Wade et al., 2014). Lecticans, a family
of CSPGs, represent the most abundant family of PGs in the brain and mainly bind to HA. Four
highly homologous lecticans have been identified in mammals, aggrecan, versican, brevican and
neurocan (Novak and Kaye, 2000; Ruoslahti, 1996; Yamaguchi, 2000; Zimmermann and DoursZimmermann, 2008).
Additional components of the ECM are link proteins and tenascins, which constitute essential
binding molecules for HA, PGs and cell surface ligands (Zimmermann and Dours-Zimmermann,
2008). Even though fibrous proteins are not abundant in the brain, collagens and adhesive
glycoproteins such as fibronectin and laminins can be found mainly in the basal lamina
surrounding cerebral blood vessels (Lau et al., 2013). The ECM interacts with cells by binding to
cell surface receptors, such as integrins, neuronal cell adhesion molecules (N-CAM), and HA
receptors (Novak and Kaye, 2000). Additionally, glypicans and syndecans are membrane-bound
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HSPGs, which act as co-receptors and bind to ECM molecules (Bandtlow and Zimmermann,
2000).
The ECM forms specific condensed microdomains termed perineuronal nets (PNNs). They form
a net-like structure around neuron bodies and proximal dendrites (Benarroch, 2015; Wang and
Fawcett, 2012). They start to form during late development when synaptic maturation and
myelination take place and continue to be expressed in the adult brain. They are found mainly in
the hippocampus, cerebral cortex, cerebellum and thalamus (Song and Dityatev, 2018). PNNs are
composed mainly of HA, CSPGs, aggrecan, tenascin-R and link proteins. In the adult brain, PNNs
have a central role in synaptic plasticity as they inhibit axonal growth and promote synaptic
efficacy. Additionally, they are also implicated in neuroprotection and modulation of
neurotransmission (Benarroch, 2015; Wang and Fawcett, 2012).
Throughout mammalian CNS development, the ECM undergoes extensive spatiotemporal
remodelling (Gundelfinger et al., 2010). The embryonic ECM supports generation, maturation,
and differentiation of neuronal and glial cells while the adult ECM inhibits regeneration and
axonal growth (Gundelfinger et al., 2010). The juvenile ECM, during late embryonic and early
postnatal phases, is composed mainly of HA, neurocan, versican (V0 and V1) and tenascin-C. In
the adult ECM, these components are downregulated while others like brevican, versican V2,
aggrecan, phosphacan and tenascin-R are upregulated (Gundelfinger et al., 2010; Milev et al.,
1998; Zimmermann and Dours-Zimmermann, 2008).
1.3.2

The neural niche

The specialised microenvironment that supports NSCs and NPs is called the neurogenic niche and
helps maintain NSCs proliferation, migration and differentiation (Bjornsson et al., 2015; Jones
and Wagers, 2008; Murphy et al., 2017). During development, the neurogenic niche is located in
the embryonic forebrain VZ and SVZ. The ECM in the niche is composed primarily by HA,
CSPGs, HSPGs, tenascins, collagen IV, laminin, perlecan, and integrins (Benarroch, 2015;
Bjornsson et al., 2015; Dityatev et al., 2010; Faissner and Reinhard, 2015; Solozobova et al.,
2012; Theocharidis et al., 2014). Apart from structural proteins, the niche is composed of
biomechanical signals, cell-cell interactions and soluble factors that determine NSC proliferation,
migration and differentiation (Bjornsson et al., 2015; Jones and Wagers, 2008; Murphy et al.,
2017; Solozobova et al., 2012). The main soluble factors at play are the mitogens basic fibroblast
growth factor (bFGF or FGF2) and epidermal growth factor (EGF). During early embryonic
development, bFGF regulates NSC self-renewal and proliferation. Additionally, bFGF is
necessary for NSC long-term survival and regulates differentiation of the neuronal lineage. Later
during development, NSCs begin to be regulated by both EGF and bFGF (Figure 1.2) (Garcion
et al., 2004; Reimers et al., 2001; Svendsen et al., 1999).
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In the adult brain, NSCs niches remain in the SVZ and the subgranular zone (SGZ) of the
hippocampal dentate gyrus. Ependymal and endothelial cells are found in the SVZ, where the
latter release growth factors to promote NSCs proliferation. In the SVZ, a subpopulation of
astrocytes called type B cells act as neural precursors. In the SGZ, NSCs proliferate to form
granule neurons which continue to be produced during adult life. The main ECM proteins found
in the adult niche, are tenascins, laminins and PGs (Cope and Gould, 2019; Taupin, 2006;
Theocharidis et al., 2014; Yu et al., 2014).
Laminins are known to be a substrate for adult and embryonic NSCs in vitro (Faissner and
Reinhard, 2015; Hall et al., 2008a; Sun et al., 2008). Laminins play a crucial role in development
by mediating NSC adhesion, migration and guidance of axonal elongation (Benarroch, 2015).
Laminins are trimeric proteins formed by three subunits, an alpha (5 types), beta (4 types) and
gamma (3 types). Combinations of these subunits and their different types, make up 15 different
laminin chains (Long and Huttner, 2019). Laminins can mainly be found in the embryonic SVZ
(in the basement membrane) and the basal lamina. Laminins interact with NSCs primarily via
integrins and dystroglycan, a glycoprotein which forms part of the basal membrane (Faissner and
Reinhard, 2015). Integrin receptors are the most prominent family of ECM receptors and thus
have an essential role in NSC maintenance and neurogenesis. They regulate cell adhesion and
modulate how NSCs respond to growth factors (Campos, 2005; Faissner and Reinhard, 2015;
Wade et al., 2014). Laminins have a role in cortical development as their receptors, integrins, are
expressed in the developing human neocortex (Long and Huttner, 2019; Nirwane and Yao, 2019).
Additionally, in the adult brain, laminins are found in ECM structures named fractones located in
the SVZ. Fractones are specialised ECM structures which bind to growth factors and regulate
neurogenesis (Faissner and Reinhard, 2015; Mercier, 2016).
Tenascin-C is expressed in the neural niche early in development and is downregulated in the
adult CNS. Tenascin-C binds to PGs neurocan and aggrecan and growth factors, thus it can
mediate NSCs behaviour by activating important regulatory pathways, such as the mitogenactivated protein kinase (MAPK) or the EGF receptor-dependent pathways (Faissner and
Reinhard, 2015; Faissner et al., 2017; Garcion et al., 2004). PGs play a critical role in the NSC
niche; they bind to growth factors, matrix ligands and N-CAM amongst other molecules
(Bandtlow and Zimmermann, 2000). HSPGs bind to bFGF, platelet-derived growth factor
(PDGF) and signalling molecules of the WNT families, thus regulating proliferation and
differentiation of neural progenitors (Schwartz and Domowicz, 2018; Theocharidis et al., 2014).
Additionally, HSPGs modulate axon growth and guidance and formation and maintenance of
synapses (Faissner and Reinhard, 2015; Rowlands et al., 2015). CSPGs such as phosphacan,
neurocan and versican modulate migration of neural progenitor cells in the subventricular zone
of the neocortex (Benarroch, 2015). If CS-GAGs are removed from NSCs, cells show reduced
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proliferation and differentiate preferably towards astrocytes instead of neurons, illustrating how
CSPGs are involved in signalling processes (Faissner and Reinhard, 2015).

1.4 How to understand human neural development
1.4.1

Neurological disorders

One billion people worldwide suffer from neurological disorders (Benam et al., 2015), and one
in nine die from them (Bergen and Silberberg, 2002). From those neurological disorders, stroke
or cerebrovascular disease are the leading cause of mortality. Stroke is the second leading cause
of death worldwide, after heart disease, with 6.5 million deaths in 2013, and an incidence of 10.3
million new cases of strokes in 2013 (Feigin et al., 2017). Other prevalent neural impairments are
caused by brain, nerve or spinal trauma (Bergen and Silberberg, 2002). Traumatic brain injury
(TBI) alone has an incidence of 939 cases per 100,000 people worldwide, and an estimated 69
million people are affected by TBI each year (Dewan et al., 2018).
Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, amyotrophic lateral sclerosis
(ALS), dementia amongst others, are expected to rise as life expectancy increases (Bergen and
Silberberg, 2002; Silberberg et al., 2015). The prevalence of dementia is estimated to be 44.3
million people worldwide (Langa, 2015). Alzheimer's disease has an incidence of 7.8 million
cases and 697,000 of people have been affected by Parkinson's disease, both in 2016 (Vos et al.,
2017). Many of these disorders stem from damaged and loss of neural cells. Therefore, efforts in
developing stem cell therapies aim to replace the affected cells and provide neuroprotection
(Lindvall and Kokaia, 2006).
1.4.2

Neurodevelopmental disorders

Neural development is a complex process with specific spatio-temporal cellular and molecular
events. This process can be altered at any point by genetic and environmental factors which can
give rise to neurodevelopmental disorders (Tager-Flusberg, 1999). The most common disorders
are autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD) (Clegg
et al., 2013). ASD had an incidence of 450,000 cases in 2016 and 2.8 million cases of ADHD in
2016 (Vos et al., 2017). A broad group of disorders can be classified as neurodevelopmental, they
range from genetic syndromes to congenital neural defects, and neuropsychiatric disorders.
Overall, their aetiology is multifactorial, and they can arise as early as the embryonic period
(Tager-Flusberg, 1999; Thapar et al., 2017). Research indicates that altered neurogenesis during
development can lead to psychiatric and neurodevelopmental disorders such as bipolar disorder,
ADHD, schizophrenia, and ASD, amongst others (Bale et al., 2010; Ernst, 2016; Fan and Pang,
2017).
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Altered expression of ECM proteins and ECM receptors has been reported in various
neurodevelopmental disorders. The ECM plays a central role in malformations of cortical
development (MCD). It has been shown that glypican-1 and perlecan mutants can cause
microcephaly (Girós et al., 2007; Jen et al., 2009). The overexpression of ECM genes such as
laminins, collagens and CSPGs was found in gangliogliomas, a developmental tumour (Aronica
et al., 2008). Similarly, overexpression of laminins, tenascin-C, integrins and collagens was
observed in tuberous sclerosis complex (TSC) brain lesions (Boer et al., 2010). This dysregulation
of ECM proteins and their receptors in TSC can influence the developmental specification of the
cortical layers (Milošević et al., 2014).
Despite the prevalence and abundance of neurological and neurodevelopmental disorders, few
effective therapies exist (Zhu et al., 2015b; Zhuang et al., 2018). Ample progress has been made
in studying stroke, spinal cord injuries, traumatic brain injuries and neurodegenerative disorders
(Knowlton et al., 2016). However, there is much to understand about the molecular and cellular
mechanisms of neural development and behaviour. The study of human foetal/embryonic brain
development mainly comes from imaging studies using MRI (Douet et al., 2014; Prayer et al.,
2006), histological and immunohistochemical methods using large collections of human tissue
(Kostović and Judaš, 2010), transcriptomic analysis (Miller et al., 2014) and organoids (Lancaster
et al., 2013). The use of novel technologies can help elucidate CNS development in health and
disease. Understanding how neurogenesis, differentiation, migration and synaptogenesis take
place, in addition to understanding the behaviour of NSCs and how their microenvironment
influences them can enable the development of innovative neural therapies (Kirwan and Livesey,
2015).
1.4.3

Neural tissue engineering and regenerative medicine

TE and RM are two highly interconnected fields, and because of this, they are often used
interchangeably. They are multidisciplinary fields that use a combination of medicine, mechanical
engineering, genetics, life sciences, biotechnology, and materials science to repair, regenerate,
maintain, enhance or model normal function of tissues and organs (Katari et al., 2015;
Khademhosseini and Langer, 2016; Sethuraman et al., 2016). However, a distinction can be made
between the two, with RM being broader and encompassing a part of TE, although not all of it
(Katari et al., 2015). Whereas RM relies more on cells and cellular regeneration (although not
exclusively) to develop therapies, TE aims to grow human tissues in vitro and does not necessarily
involve cellular regeneration (Hopkins et al., 2015; Katari et al., 2015; Mason and Dunnill, 2008).
More specifically, neural TE is an integration of neuroscience, stem cells and engineering
technologies, aiming to maintain, repair, restore or improve normal neural function, as well as
building tissue-like structures for modelling neural function in heath and disease (Knowlton et
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al., 2016; Zhu et al., 2015b). Recent advances in neural TE have been focused on engineering 3D
models that can mimic the CNS, peripheral nerve engineering, developing in vitro systems for
disease modelling, and high throughput screening for potential therapeutic agents (Knowlton et
al., 2016). The main elements to consider when fabricating neural scaffolds are cells, biomaterials
and chemical or biomechanical cues. Additionally, fabrication techniques also play a central role
and can provide innovative solutions (Sensharma et al., 2017).
1.4.4

Cells for modelling neural tissue in vitro

A vast array of animal and human cells have been used in neural TE, ranging from Schwann cells,
olfactory ensheathing cells, and stem cells including non-neural stem cells such as mesenchymal
stem cells and adipose derived stem cells (Bhangra et al., 2016; Sensharma et al., 2017). Primary
cultures of neurons or glia are limited in the number of cells that can be isolated. Stem cells
provide a better alternative for TE studies of the CNS. Mouse and human non-neural stem cells
have been transdifferentiated towards the neuronal lineage with various degrees of success (Luo
et al., 2018) and their transdifferentiation mechanisms can be inconsistent with neural
development (Croft and Przyborski, 2006).
Human induced pluripotent stem cells (hiPSCs) are produced when adult somatic cells are
reprogrammed into pluripotency. hiPSCs behave like hESCs, proliferating indefinitely and giving
rise to any cell type in the body (Takahashi et al., 2007). Both hESCs and hiPSCs have been
intensively studied and used in the field of TE and RM as they can provide an endless source of
cells, and they hold great promise for repair and regeneration. hESCs, hiPSCs or direct
reprogramming of post-mitotic cells have all been used to generate neural progenitors/stem cells
and post-mitotic CNS cells to develop in vitro model systems.
hNSCs provide an alternative to produce neurons and glial cells in a relatively simpler manner.
hNSCs can be derived from embryonic, foetal or adult CNS tissue and expanded in vitro in the
form of aggregates named neurospheres or monolayer cultures (Figure 1.2) (Caldwell et al., 2001;
Uchida et al., 2000). hNSCs can be grown in vitro for extended periods without losing their
differentiation and proliferation capacity, as long as they are provided with bFGF and EGF (Conti
and Cattaneo, 2010; Svendsen et al., 1999). Adult NSCs have a more restrictive regenerative
capacity compared to embryonic or foetal (Hopkins et al., 2015).
During development, NSCs can show RG characteristics (Conti and Cattaneo, 2010). They
express Nestin and SOX2, both neural precursor markers, and can have a weak expression of
GFAP, GLAST and BLBP which is also expressed by RG and astrocytes (deAzevedo et al., 2003;
Götz et al., 2015; Sun et al., 2008). Cell surface marker CD133 (prominin) has been identified in
foetal hNSCs (Uchida et al., 2000). However, subpopulations of hNSCs can also be CD133
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negative (Sun et al., 2008). Other markers known to be expressed by NSCs include, SOX3,
OLIG2, vimentin, PAX6, EMX2, and DLX among others (Conti and Cattaneo, 2010; Glaser et
al., 2007; Sun et al., 2008). NSCs in vitro can be heterogeneous populations and there is a lack of
specific NSC markers because their differentiated progeny can also express some of the same
NSC markers (Adams and Morshead, 2018; Edri et al., 2015).
Neurospheres are clonal colonies (Reynolds and Weiss, 1992), which can be dissociated and replated to form new colonies for over 10 passages. Rodent neurospheres have been widely used to
study NSCs due to their simplicity of handling, although human neurospheres are more difficult
to handle. However, this assay has limitations; they are composed of different cell types which
are exposed to different levels of nutrients depending on their spatial organisation. While
heterogeneity is also observed in organoids and during development, it is a disadvantage in
neurospheres because it does not provide full control over the assay and results can be difficult to
compare between studies (Jensen and Parmar, 2006). Additionally, it has been observed that cells
in the centre of neurospheres tend to differentiate (Conti and Cattaneo, 2010). hNSCs in 2D
monolayers are usually cultured over poly-l-lysine, laminin or fibronectin to promote adherence.
Typically, monolayers can be passaged for longer periods than neurospheres. Some reports have
shown that hNSC monolayers can remain multipotent over 100 generations (Sun et al., 2008).
Adherent NSC cultures can also show a degree of heterogeneity, although they show less
spontaneous differentiation and less cell death than neurospheres. Monolayers also have higher
neurogenic potential than neurospheres and in general are more homogenous (Adams and
Morshead, 2018; Conti and Cattaneo, 2010).
By utilising hNSCs in vitro, the stages of reprogramming can be avoided, the formation of neural
rosettes or complex transfections can be bypassed, and the risk of tumour formation can be
eliminated (Kaneko et al., 2011). hNSCs characteristics make them invaluable for the
development of 3D ECM model systems to elucidate the complex cell-matrix interactions which
give rise to tissue development, function and regeneration.
1.4.5

Developing neural 3D models

Animal models have long provided valuable information. However, they cannot fully recapitulate
the human neural conditions and hold many limitations (Hopkins et al., 2015; Kirwan and
Livesey, 2015; Zhuang et al., 2018). The differences between animals and humans biological
mechanisms are probably the cause of why many therapies studied in animals fail to reproduce
the same results in human clinical trials (Benam et al., 2015; Kirwan and Livesey, 2015). Cells
cultured in 2D monolayer configuration have widely been used in the biological field partly due
to their low cost, simplicity and robustness (Hopkins et al., 2015; Zhuang et al., 2018). They have
been fundamental for the study of human cellular and molecular physiology. They have been
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particularly useful for the study of neuronal network formation, neuronal migration, axonal
growth, synaptic activity and overall neural cell physiology (Hopkins et al., 2015). Additionally,
culturing cells in a controlled environment ensures reproducible and consistent data (Antoni et
al., 2015). However, 2D cultures do not encompass the physiological conditions of the 3D
environment found in the human body. In 2D cultures, cells adhere to artificial plastic or glass
surfaces, and their interactions are limited to their monolayer configuration (Antoni et al., 2015).
In 3D culture systems, cell grow in a 3D matrix that mimics their natural environment. These
conditions can better recapitulate the complex cell-cell and cell-ECM interactions of the in vivo
physiology (Hopkins et al., 2015; Zhuang et al., 2018).
There are several strategies to construct 3D neural models. The top down approaches engineer
scaffolds onto which cells are seeded to mimic a native neural tissue (Elbert, 2011; Guillotin and
Guillemot, 2011; Nichol and Khademhosseini, 2009). In these approaches, cells are seeded onto
natural (Tang-Schomer et al., 2014) or synthetic scaffolds (Ranga et al., 2016), hence subjected
to some constraints in their organisation (Figure 1.5 C). They can be used to study early
development and for modelling neural diseases (Ranga et al., 2016). However, synthetic matrices
often need chemical modifications, are prone to cell toxicity, and some are not biodegradable.
Moreover, in both natural and synthetic scaffolds, heterogeneous cell migration and distribution
of seeded cells is common (Caliari and Burdick, 2016; Gelinsky, 2017). Other top down
approaches include all the lithography methods (photolithography, soft lithography and dip-pen
lithography) which use predetermined moulds to produce hydrogels or scaffolds. Their drawback
is that if some aspect of the architecture needs to be changed, a new mould needs to be produced,
making it expensive and time-consuming (Poncelet et al., 2012).
Bottom up approaches, utilise the self-assembly ability of cells or utilise the directed assembly of
scaffolds through several different methods (Elbert, 2011; Guillotin and Guillemot, 2011; Nichol
and Khademhosseini, 2009). Formation of 3D structures by self-assembly of cells can be
produced without scaffolds as in the case of neurospheres or neural spheroids (Figure 1.5 A)
(Campos, 2004; Choi et al., 2013; Garcez et al., 2016; Zhuang et al., 2018), or with Matrigel as
in the case of organoids (Figure 1.5 B) (Eiraku et al., 2011; Lancaster et al., 2013). These methods
present advantages due to their self-organisation and high cell density simulating in vivo tissues
(Zhuang et al., 2018). Contrary to neurospheres, which are mainly formed by NSCs or neural
progenitors, neural spheroids are cellular aggregates formed by diverse neural cell types, and
present a higher degree of organisation (Dingle et al., 2015). Neural spheroids are formed in nonadherent conditions or by the hanging drop method, and have been mainly used for the formation
of neural networks and to study neurological disorders (Zhuang et al., 2018). Cerebral organoids
are also 3D neural cell aggregates which are more dependent on a matrix to self-assemble
compared to neural spheroids, which produce their own matrix (Dingle et al., 2015; Fennema et
al., 2013). Cerebral organoids also have a higher degree of organisation than spheroids, and have
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been shown to recapitulate the human hindbrain, midbrain, forebrain, retinal, cortical plate and
even OSVZ similar organisation during development (Kadoshima et al., 2013; Kelava and
Lancaster, 2016; Lancaster et al., 2013; Qian et al., 2016). However, these self-organising
strategies also present disadvantages due to their high variability and long culture time (weeks to
months). They present insufficient oxygen and nutrient circulation, their organisation and cellmatrix interactions cannot be controlled, thus making them hard to replicate (Fatehullah et al.,
2016; Hopkins et al., 2015; Lancaster et al., 2013). Microfluidics, another bottom up approach,
is the manipulation of fluids within a cell culture system at the micro-scale (Nie and Takeuchi,
2018; Zhuang et al., 2018). It is based on the construction of patterned channels or reservoirs
(Figure 1.5 D). Microfluidic systems have been used for micropatterning neurite outgrowth and
mimicking cortical layering (Kunze et al., 2011), to develop, together with matrices, 3D neural
networks (Bang et al., 2016), and for disease modelling (Park et al., 2014; Zhuang et al., 2018).
Other strategies aim at modulating cell differentiation and patterning in suitable
microenvironments by direct manipulation of the architecture and morphology of the scaffolds
and thus increasing the reproducibility of 3D models. These approaches can provide several
advantages, as it will result in the generation of more reproducible cultures and will allow for
better-controlled studies (Yin et al., 2016). Non-contact jet-based approaches can be top-down or
bottom up approaches depending on their use. They are additive technologies that utilise
electronics, microfluidic networks and needles to process biosuspensions to precisely place them
into specific 3D architectures (Figure 1.5 E) (Poncelet et al., 2012; Xu et al., 2005). Approaches
under this classification include cell electrospinning (CE), bio-electrospray (BES) (both discussed
in section 1.4.7.1), ink-jet printing, laser guided cell writing, aerodynamically assisted bio-jetting,
and bioprinting (Jayasinghe, 2011; Poncelet et al., 2012).
Bioprinting is based on the controlled deposition of cells and biomaterials (bio-inks) and can be
classified into droplet-based, extrusion-based and laser-assisted bioprinting (Arslan-Yildiz et al.,
2016; Murphy and Atala, 2014; Zhu et al., 2016; Zhuang et al., 2018). Bioprinting can be a top
down approach by just printing scaffolds onto which cells can be seeded, or a bottom up approach
when biomaterials and cells are printed together (Figure 1.5 E). Many different materials and cells
have been investigated to develop neural models. Some studies have focused on printing animal
NSCs (Hsieh et al., 2015; Lee et al., 2010; Lozano et al., 2015; Thomas and Willerth, 2017).
Although, an immortalised commercial hNSC line was bioprinted and differentiated with
alginate, carboxymethyl-chitosan and agarose. hNSCs differentiated into neurons and formed
synaptic contacts (Gu et al., 2016). Additionally, a human glioma cell line was bioprinted with
natural and synthetic polymers. The cells remained viable after bioprinting and bioink curing
(Haring et al., 2019).
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Overall, neural 3D systems functionality is to model neurological diseases and damage, to develop
therapies, as surgical implants, for high throughput assays, for drug discovery and to study human
CNS development (Figure 1.5 F) (Murphy et al., 2017; Zhuang et al., 2018).
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Figure 1.5 Engineering 3D neural tissue models. A) Neural spheroids are generated from
different neural cell types, secrete their own matrix, and present a higher organisation than
neurospheres. B) Cerebral organoids are dependent on a matrix to self-assemble, have a higher
degree of organisation than spheroids and can recapitulate the neural organisation from early
development. Both neural spheroids and cerebral organoids have a heterogeneous composition
which is difficult to replicate and compare. C) Cells are seeded into scaffolds made from natural
or synthetic materials which mimic the native matrix. D) Microfluidic systems are based on
patterned structures and microchannels which allow the manipulation of fluids. E) Bioprinting is
an additive manufacturing technology based on the layer by layer deposition of biomaterials and
cells. F) 3D neural tissue models have many applications. Adapted from Zhuang et al. (2018).
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Biomaterials for developing in vitro neural models

Cells first come in contact with a surface is by means of adherence proteins, and other membrane
receptors. Understanding the interactions between cells and ECM is vital to understand how to
mimic those interactions with biomaterials. The properties of a biomaterial will determine cell
behaviour. Biomaterials are used in TE to provide support for cells, to promote cell adhesion,
proliferation, and differentiation by providing mechanical, biological or chemical cues (Chen and
Liu, 2016). The term “biomaterial” can have many definitions (Williams, 2019). For this study,
it is appropriate to define biomaterials as biological or synthetic substances that are engineered to
interact with biological systems and can be used for therapeutic, diagnostic, or modelling purposes
(Sensharma et al., 2017; Williams, 2009, 2019).
There are many parameters a biomaterial needs to fulfil in order to build neural systems in vitro.
Biocompatibility is the first and most important property to consider. The surface is the first
interaction cells have with biomaterials. In this regard, cell adhesion is the first cellular behaviour
to be affected by its surroundings and will affect other cell functions (Jiao and Cui, 2007; Roach
et al., 2007). A biomaterial must support cell adhesion, migration and functionality. Moreover, it
must not generate an immune response in the case of implantable biomaterials (O'brien, 2011;
Sensharma et al., 2017). Other properties to take into consideration for implantable biomaterials
include biodegradability and conductivity (Zhu et al., 2015b).
1.4.6.1 Surface properties
A single biomaterial may not have all the properties necessary for a specific application.
Modifications or a combination of materials are often used to achieve the desired results (Chen
and Liu, 2016). Surface properties are essential to take into consideration when designing or
choosing a biomaterial (Chu, 2013; Jiao and Cui, 2007). Surface modifications can be performed
to improve biocompatibility and ideal cell function. These modifications are routinely done in 2D
cell culture when glass or plastic surfaces are coated with ECM proteins such as laminin or
fibronectin to enhance cell adherence (Sensharma et al., 2017). Similarly, other biomolecules such
as proteins, polysaccharides, proteoglycans, can be attached to a biomaterial’s surface. Other
surface modifications focus on controlling topographic or morphological features such as porosity
or roughness. Moreover, chemical modifications, such as the incorporation of functional groups,
can be applied to fine-tune properties such as charge, hydrophobicity or hydrophilicity, surface
tension, and corrosion. There is a wide variety of surface modification methods, ranging from
self-assembled films, surface chemical reaction, plasma based, surface coating, entrapment to
name a few (Jiao and Cui, 2007; Roach et al., 2007). Overall, modifications can be performed to
support a specific function or to eliminate detrimental effects.
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1.4.6.2 Structural properties
Structural properties are also essential for functional biomaterials. A biomaterial should have
sufficient mechanical strength to simulate a native tissue or to withstand the physical strain of a
specific function throughout time. Compression, shear and tensile strength are mechanical
properties to be assessed to mimic the ECM (Sensharma et al., 2017). Additionally, a scaffold’s
porosity and pore size should be sufficient for cell penetration and nutrient waste product
diffusion (O'brien, 2011; Sensharma et al., 2017). Ideally, the structural properties should provide
environmental cues for the cells to produce their own ECM, thus enabling a better integration
between cells and biomaterial (Sensharma et al., 2017).
1.4.6.3 Naturally-derived biomaterials
There are many classifications of biomaterials. In general, they can be subdivided as naturallyderived and synthetic materials. ECM-based materials could be classified as naturally-derived or
can be a division of its own (Chen and Liu, 2016). All of them have advantages and disadvantages,
and the choice of use will depend on the types of cells and the desired functionality. Naturallyderived materials can more easily emulate the native macromolecules and structures of a tissue
and thus promote biological recognition (Chen and Liu, 2016). However, they often display low
mechanical strength and variability due to their animal or human origin. Examples of the most
used naturally-derived materials for engineering neural tissue are collagen, gelatine, HA,
chitosan, elastin and alginate. Electrospinning has been used to produce scaffolds of a number of
these materials, and often an additional natural or synthetic polymer is used to improve the
scaffold’s properties. Collagen, alginate and HA have been widely used with NSCs because they
support their growth and differentiation (Sensharma et al., 2017).
1.4.6.4 Extracellular matrix-based materials
ECM-based materials are derived from decellularisation and can be used in several different ways.
Decellularisation can be carried out to preserve the architecture of the tissue of origin for the
subsequent recellularisation of cells, as in the case of whole organ decellularisation for
transplantation purposes. However, preservation of the 3D structure is not essential. Hydrated
sheets can be grouped and dried to produce a multilaminate scaffold. Alternatively, hydrated
sheets can be lyophilised and used individually. ECM can be lyophilised and comminuted into a
powder and used as an injectable scaffold or for topical delivery. Additionally, powdered ECM
can be enzymatically digested to obtain a solubilised form which can be used as a biomaterial for
3D printing to form hydrogels for cell seeding or directly as a cell culture substrate (Figure 1.6)
(Badylak et al., 2009; Choudhury et al., 2018).
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1.4.6.5 Synthetic biomaterials
Synthetic polymers have some advantages over natural polymers in that they can be easily tailored
to modify their properties (architecture, chemistry, mechanical strength, and other properties) and
they can be better characterised (Badylak et al., 2009). Synthetic materials lack biologically active
domains; hence, most do not elicit an immune response (Chen and Liu, 2016). Synthetic materials
such as poly-L-lactic acid (PLLA), poly-D, L-lactic-co-glycolic acid (PLGA), polyhydroxy
butyrate (PHB), and conductive polymers poly-3,4-ethylenedioxythiphene (PEDOT) and
polyaniline (PANI) have been used with NSCs. Moreover, carbon nanotubes (CNTs), another
type of conductive polymer, and PEDOT have been used with hNSCs (Sensharma et al., 2017).
All these studies have tested different cell behaviour, and they all found to support or enhance
NSCs cellular function. A number of these synthetic polymers have been subjected to
electrospinning to form fibrous scaffolds, many have been nanostructured or had their surface
modified (Sensharma et al., 2017).
1.4.6.6 Hydrogels
Hydrogels are crosslinked polymer 3D matrices with high water content (≥30% v/w content)
(Saldin et al., 2017; Tibbitt and Anseth, 2009). Hydrogels can be composed of synthetic such as
PEG-based (Ranga et al., 2016), galactose-based low molecular weight hydrogels (Chalard et al.,
2018) amongst others. Hydrogels can also composed from naturally derived materials such as
hyaluronic acid, collagen, alginate and many more (Sensharma et al., 2017). ECM hydrogels can
be derived from the decellularisation of an organ or tissue or individual, purified ECM protein.
These hydrogels can be cross-linked or used in combination with other natural or synthetic
materials to modify their properties. Collagen and HA are the most common types of hydrogels
used for neural TE (Pettikiriarachchi et al., 2010). After decellularisation, solubilisation of ECM
is performed to obtain monomeric proteins commonly using pepsin. Solubilisation is followed by
the neutralisation of the acidic pepsin conditions and the modulation of temperature to re-establish
the intramolecular bonds between proteins and form a gel (Figure 1.6) (Saldin et al., 2017).
ECM-derived scaffolds have been reported to benefit neural cells functional activity by
modulating angiogenesis, proliferation, migration and differentiation (Badylak et al., 2009).
ECM hydrogels derived from porcine urinary bladder matrix (UBM) have been used to investigate
traumatic brain injury (TBI). The hydrogel was biocompatible with rat brain tissue, and upon
injection after TBI, a decreased lesion volume was observed (Zhang et al., 2013). UBM hydrogels
have also been studied in stroke models (Ghuman et al., 2016; Ghuman et al., 2018; Massensini
et al., 2015). Gels implanted inside the stroke cavity stimulated neural regeneration to some extent
(Ghuman et al., 2018). These in vivo studies illustrate how neural TE ECM based strategies can
help to develop new therapies for damaged CNS.
51

Chapter 1

Introduction

When compared to Matrigel, ECM hydrogels have been shown to promote similar or better cell
response (Hussey et al., 2018; Saldin et al., 2017). Matrigel is a commonly used ECM material
derived from Englebreth-Holm-Swarm mice tumours. It is a mixture of basement membrane
proteins including laminin, collagen IV and enactin as well as several growth factors. It is
commonly used in stem cell cultures as a 3D scaffold, although it can also be used as a substrate
in 2D cultures (Hughes et al., 2010). However, the complex composition of this commercial
matrix is not fully determined, and there is batch-to-batch variability. Additionally, Matrigel is
xenogeneic, making it not suitable for use in human studies. These disadvantages hinder full
control in the optimisation of experiments as well as being detrimental for translational work
(Fang and Eglen, 2017; Pettikiriarachchi et al., 2010).

Decellularised
tissue/organ

Cell culture
substrate

Decellularised
whole organ

Biomaterial
for 3D
printing

Figure 1.6 Functionality of extracellular matrix-based materials. Decellularisation of tissues
or organs can yield an ECM-based material which can be used in various ways. ECM,
extracellular matrix; 3D, three-dimensional. Adapted from Badylak et al. (2009), Uygun et al.
(2010) and Choudhury et al. (2018).
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Tissue engineering technologies and analytical tools

1.4.7.1 Electrospray for cell handling
Electrospray is a versatile ionisation technique which has been used since 1984 for mass
spectrometry (Whitehouse et al., 1985). It uses strong electrostatic fields to produce ions from a
substrate. A solution is pumped out of a charged needle which charges the surface of the solution.
An electric field is created between the charged needle and a ground electrode. When the solution
exits the needle, a cone is formed, and a jet originates from its apex. This jet is subjected to
electrostatic forces which break up the jet into a spray with charged primary droplets and many
secondary or satellite droplets. This cone-jet mode (also known as a Taylor cone) enables the
creation of a stable aerosol with monodispersed (uniform sized-droplets) micro and nano-sized
droplets (Cloupeau and Prunet-Foch, 1994; Fenn et al., 1989; Hartman et al., 2000; Taylor, 1964).
Many factors affect the stability and monodispersion of the spray. These factors include liquid
properties such as viscosity, electric conductivity, surface tension and other rheological
properties. Additionally, spraying features such as flow rate, charge, applied voltage, the distance
between needle and ground electrode also affect the formation of the stable cone-jet mode
(Cloupeau and Prunet-Foch, 1994; Tang and Gomez, 1996). As voltage increases and the ideal
conditions for the stable cone-jet mode change, many instabilities influence the jet to break up.
Threads and droplets of irregular size are produced, and the jet adopts a whipping motion (Tang
and Gomez, 1996). Other irregular forms include the multijet where two or more jets appear and
the pulsed cone-jet mode when a permanent jet is not obtained. However, only the stable cone-jet
mode can form the micro and nano-size monodispersed droplets (Cloupeau and Prunet-Foch,
1994; Tang and Gomez, 1996). When no charge is applied to the needle, the solution exits drop
by drop. In this mode, the drops created have a diameter greater than the needle (Cloupeau and
Prunet-Foch, 1994) (Figure 1.7).
Electrospray has been used in a wide range of applications in the biomedical field. Most notably,
it is extensively used to generate ions of macromolecules, such as proteins in MS (Wilm and
Mann, 1994). In electrospinning, high viscous liquids form fibres instead of droplets (Cloupeau
and Prunet-Foch, 1994). This technique is similar to electrospraying and has been widely used to
create solid or hollow nanofibers from natural or synthetic polymers (Doshi and Reneker, 1995;
Li and Xia, 2004). The fibres produced are long and uniform in diameter, producing a high length
to diameter ratio. The small diameter of the fibres produces a high surface area to volume ration
(Li and Xia, 2004). Biomedical applications of electrospinning range from, drug release, wound
dressing materials, artificial blood vessels, non-woven fabric, scaffolds for TE, amongst others
(Agarwal et al., 2008; Doshi and Reneker, 1995). Electrospun nanofibers are of great interest as
nerve guidance conduits for peripheral nerve injuries repair (Xie et al., 2010). Additionally,
aligned nanofibres have been shown to direct neurite outgrowth (Pettikiriarachchi et al., 2010).
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Figure 1.7 Formation of the electrospray. A) When no charge is applied, the solution exits the
needle drop by drop. B) When voltage is applied the exiting solution starts to cone and becomes
charged. C) With increasing voltage, electrostatic forces accelerate the charged solution and the
stable cone-jet mode is formed. D) Increasing the voltage, higher than the stable cone-jet mode
parameters, creates instabilities that breakup the spray into a multijet. Adapted from Si et al.
(2013).

Cell electrospinning (CE) and bio-electrospray (BES) are sister technologies derived from
electrospinning and electrosprays, respectively. Using electrified jets, CE and BES have
investigated the direct handling of cells or whole organisms (Jayasinghe and TownsendNicholson, 2006b; Townsend-Nicholson and Jayasinghe, 2006). When cells or organisms
suspended in medium (biosuspension) are bio-electrosprayed, the stable cone-jet mode is much
more difficult to achieve. Viscosity and electrical conductivity are the essential liquid properties
to consider in BES. Ideally, the biosuspension should have high viscosity and low electrical
conductivity. However, cell culture media with suspended cells are challenging conditions for the
production of a stable spray. Nevertheless, by using a coaxial arrangement with an inner needle
carrying media and cells, and an outer needle carrying polydimethylsiloxane (PDMS), the stable
cone jet-mode was achieved (Jayasinghe and Townsend-Nicholson, 2006a, b). The stable spray
was obtained due to the high viscosity and low electrical conductivity of PDMS. Additionally,
the biosuspension had a high density of 107/ml cells, and a near mono-distribution of droplets was
obtained. The single needle and coaxial arrangements in BES and the coaxial arrangement in CE
are illustrated in Figure 1.8.
BES offers several advantages over other 3D fabricating technologies such as bioprinting. BES
can produce micro to nano-sized droplets (<50 nm) without the need to use nano-sized needles.
This advantage allows BES needles (~500 µm bore diameter) to process heterogeneous cell types
with large densities and high viscosity avoiding cell damage by shear stress (Abeyewickreme et
al., 2009; Jayasinghe, 2011; Poncelet et al., 2012). Additionally, BES can produce single-cell
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droplets and, when coupled with a microfluidic device, the droplet size can be controlled (Hong
et al., 2010). In contrast, most bioprinting technologies are limited by their nozzle diameter which
produces shear stress, clogging and micrometre-range resolutions (Ozbolat et al., 2017). In
comparison to hydrogels and other top down approaches, BES aims to produce cell-embedded
scaffolds for a suitable microintegration of cells. Moreover, in comparison to organoids, BES is
a low cost alternative to produce 3D scaffolds because it reduces culture and processing time
(Jayasinghe, 2017). By controlling different BES parameters, more control over a scaffold’s
architecture can be achieved, translating into more versatility and greater reproducibility of 3D
models.
Many studies have investigated molecular changes in bio-electrosprayed cells, without
identifying significant detrimental effects (Abeyewickreme et al., 2009; Mongkoldhumrongkul et
al., 2009a; Mongkoldhumrongkul et al., 2009b; Ye et al., 2015). By combining microfluidics with
BES, the number of cells within each droplet was able to be controlled (Hong et al., 2010).
Sprayed cells have been transplanted into mouse models and remained viable after transplantation
(Bartolovic et al., 2010; Jayasinghe et al., 2011). Whole organisms, animal cells, human cells,
primary, immortalised and stem cells including embryonic, have been investigated with
favourable results (Abeyewickreme et al., 2009; Braghirolli et al., 2013; Braghirolli et al., 2015;
Geach et al., 2009; Jayasinghe and Townsend-Nicholson, 2006b; Patel et al., 2008; Tezera et al.,
2017; Ward et al., 2010; Ye et al., 2015). Few studies have sprayed neuronal cells such as
immortalised human astrocytoma cells (Eddaoudi et al., 2010; Jayasinghe and TownsendNicholson, 2006b) and immortalised mouse cath.a-differentiated (CAD) neuronal line (Eagles et
al., 2006). However, some studies have investigated human primary stem cells, such as
mesenchymal stem cells (Braghirolli et al., 2013; Braghirolli et al., 2015; Mongkoldhumrongkul
et al., 2009b) and adipose derived stem cells (Xin et al., 2016; Ye et al., 2015). These studies,
illustrate BES’s potential for TE and clinical applications, targeted drug delivery and cell
therapies, drug development, and development of 3D culture systems (Poncelet et al., 2012).
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Figure 1.8 Bio-electrospray and cell electrospinning set-ups. A) BES set-up with a single
needle and B) with two needles in a coaxial configuration. Both BES set-ups can produce micro
to nano-size droplets. C) CE in a double needle coaxial configuration which can produce micro
to nano-size fibres. BES, bio-electrospray; CE, cell electrospinning. Adapted from Ward et al.
(2010).
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1.4.7.2 Nanotechnology and nanodiamonds
In native tissues, cells interact with their micro and nanostructured environment; hence,
nanomaterials that can emulate the ECM can influence cell behaviour. Nanotechnology versatility
stems from its potential of manipulating materials at the nanoscale. Nanomaterials are materials
with components in the range of 1 to 100 nm. Materials this size have an increased surface area
to volume ratio and an increased surface roughness compared to micro size components. These
characteristics can yield enhanced mechanical, electrical and other physicochemical properties.
Nanomaterials include nanoparticles, nanoclusters, nanofibers, nanotubes and other structures
made from carbon-based materials, self-assembling materials, polymeric and ceramic
nanomaterials (Zhang and Webster, 2009; Zhang et al., 2015).
Carbon nanomaterials include carbon nanotubes (CNT), nanocrystalline and ultrananocrystalline
diamond, carbon nanofibers, graphene and diamond-based materials (Shenderova et al., 2002;
Zhang and Webster, 2009; Zhang et al., 2015). Nanotechnology in neural TE utilises
nanomaterials and nanofabricating technologies to improve neural cell function (Zhu et al.,
2015b). Carbon-based nanomaterials have been of particular interest and widely studied in
neuroscience because of their properties, which include electrical conductivity, mechanical
strength, and tuneable surfaces (Zhu et al., 2015b).
Nanodiamonds (NDs) are carbon nanostructures with unique properties: they are inert, have low
toxicity and have a low cost of fabrication (Chipaux et al., 2018; Krueger, 2008; Mochalin et al.,
2012). ND particles consist mainly of tetrahedral sp3 carbon configuration in their core. This
means, their inertness is due to the σ bonds (the strongest covalent bond) formed by the four
electrons of the carbon atom (Kaur and Badea, 2013). However, ND’s surface is composed of sp3
and sp2 carbon, which helps stabilise the particle. Compared to other carbon-based materials, the
ND’s surface is rich in functional groups such as carboxyl, hydroxyl, anhydride, and other groups
(Figure 1.9 A) (Chipaux et al., 2018; Krueger, 2008; Turcheniuk and Mochalin, 2017).
To obtain reproducible results and to further functionalise NDs, their surface must have a
homogeneous covering of functional groups or molecules (Krueger and Lang, 2012). Surface
chemistry and charge will influence how proteins interact with NDs (Aramesh et al., 2015).
Hydrogen termination of NDs (H-NDs) —the introduction of hydrogen to the surface (Figure 1.9
B) — has been studied more than other functional groups terminations, mainly because H-NDs
can easily be modified with covalent and non-covalent bonds and because they are widely
commercially available (Chipaux et al., 2018; Krueger and Lang, 2012; Mochalin et al., 2012).
H-NDs have a strong positive surface charge, hydrophobic properties, and a negative electron
affinity, which can confer them spontaneous reactivity (Arnault and Girard, 2017; Turcheniuk
and Mochalin, 2017). Functionalising NDs with hydrogen has the benefit of removing non57
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diamond carbon species, that saturates all bonds with hydrogen resulting in a homogeneous
surface useful to produce other efficient chemical reactions (Arnault and Girard, 2017).
On the other hand, oxygen terminated NDs (O-NDs) results in a more heterogeneous surface as
multiple oxygen rich groups, such as carboxyl groups (-COOH), alcohols (C-OH), or carbonyl
groups (C=O) are introduced (Figure 1.9 C) (Arnault and Girard, 2017). A variety of oxygen
containing groups confer hydrophilicity and also help in the formation of other chemical
reactions. O-NDs have a negative surface charge and are more prone to protein adsorption as their
oxygen groups can form polar interactions with proteins, such as hydrogen bonds (Aramesh et
al., 2015; Krueger, 2008). ND properties can also be modified by attaching other functional
groups, proteins or polymers (Chipaux et al., 2018; Krueger, 2008; Turcheniuk and Mochalin,
2017). Proteins bind by non-covalent bonds, and a vast array of chemical reactions can produce
complex chemical conjugates through covalent bonds (Krueger, 2008).
Besides tunable surface chemistry, NDs present properties that make them suitable for biomedical
applications. For instance, they are biocompatible because of their low toxicity; they are
chemically resistant; they have high hardness values, thermal conductivity, a high reflective
index; they have photoluminescent properties, large carrier capacity, and the ability to be doped
with elements (Krueger, 2008; Shenderova and McGuire, 2015). These unique combination of
properties can partly be explained due to their high atomic density and strong covalent bonds
(Shenderova and McGuire, 2015). These properties make NDs very versatile and suitable for a
number of applications, such as, drug delivery, biomarkers, bioimaging, gene delivery,
antimicrobial agents, bone TE, immobilisation of antibodies for sensor applications, coating of
biochips, surgical implants, fluorescence labels, and radiotherapy (Chipaux et al., 2018; Krueger,
2008; Turcheniuk and Mochalin, 2017).
NDs were first synthesised in the 1960s, but it was not until the 1990’s that interest for their use
in the biomedical field grew (Mochalin et al., 2012). There is a wide array of NDs synthesis
methods such as gas phase nucleation at ambient pressure, laser ablation, detonation and highenergy ball milling of high-pressure high-temperature, to name a few (Mochalin et al., 2012;
Shenderova et al., 2002). One of the most used methods for commercialisation is the detonation
technique. It consists of using explosives which function as both the source of carbon and energy.
The process is carried out inside a closed chamber filled with either an inert gas or a coolant. The
soot resulting after detonation consists of NDs and other impurities which are removed. NDs
primary particles are 4-5 nm, but they tend to form aggregates (Osawa, 2008) (Figure 1.10 A).
Aggregates behave differently than primary ND particles, therefore, to take full advantage of NDs
properties, deaggregation or deagglomeration is crucial (Osawa et al., 2012). There are several
deaggregation techniques with advantages and disadvantages. One method to obtain primary
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particles consists of wet-milling with zirconia microbeads. During this process, core agglutinates
in the range of 100-200 nm can deaggregate into primary ND particles in the form of colloidal
solutions, gels or flakes. Bigger secondary aggregates (2-3 µm) or agglomerates (30-50 µm) can
form after wet-milling and can be separated by sonication (Osawa, 2008). Secondary aggregates
and agglomerates are kept together by van der Waals forces. It is believed that core agglutinates
are kept together by covalent bonds or hydrogen bonds resulting from the multiple functional
groups in their surface. Hence, core agglutinates are more difficult to separate, and it is why
sonication alone does not separate them (Osawa, 2008; Turcheniuk and Mochalin, 2017). The
wet-milling process results in graphite impurities forming on the ND’s surface that need to be
removed as well (Figure 1.10 B). Detonation synthesis and wet-milling with zirconia microbeads
provide ease of production, low cost, ease of handling and stability of colloidal solutions (Osawa,
2008; Turcheniuk and Mochalin, 2017).
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Figure 1.9 Chemical surface of nanodiamonds and common modifications. A) Example of
the many functional groups on ND’s surface. B) Hydrogen terminated NDs with hydrogen
attached to their surface. C) Oxygen terminated NDs with oxygen rich groups attached to their
surface. NDs, nanodiamonds. Adapted from Krueger (2008) and (Krueger and Lang, 2012).
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Figure 1.10 Synthesis of detonation nanodiamond. A) Explosives are a source of carbon and
energy to form NDs. Explosives detonate inside a closed chamber with coolant. The soot that is
produced contains ND particles (~5 nm) and other impurities. NDs form aggregates (~ 1-10 µm).
B) Impurities from the detonation process are removed, and the core agglutinates (aggregates)
are deaggregated by zirconia microbead milling. This process results in graphitic impurities on
the NDs surface, which are removed. NDs, nanodiamonds. Adapted from Krueger (2008) and
Osawa (2008).
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1.4.7.3 Decellularisation
As discussed before, the ECM has an essential role in neural cell behaviour and overall
maintenance and normal function. To mimic the native brain environment in vitro, it is paramount
to use native-like biomaterials, such as ECM-derived. Decellularisation is a TE technique that
consists on removing the cellular components from tissues or organs to isolate the ECM while
trying to maintain its biological and structural properties (Badylak et al., 2011; Gilbert et al.,
2006). It has been shown that adhesion proteins, growth factors and the native microarchitecture
can be preserved after decellularisation (Badylak et al., 2009). ECM-derived biomaterials can
more accurately recapitulate the complex environment of a native human tissue and thus can be
used to produce more physiologically relevant cell culture systems.
Scaffolds composed of ECM components have been extensively used in both animal and human
studies. A significant focus of these studies is the decellularisation of whole organs. These 3D
scaffolds can then be recellularised with a patient’s cells to be used for transplantation. This
approach could offer the advantage of by-passing an adverse immune response. However,
immune responses will depend on the effectiveness of decellularisation, the tissue source and
method of decellularisation. Transplanted ECM scaffolds have the potential to repair damaged
tissue by inducing proliferation or differentiation of endogenous stem cells (Keane et al., 2015).
ECM scaffolds are also widely used for in vitro modelling of tissues as they can more accurately
mimic the 3D in vivo environment. ECM has been derived from a wide variety of tissues such as
heart, skin, skeletal muscle, liver, cartilage, small intestinal submucosa (SIS) and urinary bladder,
to name a few (Badylak et al., 2009). From these tissues, the last two (urinary bladder and SIS)
are the most characterised. Numerous approaches have been developed to obtain a variety of
decellularised scaffolds. Detergent perfusion via the blood vessels has been proven to
decellularise whole organs while maintaining tissue architecture (Ott et al., 2008). Other studies
combine, detergent, enzymatic digestion, chemical and biological agents, and physical treatments
to lyse and remove cells (Badylak et al., 2011; Gilbert et al., 2006; Keane et al., 2015; Rieder et
al., 2004). A general overview of different decellularisation techniques that have been used alone
or in combination is shown in Figure 1.11.
After decellularisation, the ECM needs to be dehydrated and sterilised. Lyophilisation is the most
used dehydration method. It can allow growth factors to be preserved, although ultrastructural
changes may occur. Sterilisation methods include peracetic acid incubation, gamma irradiation,
electron beam irradiation, ethylene oxide exposure, and supercritical carbon dioxide. Every
decellularisation technique and ECM processing step will alter and damage in some form or
another the native ECM (Crapo et al., 2011). These alterations will influence how cells or a host
tissue respond to the ECM. Another challenging issue is effective removal of cells in addition to
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the removal of chemical or enzymatic solutions used that may affect the survival and normal
behaviour of the cells to be seeded in the decellularised tissue. The decellularisation protocol of
choice will thus depend on tissue type, future application, and the type of alteration one is willing
to tolerate, according to specific objectives. For example, if the ECM will be used for in vitro
studies, then complete preservation of the architecture might not be as imperative as for
transplantation purposes. Ultimately complete decellularisation is challenging and requires
extensive refinement of protocols for each tissue.

Figure 1.11 Commonly used decellularisation techniques. A combination of physical,
enzymatic and chemical agents are commonly used to decellularise tissues and organs. CHAPS,
3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate; EDTA, ethylene diamine
tetraacetic acid; EGTA, ethylene glycol tetraacetic acid. Taken from Badylak et al. (2011).
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1.4.7.4 Mass spectrometry-based proteomics
To take full advantage of ECM-derived biomaterials, technologies that are able to analyse its
composition, are of vital importance. Mass spectrometry (MS) was first used over 100 years ago
in 1913 (Maher et al., 2015). Since then, it has been developed and used as an analytical technique
to identify unknown molecules qualitatively and quantitatively. MS is based on the ionisation of
molecules resulting in positive or negative ions. These ions are separated based on their mass to
charge ratio (m/z) in a mass analyser which functions in a vacuum and uses magnetic, electric
fields or both to separate the ions. Finally, the ions arrive at the detector and signals are converted
into a mass spectrum. A mass spectrum displays the relative abundance or intensity of the signal
as a function of m/z (Ho et al., 2003; Maher et al., 2015).
There are many mass analysers and ionisation methods. However, the electrospray ionisation
(ESI) (Fenn et al., 1989) and matrix-assisted laser desorption ionisation (MALDI) (Tanaka et al.,
1988) developed in the 1980s, significantly advanced the life sciences field by successfully and
effectively ionising proteins and other large biomolecules (Domon and Aebersold, 2006; Maher
et al., 2015). These breakthroughs, coupled with the development of chromatographic and
electrophoretic purification and separation methods, have enabled MS to expand significantly in
the field of protein analysis.
The proteome is defined as all the proteins present in a cell, a tissue or even an entire organism.
The proteome is a very complex system, as its composition varies depending on cell type, and
proteins can have different post-translational modifications (PTMs), alternative splicing, and
polymorphisms (Domon and Aebersold, 2006). Proteomics aim is to analyse and identify the
proteome by using a variety of methods. MS has become the most comprehensive and most used
proteomic strategy, due to its high sensitivity, versatility, reliability and its capacity to perform
large scale analysis efficiently measuring hundreds or thousands of proteins (Aebersold and
Mann, 2016; Bantscheff et al., 2012; Domon and Aebersold, 2006; Maher et al., 2015). The high
protein number, diversity and PTM’s, make proteome analysis very complex and difficult to
characterise. However, different methods for analysing the human proteome are being developed
using sophisticated technologies. Protein extracts are fractionated into subcellular components to
decrease the proteome’s complexity (Cox and Emili, 2006). Samples can additionally be
separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). After
proteins are extracted from the gel, there are two main approaches to MS-based proteomics
analysis, the bottom up and the top down approach.
The bottom up approach is based on the digestion of proteins into peptides by using enzymes.
Trypsin is widely used for digestion because it has high specificity, its readily available and is
well characterised; however, other enzymes such as chymotrypsin, LysC, LysN can also be used
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(Giansanti et al., 2016). The peptides are separated by liquid chromatography (LC) and ionised
by ESI or MALDI. The ions go into the mass spectrometer where they are separated based on
their m/z ration (MS1) and then they are fragmented in a secondary stage (MS/MS, MS2 or tandem
MS) and then separated once again. By comparing the fragmentation patterns formed with
databases, peptides and their parent proteins can be identified and quantified (Aebersold and
Mann, 2016; Chait, 2006). Proteomic studies usually follow this bottom up approach to identify
proteins from complex samples and to analyse their PTMs (Maher et al., 2015). A general
overview of the bottom up approach is shown in Figure 1.12.
In the top down approach, intact proteins are analysed without any enzymatic digestion. However,
separation of complex mixtures of intact proteins is challenging and new strategies are
continuously being developed (Kachuk and Doucette, 2018; Toby et al., 2016). Whole proteins
are ionised producing protein ions (instead of peptide ions as in the bottom up approach) which
are then fragmented. This process provides a broader protein sequence coverage and is commonly
used to identify primary structures of proteins as well as PTMs (Catherman et al., 2014; Chait,
2006).
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Figure 1.12 Mass spectrometry-based bottom up proteomic analysis of the extracellular
matrix. A) ECM proteins can be extracted from human/animal tissues or cell culture either from
primary or cell lines. Samples can be processed as unpurified ECM (crude ECM), decellularised
ECM or subfractioned ECM. Alternatively, ECM proteins can be purified from tissues or cell
culture and processed as subfractioned ECM or as purified ECM proteins. B) Protein extracts are
separated by SDS-PAGE, followed by their extraction from the gel and tryptic digestion to obtain
peptides. C) Peptides are separated by HPLC and ionised by ESI. Charged ions enter the mass
spectrometer. D) In the first stage (MS) of tandem mass spectrometry, ions are separated based
on their m/z ratio. In the second stage (MS/MS), the ions are fragmented and separated again. MS
and MS/MS spectra are matched against databases to identify peptides and their parent proteins.
ECM, extracellular matrix; SDS-PAGE, sulfate–polyacrylamide gel electrophoresis; HPLC, high
pressure liquid chromatography; ESI, electrospray ionisation; MS, mass spectrometry; m/z, mass
to charge ratio. Adapted from Aebersold and Mann (2003) and Byron et al. (2013).
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1.4.7.5 Characterising the extracellular matrix using mass spectrometry-based
proteomics
As previously described, the ECM plays an essential role in modulating neural cells behaviour.
Characterisation of ECM proteins and their interactions are fundamental to understand how it
influences cells in health or disease. However, the ECM is challenging to study because of its
hydrophobic nature. Moreover, matrix proteins are difficult to separate from other cellular
fractions. To simplify the complex mixture of proteins, many protocols seek to enrich samples
for ECM molecules and separate ECM samples usually by SDS-PAGE or 2D-electrophoresis.
MS-based proteomic research has been performed on ECM rich tissues such as cartilage and bone.
However, due to the nature of the tissue and the high abundance of cross-linked proteins, these
tissues are difficult to solubilise. A combination of physical disruption, chemical fractionations
and enzymatic protocols have enabled the study of their ECM (Byron et al., 2013). Tissues with
low ECM composition need different extraction methods. Insoluble fractions are rich in ECM
proteins. This hydrophobicity has allowed to use detergent fractionations to extract ECM proteins
from murine colon and lung (Naba et al., 2012a). The composition of tumour ECM from tissues
such as human mammary carcinoma, human melanoma or human colon carcinoma have been
investigated (Naba et al., 2016). Analysis of the ECM can also be extracted from cells in culture;
it can provide a more accessible alternative to protein extraction from tissues. Cellular material is
separated by using hypotonic buffers or detergents to enrich for ECM proteins. Fibrotic cells,
glomerular endothelial cells, and podocytes have been investigated (Byron et al., 2013). An
additional alternative is to analyse purified ECM proteins. This approach is frequently used to
analyse molecular interactions between proteins (Byron et al., 2013).
Several proteomic studies have investigated NSCs function. NSCs derived from porcine foetal
brain have been investigated, and proteins regulated during neuronal and glial differentiation were
identified (Skalnikova et al., 2007). A human foetal midbrain stem cell line was used to
characterise the protein expression of neuronal and glial differentiation (Hoffrogge et al., 2006).
A study focusing on NSCs PTMs identified 5,105 membrane proteins from hESCs and their
derived NSCs (Melo-Braga et al., 2014). Proteomic global analysis was performed on the adult
mouse brain and its main regions and isolated cell types. It identified 12,934 proteins from specific
cell types and it identified new adhesion proteins involved in oligodendrocytes and neuron
interactions. (Sharma et al., 2015). Neurodevelopment protein expression was analysed by
comparing foetal brain sections to cortical neurons and neural progenitors derived from hiPSC
(Djuric et al., 2017). Neural development has also been investigated in rat hippocampal neurons
by analysing protein abundance in different developmental stages (Frese et al., 2017). These
studies highlight the variety of proteomic neural studies as well the usefulness of MS-based
proteomics for neurodevelopmental studies.
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Moreover, numerous MS-based studies have measured ECM or related proteins in Schizophrenia
(Föcking et al., 2011; Saia-Cereda et al., 2015; Schubert et al., 2015) and Alzheimer’s disease
(Andreev et al., 2012; Hondius et al., 2016; Végh et al., 2014). The ECM of brain tumours has
been investigated by MS (Virga et al., 2018). The ECM secreted by in vitro astrocytes was
analysed, and ECM proteins involved in neuronal development were identified (Moore et al.,
2009). Many studies have investigated the ECM in the adult brain in the form of PNNs (Dauth et
al., 2016). However, there is a scarcity of MS-based proteomic studies analysing the human
embryonic/foetal ECM.
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1.5 Aims of the project
Overall, there is a great demand to develop 3D neural models. Ultimately, the techniques and
approaches will depend on the final application. Every method has limitations and advantages,
which enables their use for a variety of applications. Understanding how every element of a 3D
neural model (cells, microenvironment, biomaterials, and tools) interacts with each other is
essential to further our knowledge in the discipline of neural TE and RM.
The overall aim of this study was to investigate new approaches of developing in vitro neural
models to study CNS development and how hNSCs and their differentiated progeny respond to
their environment. The specific objectives of this study were:



To determine how the BES technique affects hNSCs viability and mutipotency
capacity. BES has great potential to produce cell-laden scaffolds, however, the
methodology could potentially be aggressive towards cells. Thus, it is essential to first
elucidate if hNSCs can withstand the process, and if BES affects their differentiation
capacity.



To establish how nanodiamond substrates affect hNSCs adhesion and
differentiation. NDs have been widely used for tissue engineering purposes partly due
to their surface functionalisation properties. Here, hNSCs grown and differentiated over
functionalised NDs were analysed.



To isolate porcine brain ECM and evaluate its effect on hNSCs. To develop neural
systems, the ECM can function as a scaffold for hNSCs attachment and growth. Hence,
decellularisation of porcine brain was performed to culture it with hNSCs.



To better understand the composition of human foetal brain ECM. Limited
information is available on human embryonic or foetal brain ECM. To further our
understanding of CNS development and how to model it in vitro, a proteomic study
comparing three stages of foetal human brain development was performed.
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All reagents were obtained from Sigma unless stated otherwise.

2.1 Primary human neural stem cell line derivation
All procedures using human tissue were carried out in accordance with the Human Tissue Act
2004, with informed consent under ethical approval (NRES Committee London – Fulham, UK).
Human brain embryonic or foetal tissue was collected by the Human Developmental Biology
Resource (HDBR, http://www.hdbr.org/). Human neural stem cells (hNSCs) Carnegie Stage
(Cs)17 and Cs23 were derived by other members of the laboratory following Vagaska et al.
(2016), and Taylor et al. (2019) which were based on (Sun et al., 2008), which mainly dissected
cortex. Human brain tissue Cs21 (49-52 day old embryos) and 10 post conception weeks (PCW)
was obtained to derive additional hNSCs lines. The meninges were removed, and either the
hindbrain (Cs21) or the whole brain (10PCW) were carefully dissected and incubated in Accutase
(Life Technologies) for 30 min at 37°C to obtain a single cell suspension. Specific brain regions
were dissected from brains that were more intact. Cells were seeded onto 0.5 mg/ml poly-l-lysine
(Sigma) and 0.01 mg/ml laminin-coated plates for one week with expansion medium changed
every two or three days. Cells were then detached and plated onto 0.1% (w/v) bovine gelatine
coated dishes, in which neurons fail to thrive, and neuronal death occurs. Under these conidtions,
hNSCs start to form non-adherent spherical clusters called neurospheres, which are isolated from
the media after seven days and plated onto poly-l-lysine/laminin coated dishes. After cells became
confluent, they were split 1:2 to 1:4 and maintained at 70% confluence for further expansion. The
protocol to obtain hNSCs from human embryo tissue is shown in Figure 2.1.
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Plate onto poly-llysine and laminin
coated plates

Plate onto poly-llysine and laminin
coated plates

Figure 2.1 Derivation of human neural stem cells. Human embryo image modified from
http://database.hudsen.eu/.
Human
brain
image
was
taken
from
https://cerebralcomponents.weebly.com/-forebrain-midbrain-and-hindbrain.html. HDBR, human
development biology resource; hNSCs, human neural stem cells.
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2.2 Cell culture
Human neural stem cells (hNSCs) were kept at 37°C in a humidified incubator with 5% CO2.
hNSCs were routinely passaged every two to three days at a ratio of 1:2 up to 1:4 in expansion
medium containing: Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 GlutaMAXTM
(DMEM/F12) supplemented with 1% (v/v) penicillin/streptomycin, 1% (v/v) 100x N2, 2% (v/v)
B27 (both Life Technologies), 20ng/ml fibroblast growth factor-2 (FGF-2), 20ng/ml epidermal
growth factor (EGF) (both Peprotech), 50µg/ml bovine serum albumin (BSA) fraction V, 5µg/ml
heparin and 10 µg/ml laminin. Cells used for differentiation protocols were seeded at a density of
~ 34,210 cells/cm2, had their medium changed every three to four days and cells up to 30 passages
were used for all experiments. All of the above are standard conditions for hNSCs unless stated
otherwise.

2.3 Differentiation protocols
2.3.1

Neuronal differentiation

hNSCs were plated onto poly-l-lysine/laminin coated wells in expansion medium and left for
three days to attach and reach confluency. For neuronal induction, they were treated for 10 days
with DMEM/F12 medium supplemented with 1% penicillin/streptomycin, 10 µM forskolin, 5
mM KCL, 2 mM valproic acid, 1 µM hydrocortisone, and 5 µg/ml insulin. After an initial
induction, cells were treated with Neurobasal®-A Medium supplemented with 1% L-glutamine,
1% penicillin/streptomycin and 2% B27 for a minimum of 20 days to allow maturation.

2.3.2

Astrocytic differentiation

Astrocytic differentiation was induced by plating hNSCs in DMEM/F12 medium supplemented
with 1% penicillin/streptomycin and 10% (v/v) foetal bovine serum (FBS) for at least two weeks.

2.3.3

Oligodendrocytic differentiation

hNSCs were plated onto poly-l-lysine/laminin coated wells in expansion medium and left for
three days to attach and reach confluency. Cells were then treated with DMEM/F12 medium
supplemented with 1% penicillin/streptomycin, 1% N2, 10 nM forskolin, 10 ng/ml FGF-2 and 10
ng/ml platelet-derived growth factor (PDGF-aa) (Peprotech) for 14 days. The medium was
changed to DMEM/F12 medium supplemented with 1% penicillin/streptomycin, 1% N2, 30
ng/ml tri-iodothyronine, 200 µM ascorbic acid and 10 ng/ml PDGF-aa. Cells were kept for seven
days before removing PDGF-aa to allow maturation.
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Growth factor removal protocol

Cells were plated onto poly-l-lysine/laminin coated wells in expansion medium and left for three
days to attach and reach confluency. Neuronal differentiation was induced by removing FGF-2
and EFG from the expansion medium. Cells were kept for up to 22 days. This protocol was used
to assess spontaneous differentiation of hNSCs.

2.4 Immunocytochemistry
hNSCs plated either on polystyrene tissue culture plates or glass coverslips were washed once
with warm phosphate buffered saline (PBS). Cells were fixed in 4% (w/v) paraformaldehyde
(PFA) solution in PBS pH 7.4 for 15 minutes at room temperature (RT). Cells were washed three
times with PBS for 5 minutes each. A blocking buffer solution composed of 10% (v/v) FBS, 3%
(w/v) BSA, and 0.2% (v/v) TritonX-100 in PBS was added for 1 hour at RT to permeabilize the
membranes. Primary antibodies were incubated overnight at 4°C and secondary antibodies at RT
for 1 hour. Hoechst 33258 (2 μg/ml) was added together with the secondary antibody to stain cell
nuclei. Samples were then washed three times with PBS for 5 minutes each time. Primary and
secondary antibody dilutions are specified in Table 2.1 and Table 2.2, respectively. Cells on
polystyrene were covered with glycerol-based antifadent reagent Citifluor and cells on coverslips
were mounted on slides using the same antifadent reagent.
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Table 2.1 Primary antibody source and dilutions
Name

Host

Company

NeuN

mouse

Millipore

NF200

rabbit

S100 β

rabbit

Cat.

Isotype

Clone

Dilution

MAB377

IgG1

A60

1/100

Sigma

N4142

polyclonal

1/100

DAKO

Z0311

polyclonal

1/100

Doublecortin rabbit

Invitrogen

48-1200

polyclonal

1/200

SOX2

rabbit

Millipore

AB5603

polyclonal

1/200

MAP2

mouse

GFAP

rabbit

Life
13-1500
Technologies
Millipore
AB1540/

Nestin

rabbit

Millipore

Vimentin

mouse

β III tubulin

Number

IgG1

M13

1/200

polyclonal

1/500

AB5804
ABD69

polyclonal

1/500

Dako

GA630/

IgG1

V9

1/500

mouse

Promega

M0725
G712A

IgG1

5G8

1/500

O4

mouse

R&D

MAB1326

IgM

A2B5

mouse

R&D

MAB1416

IgM

NG2

rabbit

Millipore

AB5320

polyclonal

1/100

TBR2

rabbit

Abcam

AB23345

polyclonal

1/500

PAX6

mouse

Hybridoma

PAX6-C

IgG1

1/100

1/100
105

1/100

1ea

Table 2.2 Secondary antibody source and dilutions
Conjugated

Specificity

Host

Anti-mouse
IgG

donkey

Alexa 488

Anti- rabbit

donkey

Alexa 568

Anti-rabbit

donkey

Alexa 594

IgG
Anti-mouse
IgM

goat

Alexa 594

Anti-rabbit

donkey

Alexa 488

fluorochrome
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Cat.
Number

Dilution

Molecular
Probes,
Invitrogen
Molecular
Probes,
Invitrogen
Molecular
Probes,
Invitrogen

A-21202

1/500

A-10042

1/500

A-21207

1/500

Molecular
Probes,
Invitrogen
Molecular
Probes,
Invitrogen

A-21044

1/500

A-21206

1/500
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2.5 Bio-electrospray configuration and cell preparation
Cells were harvested and resuspended in expansion medium without laminin at a density of
~1.3x106 cells per ml. Cells were divided into three separate experimental conditions, each one
in triplicates. Bio-electrospray (BES) cells were taken to the BES laboratory (located in a different
building) and were sprayed; travel control (TC) cells were taken to the BES laboratory but were
not sprayed, and the laboratory control (LC) cells did not travel to the BES laboratory and were
not sprayed. LC cells were kept at RT until the remaining samples (BES and TC) were sprayed
(~1.5 hours). The BES system is formed by a syringe pump (Harvard Apparatus), set to a flow
rate of 250 ml/h. A syringe holding the sample (cells in medium) is connected to a needle (1.5
mm outer diameter, 0.8-0.9 mm inner diameter), which is connected to a power source of 10 kV
(Figure 2.2). The procedure was carried out inside a class II biosafety cabinet to ensure sterility.
The cells were passed through the system and collected in a Falcon tube. Some cells were used
immediately after BES to assess cell survival, while other cells were plated.

Figure 2.2 Bio-electrospray configuration. Cells resuspended in media are loaded into a syringe
attached to a pump. The syringe is connected to a charged needle with a voltage source of 10 kV.
The procedure was carried out inside a class II biosafety cabinet to ensure sterility.
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2.6 Human neural stem cell viability
2.6.1

Propidium Iodide and Hoechst 33258 live staining

The live/dead staining was performed 24 hours after BES. Hoechst 33258 and propidium iodide
(PI) (Life Technologies) dissolved in PBS solution were added directly to the cell culture medium
at final concentrations of 2 μg/ml and 5 μg/ml respectively. Cells were incubated with the dyes
for 2 hours and then immediately examined with an inverted fluorescent microscope.

2.6.2
MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)
viability assay
Cell viability and proliferation was analysed by adding MTT solution (5 mg/ml) to the cell
expansion medium in an amount corresponding to 10% of the total volume added into each well.
After 2 hours of incubation, the medium was removed, and MTT was resuspended in DMSO.
Absorbance was measured at 595 nm with a spectrophotometer (Multiscan FC ThermoScientific).

2.6.3

Annexin V viability assay

After spraying, cells were adjusted to roughly 1x106 per sample and resuspended in 500 µl of
Allophycocyanin (APC) Annexin V (BD Pharmingen, 550474) conjugate and Annexin V binding
buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 5 mM MgCl2 and 1.8 mM CaCl2 adjusted
with NaOH to pH 7.4) at a ratio of 1:100. Samples were left at RT in the dark for 20 minutes,
before adding 50-100 µl of 50 µg/ml PI solution. Stained cells were kept on ice and analysed by
flow cytometry. As a positive control, hNSCs were incubated with 10 µm of thapsigargin for 24
hours before analysis to induce apoptosis.

2.6.4

Flow cytometry

A BD FACSCalibur flow cytometer was used to collect data for >30,000 events. Excitation for
PI was at 488 nm using an argon laser with its emission collected with a 650LP filter. Excitation
for APC was at 635 nm using a red-diode laser with its emission collected with a 670LP filter.
Samples were gated to exclude cell debris and data was analysed using Kaluza analysis software
(Beckman Coulter). Identification of cells was done according to Table 2.3.

Table 2.3 APC Annexin V and propidium iodide detection. Cell populations were identified
according to a combination of detection or lack thereof APC and PI.
PI high

APC low

Necrotic

PI high

APC high

Apoptosis

PI low

APC high

Early apoptosis

PI low

APC low

Viable cells
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2.7 Nanodiamonds
Professor Richard Jackman, who heads the London Centre for Nanotechnology (LCN) Diamond
Electronics Group provided the nanodiamonds (NDs); coating and analysis were performed by
Dr Alice Taylor. All ND preparation and analysis (surface coating, termination, surface
topography and neurite tracing) was performed as previously described (Taylor et al., 2019).

2.7.1

Surface coating and termination

Detonation nanodiamonds (DND) in solution, treated to reduce aggregation using a process of
wet milling with zirconia beads (Osawa, 2008) were purchased and used throughout this study
(Nano Amando Aqueous Colloid, New Metals & Chemicals Corporation, Japan).

2.7.1.1

Hydrogen termination

DND solution was dried for 30 minutes at 80°C. Samples were heated at 600°C for 5 hours in 25
Torr of hydrogen pressure. After cooling in hydrogen, samples were resuspended in deionised
(DI) water at a concentration of 0.05 g/l and dispersed with ultra-high power sonication (VCX500
Vibra-cell, Sonics and Materials, Inc).

2.7.1.2

Nanodiamond monolayer coating

An aqueous dilution of 0.05 g/l was used to coat Deckglaser 13 mm glass coverslips via sonication
for 10 minutes. A monolayer of H-NDs particles was formed on the coverslips by Van der Waals,
polar and electrostatic forces. Coverslips were degreased with acetone, isopropyl alcohol and DI
water in sonication bath for 5 minutes each.

2.7.1.3

Oxygen termination

H-NDs coverslips were subjected to ozone treatment in a vacuum chamber with a heating metal
plate and ozone generation system (Ozonia TOGC2–100201). Samples were placed in the heating
plate at 200°C, and ozone was pumped into the chamber at a 50 mbars pressure for one hour,
followed by cooling of the samples in ozone. Before cell seeding, all ND and glass control
coverslips were sterilised with 100% ethanol for 15 minutes and washed with PBS.

2.7.2

Surface topography

Dynamic light scattering of H-NDs resuspended in DI water was performed using a Zetasizer
Nano ZS (Malvern Panalytical). To determine the particle size distribution profile of NDs in
solution (0.05 g/l), measurements were taken from 1 nm to 1.5 µm using triplicates of 1 ml. Ultrahigh power sonication (VCX500 Vibra-cell, Sonics and Materials, Inc) was performed using the
cup horn accessory (100% amplitude, 3:2 duty cycle, water cooled, and <30 °C, 5 hours). Atomic
force microscopy (FM) scans were taken with the Veeco Dimension V (Veeco Instruments Inc.)
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system, equipped with aluminum-coated silicon AFM probes (resonant frequency 190 kHz).
Scans of 2 µm were taken of H-NDs monolayers. For noise removal, images were processed using
a median filter (3 × 3 kernel) and MATLAB 2016a (The MathWorks, Inc.,) software.

2.7.3

Neurite tracing analysis

Simple neurite tracer (SNT) plugin (Longair et al., 2011) from ImageJ (Schindelin et al., 2012)
was used to trace neurites from fluorescent images. ANOVA analysis of neurite length, dendrite
density, and the degree of neurite branching was carried out using MATLAB 2016a (The
MathWorks, Inc.,) software on ten images per condition taken at random.

2.8 Porcine brain decellularisation
2.8.1

Protocol A

Protocol A was based on DeQuach et al. (2011). Newborn deceased pigs were obtained from the
Royal Veterinary College. Brain tissue was dissected and frozen at -80°C for ≥24 hours and later
thawed on ice. A small part of the tissue was stored at -80°C for comparison with decellularised
brain, the rest of was placed in 0.1% (w/v) sodium dodecyl sulphate (SDS) in PBS with 1%
penicillin/streptomycin. The samples were kept at 4°C on a roller mixer, and every 24 hours SDS
was decanted and replaced. After four days, the tissue was analysed to determine the progress of
decellularisation. The protocol was carried out for a total of 11 days in 0.1% SDS plus one day in
1% SDS. Additionally, treatment with DNAse I (1u/µl) (Sigma) was carried out at RT for 3 hours
in a shaker after four and 11 days of decellularisation. All samples were stored at 4°C in PBS until
further analysis.

2.8.2

Protocol B

Protocol B was based on Crapo et al. (2012). Adult porcine brain was obtained from McKanna
Meats Ltd. Butcher. The brain was kept at 4°C until collected, and it was subsequently frozen for
16 hours or more at -80°C. After thawing on ice, pieces of 0.5- 1 cm were cut by hand. The pieces
were treated once a day for two or three days following the protocol described in Table 2.4 with
the exception of the first step (16 hours in water) which was done only once after the pieces were
cut. All samples were stored at 4°C in PBS until further analysis. All chemicals were obtained
from Sigma.
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Steps repeated for 2-3 days

Table 2.4 Decellularisation protocol B. Each step consists of washing the tissue with different
solutions for a specific time, temperature and revolutions per minute (RPM).
SOLUTION

TIME

TEMPERATURE

RPM

Water

≥16 hours

4°C

60

0.02% Trypsin/0.008% EDTA

1 hour

37°C

120

3% TritonX- 100

1 hour

RT

120

1 M sucrose

15 minutes

RT

120

Water

15 minutes

4% deoxycholate

1 hour

RT

120

2 hours

RT

120

15 minutes

RT

120

RT

120

RT

120

0.1% Peracetic acid in 4%
Ethanol
PBS
Water
PBS

15minutes
(x2)
15 minutes

120

2.9 Evaluation of decellularisation
2.9.1

Cryosectioning

Samples were fixed in 4% PFA at 4°C on a roller mixer for 1 hour. After three washes in PBS (10
minutes), 30% (w/v) sucrose in PBS was added and left for 2 hours at 4°C to cryoprotect the
samples. Samples were then embedded in optimal cutting temperature compound (OCT) and
stored at -80°C until further use. Sections, 10 µm thick, were cut in a cryostat (Leica) using
Superfrost Plus (Thermo Scientific) slides. Sections were stored at -20°C until further analysis.
Before staining, cryosections were washed with PBS for ~10 minutes to remove OCT.

2.9.2

Hoechst dye 33258 staining

Hoechst 33258 was dissolved in PBS and added to the cell culture medium at final concentrations
of 2 μg/ml. Cells were incubated for 2 hours and then immediately examined with an inverted
fluorescent microscope.

2.9.3

Alcian Blue staining for glycosaminoglycan detection

Glycosaminoglycans (GAGs) were detected by staining unfixed cryosections with alcian blue
solution containing: 3% (v/v) acetic acid and 1% (w/v) alcian Blue 8GX (Sigma) pH 2.5. Sections
were incubated in alcian Blue solution for 30 minutes at RT. Followed by a 2-minute rinse in tap
water and a 1-minute rinse in distilled water. Nuclear fast red (0.1%) solution was added for 5
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minutes, followed by a 1-minute rinse in tap water to counterstain nuclei. Sections were
dehydrated with 95% ethanol for 2 minutes and 100% ethanol for 2 minutes. Sections were
cleared with Histo-Clear histological clearing agent and mounted with DPX (Thermo Scientific),
a synthetic resin mounting media. Slides were left to dry and stored at RT.

2.9.4

Hematoxylin and Eosin staining (H&E)

Hematoxylin (Sigma) solution was filtered with Whatman filter paper No.1 to remove oxidised
particles. Afterwards, sections were stained with hematoxylin for 1 minute followed by five 1minute rinses of distilled water. Eosin solution (Thermo Scientific) was added for 2 minutes,
followed by five 1-minute rinses in distilled water. Sections were dehydrated, cleared and
mounted as described in the alcian blue staining protocol. Slides were stored at RT.

2.9.5

DNA quantification and base pair length analysis

DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen) as per manufacturer's
protocol. Briefly, the brain was cut into pieces as there was no need to homogenise or to grind the
samples in liquid nitrogen. Up to 25 mg of decellularised or native tissue were digested with
proteinase K for ~3 hours. Samples were loaded onto the DNeasy silica-based membrane
columns, where DNA binds in the presence of high concentrations of chaotropic salts, which
remove water from hydrated molecules. Columns were centrifuged, and contaminants were
washed away. Finally, DNA was eluted from the column and quantified using NanoDrop
spectrophotometer (Labtech International). DNA (200 ng/well in protocol A and 100 ng/well in
protocol B) was resolved by gel electrophoresis on 1.5% (w/v) agarose gels with TAE (Tris, acetic
acid, EDTA) buffer and 1x SYBR Safe dye. Bioline HyperLadder 100bp was used as a molecular
weight marker. Pictures of the gels were acquired using Bio-Rad Gel Doc XR system.

2.10

Porcine brain extracellular matrix processing

2.10.1

Protein desiccation and sonication

Porcine brain ECM was concentrated and dried using a SpeedVac SPD1010 vacuum concentrator
(Thermo Scientific) at 39°C for 1.5 hours for protocol A, and 1 hour for protocol B. Sonication
was performed for 30 minutes using 30 seconds on and off intervals in a Bioruptor water bath
sonicator (Diagenode).

2.10.2 Lyophilisation, mechanical milling and sterilisation
Porcine brain ECM was lyophilised at -40°C overnight or for five days to obtain a dry material.
Samples were milled to a powder (Thomas Wiley Mini-Mill) using a 40 mesh. Samples were
frozen at -20°C until further use. Samples were sterilised by passing through a 0.22 µm filter or
by gamma irradiation using a 137Cs irradiator with a total dose overnight of ~1’783 Gy.
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2.10.3 Pepsin digestion
Three pepsins with different activities were tested. All pepsins were used at a concentration of 1
mg/ml of HCl and ECM was digested at a concentration of 10 mg of ECM/ml of HCl/pepsin
solution. The conditions used for each pepsin are detailed in Table 2.5. After digestion, samples
were isotonically balanced with the addition of 10% of 10x PBS and neutralised with NaOH to a
pH of 7.4 using pH strips.

Table 2.5 Extracellular matrix pepsin digestion
Low activity pepsin

Medium activity pepsin

High activity pepsin

≥500 units/mg

≥2,500 units/mg

3,200-4,000 units/mg

Sigma 77160

Sigma P7012

Sigma P6887

0.01 N HCl mg/ml pepsin

0.1 N HCl mg/ml pepsin

0.1 N HCl mg/ml pepsin

48 hours at RT, followed by

72 hours in continuous

72 hours in continuous

48 hours at 37°C

shaking at RT

shaking at RT

2.10.4 Protein quantification
Quantification of proteins was performed using the Pierce bicinchoninic acid (BCA) (Protein
Assay Kit (Thermo Scientific) as per manufacturer’s protocol. Briefly, in a 96 well plate, 25 µl
of either ECM sample or standard solution (BSA diluted in pepsin/HCl neutralised with NaOH
and 10% of 10x PBS) were added to 200 µl per well of working reagent. The 96 well plate was
mixed in a shaker for 30 seconds, followed by a 30-minute incubation at 37°C. Absorbance was
measured at 569 nm with a spectrophotometer (Multiscan FC ThermoScientific), and protein
concentration was calculated.

2.10.5 Human neural stem cells culture with extracellular matrix
2.10.5.1 Extracellular matrix 1mm pieces
ECM pieces were cut by hand and sterilised with a 137Cs irradiator. A cell suspension of 50,000
hNSCs in 100 µl was added to the pieces and left at 37°C for 30 minutes before adding more
medium. After 24 hours or more, Hoechst 33258 dissolved in PBS solution was added directly to
the cell culture medium at a final concentration of 2 μg/ml. Cells were incubated with the dye for
2 hours and then immediately examined with an upright confocal microscope.

2.10.5.2

Human neural stem cell culture on extracellular matrix coated plates

Culture plates were coated with 0.01% w/v poly-l-lysine (PLL) (Sigma) for 5 minutes at RT to
increase ECM adherence. Plates were air-dried for 2 hours or overnight at RT and stored at 4°C.
Enough ECM solution (10µg/ml) to cover the plates was added and incubated for 2 hours at 37°C.
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ECM solution was removed, plates were air-dried and stored at 4°C. PLL and laminin coated
plates were used as a control.

2.10.5.3

Human neural stem cell culture with extracellular matrix in cell

culture medium
ECM samples which were not completely digested were used as a colloidal suspension, or they
were centrifuged (10,000 rpm at 4°C for 20 min) to obtain a supernatant. Samples were stored at
-20°C until further use. Laminin was added to the medium, with or without ECM, at a
concentration of 10 µg/ml as a control.

2.10.5.4

Human neural stem cell culture on native and decellularised tissue

sections
Coverslips were sterilised with 100% alcohol for 15 minutes and washed with PBS. Coverslips
were coated with 0.01% w/v PLL (Sigma) for 5 minutes at RT, air-dried for 2 hours or overnight
at RT and stored at 4°C. Native and decellularised tissue cryosections (20 µm) were placed onto
coverslips with PLL or without PLL and dried for 1 hour at RT. They were stored at -20°C until
further use. CellTracker™ Green 5-chloromethylfluorescein diacetate (CMFDA) (C2925,
ThermoFisher Scientific) was used to stain hNSCs before seeding. Cells were incubated with
CMFDA (5 µM) in serum free medium for 40 minutes at 37°C. CMFDA was removed, and
normal culture medium was added. Sections (in -20°C storage) were taken out and immediately
fixed in cold (-20°C) 95% ethanol for 10 minutes, then air-dried at RT. OCT was removed with
PBS washes. A cell suspension of 50,000 hNSCs in 100 µl was added to the sections and left at
37°C for 30 minutes before adding more medium.

2.10.6 Solubilisation of the extracellular matrix
Lyophilised ECM was solubilised with digest buffer (DB) containing, 6 M urea, 2 M thiourea
(both Sigma), 2% ASB14 (SERVA Electrophoresis GmbH) in 100 mM Tris pH 7.8. Protease
inhibitors complete mini EDTA-free (Roche) were added to the buffer (1 tablet per 10 ml of
buffer). Samples were digested at a concentration of 10 mg/ml of ECM for either 30 minutes or
overnight.

2.10.7 Extracellular matrix protein quantification using a modified dot blot
Assessment of DB interference was performed using the Bradford assay. Briefly, 12.5 mg of
Coomassie Brilliant Blue G-250 was dissolved in 12.5 ml of 100% methanol, and 25 ml of 85%
(w/v) of phosphoric acid were added. This acidic solution was then added to 212.5 ml of DI water.
The solution was filtered using a Whatman filter paper #1 and stored at 4°C. BSA standards (in
DB diluted to 1:150 in PBS) were prepared in a range of 500 µg/ml to 50 µg/ml. Standard
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solutions or DB dilutions were pipetted (10 µl) into a microplate in triplicate and 200 µl of the
Coomassie solution was added to each well. The microplate was incubated at RT for 5 minutes
on a shaker and absorbance was measured at 595 nm.

2.10.7.1 Nitrocellulose membranes
BSA standards were prepared in either undiluted digest buffer or digest buffer diluted in PBS.
Standards were dotted (1µl) onto a nitrocellulose membrane using a 96 tip box grid as a guide
and let to dry completely. The membranes were rinsed with PBS and stained with 0.2% Ponceau
S solution in 1% acetic acid for 5 minutes. The membranes were destained by immersion in 5%
acetic acid 3 times for 5 minutes each and then washed with PBS or distilled water. Membranes
were imaged with a Bio-Rad Gel Doc XR system.

2.10.7.2

Polyvinylidene difluoride membranes

Polyvinylidene difluoride (PVDF) membranes were activated in 100% methanol for a few
seconds, followed by equilibration in PBS until the membrane sank. One or 2 µl of the ECM
sample or BSA standards (prepared in undiluted and diluted digest buffer) were dotted onto the
membrane and Whatman filter paper was used to keep the membrane wet. The membrane was
washed and fixed in 100% methanol for 5 minutes, followed by staining with the Coomassie
solution (0.1% w/v Coomassie Brilliant Blue R-250 from Gibco, 40% methanol and 1% acetic
acid) for 5 minutes. The membrane was destained from excess Coomassie 3 times for 5 minutes
each with 50% methanol and 1% acetic acid. Finally, the membrane was washed in PBS and kept
wet until pictures were taken with a Bio-Rad Gel Doc XR system.

2.10.8

SDS-PAGE gel electrophoresis

ECM solubilised in digest buffer was quantified by using the modified dot blot with PVDF
membrane and Coomassie membrane staining methodology. Protein samples were reduced with
7.5 µl of NuPAGE LDS sample buffer (4x), 3 µl of NuPAGE reducing agent (10x), and up to
19.5 µl of DI water for a total volume of 30 µl, for 10 minutes at 70°C. A 3-8% 1.5 tris-acetate
gel was loaded with 16 µg of protein in each lane. Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out under denaturing conditions using NuPAGE SDS
running buffer, for ~1 hour at 150V in the XCell SureLock Mini-Cell (all chemicals and
components from ThermoFisher Scientific). Prestained HiMark (LC5699, Invitrogen) molecular
weight marker was used to estimate protein size. The gel was removed and stained with 0.1%
Coomassie Blue R250 (Gibco) in 10% acetic acid and 50% methanol for 40 minutes. The gel was
destained with 10% acetic acid and 50% methanol overnight. The gel was stored in 7% acetic
acid. Gels were imaged using a Bio-Rad Gel Doc XR system.
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Gene analysis

2.11.1

RNA extraction

2.11.1.1 TRIzol Reagent
Cells were pelleted at 1000 rpm for 5 minutes, and RNA was extracted following TRIzol Reagent
manufacturer's protocol. Briefly, Trizol was added, and cells were homogenised by pipetting up
and down. Chloroform was added to separate RNA aqueous phase by centrifugation. The top
aqueous phase was removed, and RNA was precipitated by the addition of isopropanol followed
by a wash with ethanol. RNA was resuspended in RNase free water.

2.11.1.2

RNeasy Mini Kit

RNA was extracted using RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.
Briefly, cells were pelleted, lysed and homogenised using a buffer containing guanidinethiocyanate. Samples were loaded into an RNeasy sin column and ethanol was added. RNA binds
to the silica column while other components are washed away. RNA was washed and eluted in
RNase free water.

2.11.2 DNase digestion
RNA samples were treated with TURBO-DNA-free kit (Life Technologies) according to the
manufacturer’s protocol. Briefly, 0.1x volume of 10x TURBO DNase Buffer and 1 µl of TURBO
DNase were added to the samples and were gently mixed. After incubation at 37°C for 20-30
minutes, DNase inactivation reagent (0.1 of RNA volume) was added. Samples were incubated
for 5 minutes at RT followed by centrifugation at 10,000 x g for 1.5 minutes and the transfer of
the RNA containing supernatant to a new tube.

2.11.3 Reverse transcription
RNA was quantified using a NanoDrop spectrophotometer and diluted to 40 or 20 ng/µl and 12.5
µl of the solution used for reverse transcription. Next, 1 µl of random hexamers (50 µM) (Life
Technologies) was added and samples were heated at 80°C for 10 minutes. Subsequently, 1 µl of
Moloney murine leukaemia virus reverse transcriptase (M-MLV RT) enzyme (200 u/µl), 4 µl of
M-MLV 5x Buffer and 0.5 µl of RNasin ribonuclease inhibitor (2500 U/µl) (all from Promega)
and 1µl of dNTPs (0.2 mM) (Bioline) were added for a total of a 20 µl reaction. Samples were
then incubated at 37°C for 1 hour and stored at -20°C until further use.

2.11.4 PCR and semi-quantitative PCR
Most of the primers were designed by other members of the laboratory. The primers used are
shown in Table 2.6. They were designed to span the exon-exon junction using Basic Local
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Alignment Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and Primer3web tool
(http://primer3.ut.ee/). PCR reaction set-up and amplification protocols are shown in Table 2.7
and Table 2.8. All reactions were performed in a Veriti Thermal Cycler (Applied Biosciences).
No template controls were prepared with water instead of cDNA to rule out contamination of the
reagents. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene.
Samples that expressed the genes of interest were used as positive controls in all experiments.
The PCR products were analysed by gel electrophoresis using 1.5% (w/v) agarose gels with 1x
TAE (40 mM Tris, 20 mM acetic acid, 1mM EDTA, pH 8.6) buffer and 1x SYBR Safe dye.
Bioline HyperLadder 100bp was used as a molecular weight marker. Pictures of the gels were
acquired using Bio-Rad Gel Doc XR system. Quantification of the bands was performed with Fiji
software (Schindelin et al., 2012). Band intensity was expressed as relative expression normalised
to GAPDH.
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Table 2.6 List of human primers sequences used for PCR amplification
Name/ NCBI
reference
GAPDH
NM_001289746
GAPDH
NM_001289746
MAP2
NM_002374
OLIG2
NM_005806
GFAP
NM_001242376
NEFH (NF-H)
NM_021076
SLC1A3
(GLAST)
NM_001289940
ENO2 (NSE)
NM_001975
Nestin
NM_006617
PROM1 (CD133)
NM_001145852
TUBB3 (tubulin
beta 3)
NM_001197181
FABP7 (BLBP)
NM_001446
PAX6
NM_001258465
VIM (vimentin)
NM_003380
SOX2
NM_003106

Product
size (bp)

Annealing
temperature
(°C)

366

56

240

56

482

59

208

56

165

56

155

56

Fw CTCACAGTCACCGCTGTCAT
Rv CCATCTTCCCTGATGCCTTA

202

56

Fw CTGATGCTGGAGTTGGATGG
Rv CCATTGATCACGTTGAAGGC
Fw CAGCGTTGGAACAGAGGTTGG
Rv TGGCACAGGTGTCTCAAGGGTAG

188

56

389

56

Fw CAGAGTACAACGCCAAACCA
Rv AAATCACGATGAGGGTCAGC

245

56

Fw CTCAGGGGCCTTTGGACATC
Rv CAGGCAGTCGCAGTTTTCAC

160

56

196

56

190

56

418

56

154

56

Sequence
Fw CCTTCATTGACCTCAACTACATGGT
Rv CTAAGCAGTTGGTGGTGCAGGA
Fw TGATGACATCAAGAAGGTGGTGAAG
Rv TCCTTGGAGGCCATGTGGGCCAT
Fw CCACCTGAGATTAAGGATCA
Rv GGCTTACTTTGCTTCTCTGA
Fw CAGAAGCGCTGATGGTCATA
Rv TCGGCAGTTTTGGGTTATTC
Fw GAAGCTCCAGGATGAAACCA
Rv ACCTCCTCCTCGTGGATCTT
Fw TAGCCGCTTACAGAAAACTC
Rv AGACTTCTCCACCACTTTGA

Fw CCAGCTGGGAGAAGAGTTTG
Rv CTCATAGTGGCGAACAGCAA
Fw GGGCAATCGGTGGTAGTAAA
Rv CTAGCCAGGTTGCGAAGAAC
Fw GACACTATTGGCCGCCTGCAGG
ATGAG
Rv CTGCAGAAAGGCACTTGAAAGC
Fw GCCGAGTGGAAACTTTTGTCG
Rv GCAGCGTGTACTTATCCTTCTT
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Table 2.7 PCR reaction reagents
Reagent

Final volume

Concentration

Manufacturer

Nuclease free water

11.9

5x GreenGo Tag Reaction buffer

4

5x

Promega

dNTPs

1

0.2 mM

Bioline

Primer forward

1

10 µM

Sigma

Primer reverse

1

10 µM

Sigma

cDNA

1

GoTaq G2 DNA Polymerase

0.1

5 u/µl

Promega

Total volume

20

Life Technologies

Table 2.8 PCR amplification protocol

2.12

Protocol

Time

95°C

5 min

95°C

30 s

56/59°C

30 s

72°C

30 s

72°C

7 min

Cycles

30-35

Proteomic analysis of human brain extracellular matrix

2.12.1

Human brain tissue collection

All procedures using human tissue were carried out in accordance with the Human Tissue Act
2004, with informed consent under ethical approval (NRES Committee London – Fulham, UK).
Foetal human brains stage 10, 15 and 20 PCW, were collected frozen from the Human
Developmental Biology Resource (http://www.hdbr.org/).

2.12.2 Protein extraction from human brain tissue
Frozen samples were pulverised using a mortar and pestle with liquid nitrogen. Brain tissue
ranging from 29-68 mg was homogenised with 500 µl of 50 mM of ammonium bicarbonate
(AMBIC) buffer (Honeywell) with 2% ASB-14 (SERVA Electrophoresis GmbH) detergent pH
7.6. Protein concentration was determined using the Pierce BCA Protein Assay Kit as described
in section 2.10.4. Next, 500 µg of protein were centrifuged at 15,000 rpm for 10 minutes at 4ᵒC
to remove the supernatant (soluble fraction). The pellet (insoluble fraction) was incubated with
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ice-cold acetone for one hour and subsequently centrifuged at 15,000 rpm for 10 minutes at 4ᵒC.
The acetone was removed, and the pellets were air-dried. The pellets were incubated overnight,
shaking at 4ᵒC, with formic acid. The next day, the pellets were dried using a SpeedVac
concentrator (SAVANT SPD1010, Thermo Scientific) for ~45 minutes.

2.12.3 SDS-PAGE and Coomassie brilliant blue staining
Without calculating protein concentration, dried pellets were dissolved in NuPAGE LDS Sample
Buffer (4x) following NuPAGE sample preparation guidelines under denaturing and reducing
conditions. Samples were run in a 3-8%Tris-Acetate gel (all ThermoFisher Scientific) for 10
minutes (1 cm) at 150 volts in a NuPAGE gel system. The gel was stained with 0.1% Coomassie
Blue R250 (Gibco) in 10% acetic acid and 50% methanol for 1 hour with gentle agitation. The
gel was destained with 10% acetic acid and 50% methanol for a minimum of 2 hours and stored
in 7% acetic acid. Gel lanes were cut out over a glass surface and sent off for mass spectrometry
analysis to the Centre of Excellence in Mass spectrometry (CoEMS), University of York.

2.12.4 Mass spectrometry analysis (performed by the CoEMS)
2.12.4.1 Trypsin digestion
Gel pieces were reduced with 1 mg/ml dithioerythritol in aqueous 100 mM AMBIC buffer for 1
hour at 55°C. S-carbamidomethylation was performed with iodoacetamide at 9.5 mg/ml in
aqueous 100 mM AMBIC for 30 minutes at RT. Gel pieces were washed two times with aqueous
50% (v:v) acetonitrile and 25 mM AMBIC, then once with acetonitrile and dried in a vacuum
concentrator for 20 minutes. In-gel tryptic digestion was performed with sequencing-grade,
modified porcine trypsin (Promega) dissolved in 50 mM acetic acid. Trypsin was diluted with 25
mM AMBIC to a final concentration of 0.02 g/l. Trypsin solution (25 ul) was added to the gel
pieces for 10 minutes to rehydrate them. Afterwards, 25 mM AMBIC solution was added to cover
the gel pieces and incubated overnight at 37°C. Peptides were extracted by washing three times
with aqueous 50% (v:v) acetonitrile containing 0.1% (v:v) trifluoroacetic acid. Peptides were
dried in a vacuum concentrator and reconstituted in aqueous 0.1% (v:v) trifluoroacetic acid.

Liquid chromatography-mass spectrometry
Peptides were loaded onto a 50 cm C18 PepMap column and eluted over a 35 min gradient onto
an Orbitrap Fusion hybrid (Thermo Scientific) mass spectrometer using an Easy Nano ionisation
source.

2.12.4.3

Precursor ion area quantification in Progenesis QI

Alignment of liquid chromatography-mass spectrometry chromatograms in .raw format was
performed in Progenesis QI (Nonlinear Dynamics) against an alignment reference created by
pooling equal aliquots of all samples, which was acquired within the same analysis batch. Peak
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picking was performed in Progenesis QI and data was exported to .mgf format as a concatenated
peak

list. To

identify

peptides,

spectra

data

was

searched

against

the

Mascot

(www.matrixscience.com) search engine. The Percolator algorithm was applied to achieve a
global 1% false discovery rate for identification. Peptide identifications imported back into
Progenesis QI, were mapped onto MS1 peak areas, which were normalised to total ion intensity
for all identified peptides. Relative peak areas of non-conflicting peptides were used to achieve
relative protein quantification. Progenesis QI was also used to calculate relative fold differences,
associated p-values, and multiple test corrected q-values for differential abundance. Differences
were considered to be significant if q ≤ 0.05. Q-values were used for a better indication of false
positives.

2.12.4.4

Database search settings

The following search parameters for database search were used:

‐

Database: Human subset of the UniProt database (20,242 sequences)

‐

Enzyme: Trypsin

‐

Fixed modifications: Carbamidomethyl (C)

‐

Variable modifications: Oxidation (M)

‐

Mass values: Monoisotopic

‐

Protein mass: Unrestricted

‐

Peptide mass tolerance: ± 3 ppm (# 13C = 1)

‐

Fragment mass tolerance: ± 0.5 Da

‐

Max missed cleavages: 1

‐

Instrument type: ESI-TRAP

2.12.5 Protein annotation
The complete list of proteins obtained from CoEMS was inserted onto the protein annotation
through evolutionary relationship classification system (PANTHER) (Mi et al., 2013). ECM
proteins were identified through functional classification selected for Homo sapiens organism.
ECM proteins were identified under the “extracellular matrix protein” annotation (PC00102)
under the gene ontology (GO) term “protein class” and the “extracellular region” annotation (GO:
0005576) under the “cellular component” GO term. Alternatively, ECM proteins were also
identified using the Matrisome DB 2.0 (Naba et al., 2016) database. UniProtKB accession
numbers were used, and the categories for the core matrisome (collagens, ECM glycoproteins and
proteoglycans) and matrisome associated proteins (ECM-affiliated proteins, ECM regulators and
secreted factors) were selected under human species and omitting the tissues and tumours
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selection. Gene names obtained from the search were converted into UniProtKB accession
numbers using the UniProt retrieve/ID mapping system (Consortium, 2018).

2.12.6 Protein interaction networks
Functional association networks were produced using STRINGv10 database (Szklarczyk et al.,
2014). The search was performed to match Homo sapiens organism. The line thickness of the
network edges meant strength of data support; the number of interactions shown was limited to
query proteins only (1st shell), with medium confidence (0.400) interaction score. The active
interaction sources were selected for textmining, experiments, databases, co‑expression,
neighbourhood, gene fusion and co‑occurrence. Biological process gene ontology terms were
selected for the functional enrichment analysis. Gene names obtained from each node were
converted into UniProtKB accession numbers using the UniProt retrieve/ID mapping system
(Consortium, 2018).

2.13

Microscopy and image processing

Fluorescent, bright field and phase contrast images were acquired using an IX71inverted
microscope from Olympus equipped with a Lumen 200 metal arc lamp (Prior Scientific) and a
monochrome ORCA-R2 digital camera (Hamamatsu Corp.). Multiphoton laser scanning
microscopy was used for the Z stack reconstruction of the 1 mm ECM pieces (performed by Dr
Dale Moulding). Images were acquired using a Zeiss LSM 880 upright confocal microscope with
Airyscan system (Carl Zeiss). Histological images were acquired using the Zeiss Axioplan 2IE

Mot Microscope System (Carl Zeiss) and the Axiovision software (Carl Zeiss). All images
were processed with Fiji software (Schindelin et al., 2012).

2.14

Statistical analysis

Experiments were performed in biological triplicates unless stated otherwise. Statistical analysis
was carried out using Microsoft Excel or Prism (1994) with two-way ANOVA followed by
Tukey’s multiple comparison test. Results are expressed as mean ± standard error of the mean
(S.E.M). Differences were considered to be significant if p ≤ 0.05.
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CHAPTER 3:
HUMAN NEURAL STEM CELLS VIABILITY AND MULTIPOTENCY
FOLLOWING BIO-ELECTROSPRAY
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3.1 Introduction
Bio-electrospraying (BES) is a needle-based delivery system driven by an electric field that can
be used to generate cell-laden scaffolds into specific architectures at the micro and nano-scale.
This methodology has an advantage over self-assembled approaches in that it eliminates the need
to manually seed cells onto a structure and provides micro-integration of cells and scaffold
(Jayasinghe, 2011; Poncelet et al., 2012). In order to produce such architecture, BES uses the
difference in electric potential between a charged needle and a ground electrode. An electrical
field is formed which accelerates the charged cell suspension within the needle, and an unstable
jet is formed. By adjusting the BES conditions, one can conceivably obtain a stable cone-jet mode;
the configuration needed to obtain micro to nano-sized droplets and their near mono-distribution.
(Jayasinghe and Townsend-Nicholson, 2006a, b). Other strategies require small diameter needles
to obtain such high resolution, however, using small diameter needles results in shear stress to the
cells and an inability to process high density and/or viscous cell suspensions (Greig and
Jayasinghe, 2008).
Cells vary widely in shape and size, and for the construction of three-dimensional (3D) models,
specific conditions for each cell type are needed. It is also important to be able to handle a high
number of cells within a suspension to obtain the cell density analogous to the tissue of interest.
To this end, BES has successfully been used to deliver heterogeneous populations of cells (three
myocardium cell types) within a single suspension with no adverse effects (Ng et al., 2011).
Moreover, it has been demonstrated that BES can be used to safely handle mammalian cells from
varied species like rabbit (Patel et al., 2008; Sahoo et al., 2010), porcine , mouse (Abeyewickreme
et al., 2009; Bartolovic et al., 2010; Jayasinghe et al., 2011) and human (Hall et al., 2008b;
Jayasinghe et al., 2006; Ward et al., 2010). Additionally, the unicellular organism, Saccharomyces

cerevisiae, has been bio-electrosprayed with no significant damage to the cells (Greig and
Jayasinghe, 2008). Interestingly, when whole organisms like Danio rerio, Xenopus tropicalis and

Drosophila melanogaster embryos were subjected to BES (Clarke and Jayasinghe, 2008; Geach
et al., 2009; Joly et al., 2009); they remained viable after the spraying procedure. BES has been
demonstrated to be suitable also for embedding cells in 3D matrices using natural matrices
(Tezera et al., 2017) and synthetic biomaterials (Patel et al., 2008). Together, these studies have
shown that both cells and whole organisms can maintain their viability post-treatment,
withstanding the pressure and stresses of manipulation in high-density cell suspensions within
needles at high voltages. Moreover, it has been shown that BES can be used to produce 3D
constructs under these conditions.
Primary human cells and stem cells need to be investigated to construct 3D models for tissue
engineering (TE) and regenerative medicine (RM) applications. Primary human cells are valuable
because they are better able to replicate the in vivo human conditions without being genetically
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manipulated, and they can reflect the patient-to-patient variability (Pan et al., 2009). Human
primary cells, such as peripheral blood mononuclear cells (Tezera et al., 2017), lymphocytes (Hall
et al., 2008b), whole blood cells and mononuclear cells (Kempski et al., 2008) have been studied
under BES conditions with no observed adverse effects on the cells.
Human stem cells have the potential to self-replicate, give rise to differentiated, specialised cells
and regenerate and repair damaged tissue (Bianco and Robey, 2001). Hence, they are the ideal
candidates for recreating human tissue in vitro. Human mesenchymal stem cells (Braghirolli et
al., 2013; Braghirolli et al., 2015; Mongkoldhumrongkul et al., 2009b), and human adiposederived stem cells (ADSCs) (Ye et al., 2015) have been investigated before. However, human
neural stem cells have not yet been studied, although there is evidence that BES does not affect a
mouse neural cell line and a human astrocytoma line (Eagles et al., 2006; Eddaoudi et al., 2010).
Primary human neural stem cells (hNSCs) derived from embryonic tissue are of particular interest
to study neural development, regeneration and repair as they can generate neuronal and glial cell
types. Following the success of previous studies, here hNSCs were subjected for the first time to
BES conditions to establish whether they could withstand the environment imposed by such a
technique, as this is the pre-requisite to use this technology to produce a 3D construct. The present
analysis focuses on the initial stage of testing hNSCs viability and their differentiation capacity
after BES.

3.2 Aims and objectives
The main aim of this chapter is:



To establish whether BES is a suitable technique for precise handling of hNSCs by
assessing the cell’s viability and differentiation capacity after being sprayed at 10 kV.

Specific objectives of this chapter are to use hNSC lines (Carnegie stage 17 and 23, Cs17 and
Cs23) to evaluate:



hNSC viability at different time points after BES.



hNSCs neuronal, oligodendrocyte and astrocyte differentiation after BES.



Neural gene expression in hNSCs differentiated along the neuronal lineage following
BES.
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3.3 Results
The tissue culture facilities and the BES laboratory were on different sites. Therefore three groups
were analysed in all experiments shown in this chapter: i) BES hNSCs (BES) that were taken to
the BES laboratory, were introduced into a syringe, subjected to a flow to pass through a needle
and sprayed at 10 kV; ii) travel control (TC) hNSCs that were transported to the BES laboratory
but were not sprayed and iii) laboratory control (LC) hNSCs that did not travel and were not
sprayed.

3.3.1

Human neural stem cells viability after bio-electrospray

hNSC line Cs17, was sprayed and subsequently plated for 3-(4, 5-dimethylthiazolyl-2)-2, 5diphenyl tetrazolium bromide (MTT) assays and propidium iodide (PI) / Hoechst live staining to
analyse viability at different time points. MTT assays were performed on day 1, 3 and 6 after
spraying. Results show (Figure 3.1 A) that metabolic activity increased over six days in all groups.
Metabolic activity of BES was significantly lower on day 1 and 3 when compared to LC.
However, on day 6, BES cells displayed the same levels of metabolic activity as controls.
Twenty-four hours after spraying, cells were double-stained with Hoechst dye and PI to assess
their viability, as PI only stains dead cells, while Hoechst binds to double stranded DNA. These
fluorescence stainings revealed no obvious differences in apoptotic or necrotic cells between
sprayed cells and controls (Figure 3.1 B). This suggested that BES does not affect cell survival
24 hours after spraying and seemed in contrast to the MTT results.
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A

B
Propidium iodide / Hoechst
BES

TC

LC

Figure 3.1 Viability of human neural stem cells after bio-electrospray. A) Analysis of Cs 17
hNSCs (passage 22) metabolic activity 1, 3 and 6 days after bio-electrospraying assessed by the
MTT assay. Values represent mean ±SEM, n=6; * p 0.05, ** p 0.01 by two way ANOVA
followed by Tukey’s multiple comparisons test. B) Propidium iodide (red) and Hoechst (blue)
live staining of Cs 17 hNSCs 1 day after BES. All pictures are same magnification. hNSCs,
human neural stem cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to
the BES laboratory but not sprayed); LC, laboratory control (hNSCs did not travel and were not
sprayed); Cs, Carnegie stage; MTT, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium
bromide; SEM, standard error of the mean; ANOVA, analysis of variance.
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To further analyse the effect of BES on hNSCs survival, death and apoptosis, the number of PIpositive and APC annexin V-positive hNSCs was measured after BES by flow cytometry.
Phosphatidylserine (PS) is a membrane phospholipid that is translocated from the inner membrane
to the outer membrane of the cell in the early stages of apoptosis. APC annexin V binds to PS in
the presence of Ca2+ and can be used for the detection of apoptotic cells. In combination with PI,
which only enters cells when their membrane becomes compromised, early apoptotic, late
apoptotic and necrotic cells can be detected.
Cell viability was assessed by flow cytometry immediately after spraying (Day 0) and after 72
hours (Day 3). Events were gated to exclude cellular debris based on forward scatter (FSC), and
side scatter (SSC) parameters. (Figure 3.2 A, C and E and Figure 3.3 A, C and E). Plots shown in
Figure 3.2 B, D and F and Figure 3.3 B, D and F, represent cellular populations for viable, early
apoptotic (EA) and apoptotic and necrotic cells (A&N) for sprayed samples (Figure 3.2 A and
Figure 3.3 A) and controls (Figure 3.2 D and F and Figure 3.3 D and F). Cell populations were
identified based on their plot profiles summarised in Table 3.1. As shown in Figure 3.2,
immediately after being sprayed, over 90% of cells were viable, and this percentage was similar
between BES cells and controls. In the same fashion, Figure 3.3 shows over 90% of viable cells
on all conditions three days after BES. Moreover, BES and controls showed no difference in early
apoptotic or apoptotic and necrotic cell populations for both time points. Figure 3.4 summarises
the percentages of all populations and all conditions for day 0 and day 3. Overall, BES cells
showed the same levels to TC on all cell populations and time points, with all viable samples
averaging >94%. The results obtained from the combination of viability assays suggest that BES
does not negatively affect hNSCs viability over time.

Table 3.1 Annexin V- propidium iodide detection in Cs17-human neural stem cells by flow
cytometry. Cell populations identified by their flow cytometry plot profiles. Cs, Carnegie stage;
PI propidium iodide.
PI −

Annexin V −

Viable/Live cells

PI −

Annexin V +

Early apoptosis

PI +

Annexin V +/−

Apoptosis/ Necrosis
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A

B

C

D

E

F

Figure 3.2 Flow cytometry analysis of Cs17-human neural stem cell death at day 0 after bioelectrospray assessed by propidium iodide and annexin V staining. A,B) BES, C,D) TC, E,F)
LC. A,C,E) Cells were gated to exclude debris based on their FSC and SSC plots. A total of
30,000 events were analysed per sample. B,D,F) Percentage of total GC which are viable, EA, or
A&N. hNSCs, human neural stem cells; PI, propidium iodide; BES, bio-electrosprayed hNSCs;
TC, travel control (hNSCs taken to the BES laboratory but not sprayed); LC, laboratory control
(hNSCs did not travel and were not sprayed); Cs, Carnegie stage; FSC, forward scatter; SSC, side
scatter; GC, gated cells; EA, early apoptotic cells; A&N, apoptotic and necrotic cells.
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A

B

C

D

E

F

Figure 3.3 Flow cytometry analysis of Cs17-human neural stem cell death at day 3 after
bio-electrospray assessed by propidium iodide and annexin V staining. A,B) BES, C,D) TC,
E,F) LC. A,C,E) Cells were gated to exclude debris based on their FSC and SSC plots. A total
of 30,000 events were analysed per sample. B,D,F) Percentage of total GC which are viable, EA,
or A&N. hNSCs, human neural stem cells; PI, propidium iodide; BES, bio-electrosprayed
hNSCs; TC, travel control (hNSCs taken to the BES laboratory but not sprayed); LC, laboratory
control (hNSCs did not travel and were not sprayed); Cs, Carnegie stage; FSC, forward scatter;
SSC, side scatter; GC, gated cells; EA, early apoptotic cells; A&N, apoptotic and necrotic cells.
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A

% Viable

% Early
Apoptosis

% Apoptosis
& Necrosis

BES

94.62

1.34

3.94

TC

95.97
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Figure 3.4 Propidium iodide and annexin V human neural stem cell viability after bioelectrospray. Summary of sprayed samples analysed by flow cytometry. Percentage means of
each sample and cell populations are detailed below the bar graph. Cell populations are
represented as percentages of total gated cells. No significant differences are observed between
BES and controls in each cell population. Values represent mean ± SEM of biological triplicates,
*p
0.05, by two way ANOVA followed by Tukey’s multiple comparisons test. A) Day 0
(immediately after being sprayed) and B) day 3 after spay. hNSCs, human neural stem cells; BES,
bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but not
sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); SEM, standard
error of the mean; ANOVA, analysis of variance.
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3.3.2

Differentiation capacity of human neural stem cells after bio-electrospray

To ensure that BES had no effects on hNSCs differentiation capacity, neuronal, oligodendrocyte
and astrocyte differentiation was induced on cell lines Cs17- hNSC and Cs23- hNSC. The BES
setup and experimental conditions were identical to the ones used for all viability assays.

3.3.2.1

Neuronal differentiation of Cs17- human neural stem cells and Cs23-

human neural stem cells after bio-electrospray
After being sprayed, hNSC neuronal differentiation was induced using the valproic acid protocol
and morphological changes monitored in live cells by light microscopy. After four weeks of
differentiation, both cell lines showed a neuron-like morphology, but Cs23-hNSCs were denser
than Cs17-hNSCs, probably due to the higher amount of cell death observed in this cell line.
Cs17-hNSCs also presented smaller cell bodies than Cs23-hNSCs. Figure 3.5 shows the
morphology of live cells after four weeks of differentiation.
To confirm neuronal differentiation, expression of mature neuronal markers, microtubuleassociated protein 2 (MAP2), neurofilament 200 (NF200) and neuronal nuclear protein (NeuN),
as well as newly born and migrating neurons marker doublecortin (DCX), was assessed by
immunocytochemistry after four weeks. Double-staining for MAP2 and NF200 (Figure 3.6),
revealed expression of these markers both in the cell body and elongated neurites typical of
neuronal differentiation. Double-staining for NeuN and DCX revealed no significant amounts of
DCX, a neuroblast marker, whereas NeuN, a marker of mature neurons, was detected in most
cells with nuclear localisation (Figure 3.7). Assessment of nonspecific binding of the secondary
antibodies was performed by omitting the primary antibodies (negative controls), where no
labelling was observed (Figure 3.8). Even though Cs23-hNSCs had a higher cell density than
Cs17-hNSCs, both cell lines showed comparable expression of neuronal markers under all
experimental conditions studied, suggesting that the BES process had not compromised hNSCs
neuronal differentiation.
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Figure 3.5 Phase contrast images of bio-electrosprayed human neural stem cells after four
weeks of neuronal differentiation. A) Cs17-hNSCs (passage 22) and B) Cs23-hNSCs (passage
20). hNSCs, human neural stem cells; BES, Bio-electrosprayed hNSCs; TC, travel control
(hNSCs taken to the BES laboratory but not sprayed); LC, laboratory control (hNSCs did not
travel and were not sprayed); Cs, Carnegie stage.
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Figure 3.6 Neuronal differentiation of human neural stem cells after bio-electrospray
assessed by immunocytochemistry of MAP2 and NF200 markers. A) Cs17-hNSCs (passage
22) and B) Cs23-hNSCs (passage 20) Double-stained for MAP2 and NF200 after four weeks of
differentiation. Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem
cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory
but not sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs,
Carnegie stage; MAP2, microtubule-associated protein 2; NF200, neurofilament 200.
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Figure 3.7 Neuronal differentiation of human neural stem cells after bio-electrospray
assessed by immunocytochemistry of NeuN and DCX markers. A) Cs17-hNSCs (passage 22)
and B) Cs23-hNSCs (passage 20). Double-stained for NeuN and DCX after four weeks of
differentiation. Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem
cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but
not sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs, Carnegie
stage; NeuN, neuronal nuclear protein; DCX, doublecortin.
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Figure 3.8 Negative controls for the immunostaining of human neural stem cells after bioelectrospray and neuronal differentiation. A) Cs17-hNSCs and B) Cs23-hNSCs. Anti-Mouse
Alexa 488 in green, anti-Rabbit Alexa 594 in red and Hoechst33258 nuclear staining in blue. All
images are at the same magnification. Cs, Carnegie stage; hNSCs, human neural stem cells.
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3.3.2.2

Astrocyte differentiation of Cs17- human neural stem cells and Cs23-

human neural stem cells after bio-electrospray
After BES, hNSCs were differentiated towards the astrocytic lineage for two weeks. Cs23-hNSCs
appeared slightly denser than Cs17-hNSCs but overall showed similar morphology (Figure 3.9).
The identity of the cells was analysed by immunocytochemistry. Double-labelling for the glial
markers vimentin (VIM) and glial fibrillary acidic protein (GFAP), and for the glial marker S100β
together with the neuronal marker, MAP2, was carried out. Both cell lines expressed positive
levels of VIM and GFAP (Figure 3.10). VIM was differentially expressed between cell lines. In
Cs23-hNSCs, it was observed predominantly at the edges of the cells (Figure 3.10 B), while in
Cs17-hNSCs, it was expressed throughout the cells (Figure 3.10 A). On the other hand, GFAP,
while fainter than VIM, showed similar localisation in both cell lines. Double labelling of S100β
and MAP2 detected very low levels of MAP2 and expression of S100β, localised in the cytoplasm
and the nucleus (Figure 3.11). Assessment of nonspecific binding of the secondary antibodies was
performed by omitting the primary antibodies in the negative controls, where no labelling was
observed (Figure 3.12). Although differences could be observed between Cs23-hNSCs and Cs17hNSCs, there were no considerable differences between BES-hNSCs and controls (TC and LC)
in either cell line. Together, the positive expression of glial markers indicated an astrocyte
phenotype after two weeks of differentiation.
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Figure 3.9 Phase contrast images of bio-electrosprayed human neural stem cells after two
weeks of astrocytic differentiation. A) Cs17-hNSCs (passage 22) and B) Cs23-hNSCs (passage
20). hNSCs, human neural stem cells; BES, Bio-electrosprayed hNSCs; TC, travel control
(hNSCs taken to the BES laboratory but not sprayed); LC, laboratory control (hNSCs did not
travel and were not sprayed); Cs, Carnegie stage.
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Figure 3.10 Astrocytic differentiation of human neural stem cells after bio-electrospray
assessed by immunocytochemistry of Vimentin and GFAP. A) Cs17-hNSCs (passage 22) and
B) Cs23-hNSCs (passage 20). Double-stained for VIM and GFAP after two weeks of
differentiation. Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem
cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but
not sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs, Carnegie
stage; GFAP, glial fibrillary acidic protein; VIM, vimentin.
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Figure 3.11 Astrocytic differentiation of human neural stem cells after bio-electrospray
assessed by immunocytochemistry of S100β and MAP2. A) Cs17-hNSCs (passage 22) and B)
Cs23-hNSCs (passage 20). Double-stained for S100β and MAP2 after two weeks of
differentiation. Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem
cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but
not sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs, Carnegie
stage; MAP2, microtubule-associated protein 2.
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Figure 3.12 Negative controls for the immunostaining of human neural stem cells after bioelectrospray and astrocytic differentiation. A) Cs17-hNSCs and B) Cs23-hNSCs. Anti-Mouse
Alexa 488 in green, anti-Rabbit Alexa 594 in red and Hoechst33258 nuclear staining in blue. All
images are at the same magnification. Cs, Carnegie stage; hNSCs, human neural stem cells.
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3.3.2.3

Oligodendrocyte differentiation of Cs17-human neural stem cells and

Cs23-human neural stem cells after bio-electrospray
Oligodendrocyte differentiation was induced for a total of five weeks after BES. Similar to the
neuronal differentiation, cell death was observed largely in Cs17-hNSCs, and Cs23-hNSCs were
denser. After five weeks, cells presented a branched morphology with long processes.
Differentiated Cs17-hNSCs (Figure 3.13 A) tended to grouped in clusters while Cs23-hNSCs
(Figure 3.13 B) were more evenly spread throughout the surface.
Immunocytochemistry double labelling of oligodendrocyte progenitor markers revealed positive
staining for O4 on selected cells and low levels of neural/glial antigen 2 (NG2). Cs23-hNSCs
(Figure 3.14 B) had a higher amount of positive O4 cells compared to Cs17-hNSCs (Figure 3.14
A). Additionally, NG2 showed low levels in Cs23-hNSCs and Cs17-hNSCs. There was no visible
difference in the expression of these markers between cells that were sprayed and their controls.
In addition, cells were double-stained for the oligodendrocyte progenitor marker, A2B5, together
with the neuronal marker, NF200. Differentiated Cs17-hNSCs (Figure 3.15 A) expressed A2B5
both in their cell bodies and in processes, where the staining appeared discontinuous with a “dash
line” effect. On the contrary, in differentiated Cs23-hNSCs (Figure 3.15 B) A2B5 was more
evenly distributed throughout cell bodies. NF200 was observed in low levels on both cells lines.
No labelling was observed in the negative controls, where nonspecific binding of the secondary
antibodies was assessed by omitting the primary antibodies (Figure 3.16).
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Figure 3.13 Phase contrast images of bio-electrosprayed human neural stem cells after five
weeks of oligodendrocyte differentiation. A) Cs17-hNSCs (passage 25) and B) Cs23-hNSCs
(passage 22). All images are at the same magnification. hNSCs, human neural stem cells; BES,
Bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but not
sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs, Carnegie
stage.
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Figure 3.14 Oligodendrocyte differentiation of human neural stem cells after bioelectrospray assessed by immunocytochemistry of O4 and NG2. A) Cs17-hNSCs (passage
25) and B) Cs23-hNSCs (passage 22). Double-stained for O4 and NG2 after five weeks of
differentiation. Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem
cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory
but not sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs,
Carnegie stage; NG2, neural/glial antigen 2.
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Figure 3.15 Oligodendrocyte differentiation of human neural stem cells after bioelectrospray assessed by immunocytochemistry of A2B5 and NF200. A) Cs17-hNSCs
(passage 25) and B) Cs23-hNSCs (passage 22). Double-stained for A2B5 and NF200 after five
weeks of differentiation. Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human
neural stem cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES
laboratory but not sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed);
Cs, Carnegie stage; NF200, neurofilament 200.
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Figure 3.16 Negative controls for the immunostaining of human neural stem cells after bioelectrospray and oligodendrocyte differentiation.A) Cs17-hNSCs and B) Cs23-hNSCs. AntiMouse Alexa 488 in green, anti-Rabbit Alexa 594 in red and Hoechst33258 nuclear staining in
blue. All images are at the same magnification. Cs, Carnegie stage; hNSCs, human neural stem
cells.
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3.3.2.4

Summary of human neural stem cell differentiations after bio-

electrospray
Table 3.2 summarises the expression of neuronal and glial differentiation markers in BES-hNSCs.
A short description of their function and/or cell localisation is included as well as a visual
assessment of their expression (positive, negative, weak). As can be observed, most of the proteins
stained for were expressed; the only negatives were DCX in the neuronal differentiation. Notably,
both cell lines had the same expression pattern. Although some stainings were very weak, they
appear different from the negative controls, where absolutely no colour can be observed, and
hence they are categorised as positive but weak.
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Table 3.2 Summary of markers expressed by differentiated human neural stem cells
following bio-electrospray. All conditions (BES, LC and TC) were found to have the same
expression profile compared within their cell line. Cs17-hNSCs and Cs23-hNSCs are described.
hNSCs, human neural stem cells; BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs
taken to the BES laboratory but not sprayed); LC, laboratory control (hNSCs did not travel and
were not sprayed); Cs, Carnegie stage.
Marker
MAP2: microtubule
associated protein 2
NF200:
neurofilament 200
NeuN: neuronal
nuclear antigen
DCX: doublecortin

VIM: vimentin
GFAP: glial fibrillary
acidic protein
S100β

MAP2

O4
NG2: neuron glial
antigen 2

A2B5
NF200

Description
Neuronal Differentiation
Role in microtubule stability in neuron
extension and branching (Johnson and Jope,
1992).
Primarily structural role in the formation of
neurofilaments in the axon (Posmantur et al.,
1994).
Marker of maturing neurons and it has been
reported to appear when terminal
differentiation begins (Mullen et al., 1992).
Microtubule binding protein expressed on
migrating neurons in the developing CNS and
areas of neurogenesis (Couillard‐Despres et
al., 2005).
Astrocyte Differentiation
Intermediate filament expressed in immature,
neoplastic and reactive astrocytes (Yamada et
al., 1992).
Main intermediate filament expressed in
mature astrocytes (Eng et al., 2000).
Synthesized primarily by astrocytes,
implicated in cytoskeleton organisation, cell
proliferation and differentiation (Rothermundt
et al., 2003).
Role in microtubule stability in neuron
extension and branching (Johnson and Jope,
1992).
Oligodendrocyte Differentiation
Oligodendrocyte cell surface antigen (Gard
and Pfeiffer, 1990).
Chondroitin sulphate proteoglycan present in
the membrane of oligodendrocyte precursor
cells. Binds to receptors, the extracellular
matrix and growth factors (Trotter et al.,
2010).
Cell surface ganglioside expressed in
oligodendrocyte progenitors (Dubois et al.,
1990; Gard and Pfeiffer, 1990).
Primarily structural role in the formation of
neurofilaments in the axon (Posmantur et al.,
1994).
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3.3.3 Neuronal differentiation of human neural stem cells after bio-electrospray
assessed by RT-PCR
After four weeks of neuronal differentiation following BES, hNSC lines Cs17 and Cs23 were
evaluated by RT-PCR to investigate BES effect on gene expression. Neuronal markers NF200,
neuron-specific enolase (NSE) and MAP2 as well as glial markers glutamate aspartate transporter
(GLAST), Olig2 and GFAP were tested in both cell lines. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a reference gene and cDNA from human brain (22 weeks
post conception) was used as a positive control. Both cell lines expressed all markers as well as
the reference gene and the positive control (Figure 3.17 A, B and C and Figure 3.18 A, B and C).
Olig2 was expressed at low levels in both cell lines. High levels of NSE and GFAP were observed
in both cell lines.
Gene expression was further investigated by semi-quantitative RT-PCR analysis. Relative
expression of genes was normalised to GAPDH. Both neuronal and glial markers in Cs17 (Figure
3.17 D) showed no significant difference between BES samples and controls. Cs23, on the other
hand, revealed that BES has higher expression of NF200 compared to the LC, but not compared
to the TC samples (Figure 3.18 D). All the other markers in Cs23 showed no significant
differences between BES and controls.
Overall, all conditions in both cell lines showed a strong expression of neuronal genes after BES,
indicating neuronal differentiation. The glial gene expression observed is expected as
differentiations always results in heterogeneous populations.
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Figure 3.17 Semi quantitative RT-PCR analysis of Cs17-human neural stem cells neuronal
differentiation after bio-electrospray. Expression of neuronal and glial markers assessed by
RT-PCR after four weeks of neuronal differentiation (Cs17-hNSCs passage 25). Human brain
(22 weeks post conception) was used as +CTRL and water was used instead of cDNA template
in the NTC. A) Neuronal markers NF200, NSE and MAP2. B) Glial markers GLAST, OLIG2
and GFAP. C) GAPDH was used as a reference gene. D) Relative expression of neuronal and
glial markers. Values represent means of band intensity normalised to GAPDH. Plotted as mean
± SEM, n=3; * p 0.05, by two way ANOVA followed by Tukey’s multiple comparisons test.
RT-PCR, reverse transcription polymerase chain reaction; hNSCs, human neural stem cells;
BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but not
sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs, Carnegie
stage; +CTRL, positive control; NTC, no template control; NF200, neurofilament 200; NSE,
neuron-specific enolase; MAP2, microtubule-associated protein 2; GLAST, glutamate aspartate
transporter; GFAP, glial fibrillary acidic protein; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; SEM, standard error of the mean; ANOVA, analysis of variance.
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Figure 3.18 Semi quantitative RT-PCR analysis of Cs23-human neural stem cells neuronal
differentiation after bio-electrospray. Expression of neuronal and glial markers assessed by
RT-PCR after four weeks of neuronal differentiation (Cs23-hNSCs passage 22). Human brain
(22 weeks post conception) was used as +CTRL and water was used instead of cDNA template
in the NTC. A) Neuronal markers NF200, NSE and MAP2. B) Glial markers GLAST, OLIG2
and GFAP. C) GAPDH was used as a reference gene. D) Relative expression of neuronal and
glial markers. Values represent means of band intensity normalised to GAPDH. Plotted as mean
± SEM, n=3; * p 0.05, by two way ANOVA followed by Tukey’s multiple comparisons test.
RT-PCR, reverse transcription polymerase chain reaction; hNSCs, human neural stem cells;
BES, bio-electrosprayed hNSCs; TC, travel control (hNSCs taken to the BES laboratory but not
sprayed); LC, laboratory control (hNSCs did not travel and were not sprayed); Cs, Carnegie
stage; +CTRL, positive control; NTC, no template control; NF200, neurofilament 200; NSE,
neuron-specific enolase; MAP2, microtubule-associated protein 2; GLAST, glutamate aspartate
transporter; GFAP, glial fibrillary acidic protein; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; SEM, standard error of the mean; ANOVA, analysis of variance.
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3.4 Discussion
The impact of BES on primary human neural stem cells had not been previously investigated, and
the only human neural cell study carried out so far used an astrocytoma cell line (Eddaoudi et al.,
2010; Jayasinghe and Townsend-Nicholson, 2006b). Here it has been shown for the first time that
hNSCs viability is not affected immediately or six days after treatment. Additionally, cells were
successfully differentiated towards a neuronal, astrocyte and oligodendrocyte lineage and gene
expression of neuronal differentiation was not altered. To produce cell-embedded scaffolds,
ultimately, this technique can be used to produce patterned 3D systems that will allow one to
model human neural behaviour.

3.4.1

Human neural stem cells retain viability after bio-electrospray

The conditions of the BES setup are not necessarily adapted for the survival of cells. Thus, before
spraying a 3D cell-embedded scaffold, one should investigate the response of hNSCs to high
voltages in a distant laboratory from that where they are grown. To investigate cell viability
thoroughly, the combination of both colourimetric, fluorescent, qualitative and quantitative assays
enables a comprehensive study. Each viability assay provides different information useful to
determine the effects of BES. In this manner, annexin V cell membrane integrity assay
complements the metabolic activity measured by MTT assay and the membrane integrity analysis
by Hoechst/PI assay.
MTT is a colourimetric assay which measures cellular metabolic activity of the mitochondria
indicating cell numbers. Mitochondria from viable cells can convert MTT into insoluble formazan
crystals because, for the most part under normal conditions, their mitochondria activity is
constant. Thus, a linear relationship occurs between mitochondrial activity and the number of
viable cells (Van Meerloo et al., 2011). Despite MTT showing decreased metabolic activity on
BES samples (compared to LC), this is probably due to the travelling and does not necessarily
translate into cell death. LC is an indicator of the effect that the travel between laboratories could
impose on the cells rather than the spraying action. Cells might be more stressed and less
metabolically active on the first days after spray but over time (day 6), cells behaved in like
manner to both controls, seemingly recovering. Similarly to Mongkoldhumrongkul et al. (2009b),
MTT assay was performed, and a TC was needed. The present study goes a step further,
measuring metabolic activity for six days instead of three days, allowing the detection of cell
recovery.
Double staining with PI and Hoechst dye provides an easy, fast and inexpensive qualitative
method to analyse hNSCs membrane integrity and hence cell death. However, because no
significant cell death was detected by PI-Hoechst, a more sensitive method was used to provide a
more thorough examination. Quantifying annexin V at the single-cell level with flow cytometry
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allows identification of cell populations and distinguishing between early apoptosis, late
apoptosis/necrotic cells and viable cells, which have their cell membrane intact. Its sensitivity
allows detecting the low number of cells with a compromised membrane that are not
representative of the PI/Hoechst images. It is important to mention that the three-day time point
in flow cytometry was chosen in order to collect hNSCs while in the logarithmic phase when they
are actively dividing, this way we can discard cell death caused by overconfluency.
The range of viability assays performed in previous studies varies substantially, but a standard
measure for cell viability is analysing annexin V by flow cytometry. Findings in this study are in
line with previous work (Abeyewickreme et al., 2009; Eddaoudi et al., 2010; Hong et al., 2010;
Jayasinghe et al., 2011; Mongkoldhumrongkul et al., 2009b; Patel et al., 2008) which found no
significant differences in live/viable cells measured by flow cytometry between BES cells or
organisms and their controls. High percentages (>70%) of live/viable cells were identified on all
studies, including this one. Similar to Hong et al. (2010) and Jayasinghe et al. (2011), this study
obtained >90% of viable cells, a high percentage not easily achieved. This is an interesting finding
as it shows that hNSCs are robust cells minimally affected by BES. Moreover, these results
complement the MTT results, indicating that after BES, mitochondrial dysfunction might occur,
but not to the point that the cell’s membrane is compromised to allow the entrance of PI.
These results show the usefulness of performing a combination of viability assays, allowing a
thorough analysis of hNSCs after BES. Overall, BES does not acutely affect hNSCs viability,
immediately or six days after treatment.

3.4.2 Human neural stem cells maintain their multipotent differentiation
potential after bio-electrospray
Another prerequisite for using BES as a tool to build 3D constructs is that the cells maintain their
multipotent differentiation capacity post-treatment. Even though viability is maintained, BES
might compromise hNSCs tri-lineage differentiation capacity over longer periods. The decreased
metabolic activity seen in the first days post-BES did not influence the cells tri-lineage
differentiation capacity, or their long-term survival, up to five weeks.
In line with previous work (Sun et al., 2008), oligodendrocyte differentiation produces a
heterogeneous population of cells. This is evident in the selected number of O4 positive cells and
the expression of mature neuronal marker NF200. In contrast, the neuronal and astrocyte
differentiations produced more homogenous populations. Astrocytes expressing S100β, also
faintly expressed mature neuronal marker MAP2. This expression indicates that although a more
homogenous population, astrocytes are still immature as MAP2 is also expressed, to a certain
level, by hNSCs. DCX is an early neurogenesis marker; it is expressed when neurons are born,
and it has been reported to be downregulated with maturation when NeuN expression appears
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(Couillard‐Despres et al., 2005). This expression pattern correlates with the neuronal
differentiation observed in this study and is indicative of mature neuronal cells.
As hNSCs are untransformed stem cells derived from different embryonic brains, their behaviour
might vary. It was therefore imperative to assess the effect of BES on more than one hNSC line.
The expression of glial markers assessed by RT-PCR after neuronal differentiation suggests the
cells are not fully committed to the neuronal lineage and need more time to mature. The small
differences in marker expression observed may be because Cs23-hNSCs proliferate faster and
undergo less cell death than Cs17-hNSCs, resulting in all Cs23-hNSCs cultures being denser.
Most importantly, the differences observed are only between cell lines and not within them.
Stem cell tri-lineage differentiation capacity after BES has been studied before. In Sahoo et al.
(2010) study, rabbit primary mesenchymal stem cells (MSCs) were sprayed at 7.5 kV because
higher voltages of 15 and 30 kV decreased cell viability. However, at 7.5 kV, some significant
differences between BES and controls were found in their gene expression. In a different study,
primary human MSCs sprayed at 15 kV were able to maintain their tri-lineage differentiation
capacity and showed no DNA damage (Braghirolli et al., 2013). However, spaying MSCs at
higher voltages such as 25 or 30 kV did induce some cell damage. Ye et al. (2015) found that
primary ADSCs sprayed at 10 kV, but not at 20 kV, maintained their viability and pluripotency.
The present study correlates with all of these findings, which might indicate that human primary
stem cells can retain viability and tri-lineage differentiation potential at voltages up to 15 kV. It
remains to be determined the exact voltage where hNSCs start to show significant cell damage.

3.4.3

Importance of bio-electrospraying human neural stem cells

In this study, the comparison of two hNSC lines from two different stages of embryonic
development was performed side by side, investigated at the cellular, protein and molecular level.
The high voltage of 10 kV, the pressure inflicted by the syringe pump, the flow rate and the
handling of the cells in a separate laboratory did not seem to influence the cell’s behaviour
considerably. These results have strong implications on the study of neural development in the
future as more cell lines of different developmental stages could further be safely utilised and
compared using inexpensive technology. Most importantly, this research adds to the limited
literature of bio-electrosprayed human stem cells and more particularly human primary neural
cells. Furthermore, this opens up the door to modelling neural tissues in vitro using hNSCs that
can provide physiologically significant data.

3.4.4

Limitations

It has to be noted that the most considerable difference between this study and the previous studies
is that hNSCs were passed through the needle at 10 kV without forming the characteristic stable
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cone-jet mode. This study was a preliminary analysis to ascertain if the cells could withstand the
high voltages and needle constraints used in BES. The information obtained here enables the
further usage of Cs17-hNSCs and Cs23-hNSCs or other hNSCs to test the conditions necessary
to obtain such stable spray.
To roughly measure gene expression and because of time constraints, a semi-quantitative RTPCR was performed instead of quantitative PCR. At the same time, the focus was not to detect
minor changes but to elucidate considerable changes in gene expression to obtain a general
overview. With this in mind, semi-quantitative RT-PCR is a robust method to study gene
expression. Furthermore, it remains to be investigated whether the oligodendrocyte and astrocyte
differentiations reveal any significant differences in gene expression. However, the data gathered
here, and from other stem cell studies, suggests that no significant changes would be present
between BES and controls.

3.4.5

Future considerations

In order to produce a cell-laden scaffold, the research presented here is the first step to understand
how this technique could affect hNSCs. The next step would be to identify a biomaterial suitable
for spraying hNSCs and support their survival and differentiation. Such material would need to
be liquid at the time of incorporation with the cells and polymerise quickly immediately after it
is sprayed to form a 3D construct. Subsequent experiments should focus on investigating the
viability of hNSCs with the optimal biomaterial. Every cell type has specific growing conditions.
Thus, it is paramount first, to understand hNSCs natural in vivo environment and second, to obtain
a material that can emulate such environment. Both of these requirements will be discussed in the
following chapters. Once such biomaterial is obtained, then it could be bio-electrosprayed
together with hNSCs to produce a scaffold.
Previous studies (Abeyewickreme et al., 2009; Jayasinghe and Townsend-Nicholson, 2006b)
have found that the stable cone jet mode is not easily obtained with cell suspensions. Hence, a
coaxial needle arrangement could be employed in order to obtain a stable jet. This coaxial set-up
is achieved by assembling an inner needle, which contains the cells in media, while a second outer
needle delivers the biomaterial. Factors like electrical conductivity, viscosity surface tension and
density of suspension will affect whether the stable jet can be obtained. It has been observed
(Jayasinghe et al., 2006; Jayasinghe and Edirisinghe, 2002) that it is more likely to maintain jet
stability when electrical conductivity is low, and viscosity is high. All these factors will need
close consideration in future experiments.
In addition to the conditions to obtain a stable cone jet mode, conditions to better mimic the in

vivo development will also need to be assessed. A co-culture system could be defined to analyse
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the developing brain better. As has been mentioned before, BES can process a heterogeneous
population of cells within a single cell suspension. The large diameter of the needles used
(>500µm inner bore diameter) permits cells of different sizes to be processed without shear stress
to the cells (Poncelet et al., 2012).
Going one-step further, BES could be attached to a computer that can allow moving the jetting
needle in the x, y, and z-axis. This feature would enable the construction of patterned scaffolds or
a layered structure. Additionally, BES could also be assembled in a multi-needle fashion,
facilitating the deposition of 3D constructs in a 96 well configuration for the development of high
throughput screening for applications in drug development of neuroprotective agents.
Ultimately, if all of the above is achieved and controlled deposition of cells is obtained, 3D
cultures could be analysed for testing the response of hNSCs and their progeny to neural damage
caused by hypoxia or neurotoxic compounds. Altogether, these results are the basis to fabricate a
neural 3D model via BES.

3.5 Conclusions
Building neural 3D models is of great importance to obtain a more representative description of
how the human brain develops and functions, and how to regenerate it in the case of injury or
disease. The present study shows that the BES process does not adversely harm hNSCs viability
and differentiation capacity. This first step is crucial in order to develop 3D models using this
technology. Further experiments can now be designed to place hNSCs within specific
architectures. Overall, BES is a promising tool for neural TE, RM, or drug development.
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4.1 Introduction
Even though three-dimensional (3D) systems are an ideal model to study ECM-cell interactions,
two-dimensional (2D) systems are the first step to elucidate the cell-cell and cell-substrate
interactions that govern cell expansion and maturation. Nanomaterials are becoming increasingly
relevant in the biological field as they could provide suitable materials for cell interface
applications as well as helping one to understand the dynamics between cells and their
surroundings. Carbon-based nanomaterials are at the forefront of this field because of their many
functions derived from the combination of remarkable physical and chemical properties. A wide
range of carbon-based nanomaterials has been investigated for biomedical applications, especially
carbon nanotubes, graphene, nanodiamonds (NDs), fullerenes and their derivatives (Baldrighi et
al., 2016; Cha et al., 2013).
NDs feature unique characteristics such as chemical inertness, high corrosion resistance,
biocompatibility, functionalization of surface chemistry, non-toxic, size control of particles,
thermal conductivity, electrical resistivity, hardness and low cost (Mochalin et al., 2012; Schrand
et al., 2007; Shenderova and McGuire, 2015). Additionally, they possess large surface area and
small overall size, typical features shared with other nanomaterials (Monaco and Giugliano,
2014). One of the most advantageous properties of NDs is the ability to modify their surface
chemistry by attaching different functional groups (Krueger, 2008). A wide range of reactions
can be utilised to modulate hydrophobicity, fluorescence or to attach bioactive structures
(Krueger, 2008; Mochalin et al., 2012). A commonly used modification is to subject NDs through
a process in which either hydrogen or oxygen-rich groups are attached to their surface. This
process makes them hydrophilic when they are oxygen terminated (O-NDs) and hydrophobic
when hydrogen-terminated (H-NDs).
All of these properties make them ideal candidates for the development of biosensors (Rasheed
and Sandhyarani, 2017; Wang and Dai, 2015), gene and drug delivery (Chu et al., 2015; Ho et
al., 2015; Krueger, 2008; Xi et al., 2014; Zhang et al., 2009), bio-imaging applications
(Bartelmess et al., 2015; Hong et al., 2015) and tissue engineering applications (Turcheniuk and
Mochalin, 2017; Whitlow et al., 2017). In fact, NDs have been used to form scaffolds for bone
tissue engineering. Poly (l-lactic acid) (PLLA) was conjugated with NDs to mimic the hardness
of the human cortical bone. This nanocomposite showed to support cell proliferation and
differentiation of murine bone marrow-derived osteoblasts (Zhang et al., 2011). Additionally,
NDs have been reported to increase osteoblast attachment by influencing protein adsorption
(Hristova et al., 2011). In Yassin et al. (2017) study, scaffolds functionalised with ND particles
were implanted into rat calvarial critical size defects. The scaffolds were reported to increase bone
volume and to increase the metabolic activity of bone marrow stromal cells due to oxygencontaining groups (in the ND particles surface) influencing protein absorption.
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Nanomaterials have the potential to mimic the nano-architecture of the ECM, as well as modulate
cell-ECM interactions. Because of their ease of functionalisation, excellent biocompatibility,
simplicity to coat 3D objects and their low cost (Garrett et al., 2016; Thalhammer et al., 2010),
3D scaffolds could be coated with NDs to develop neural 3D culture systems. Alternatively, NDs
could be 3D printed together with a polymer to develop neural scaffolds (Angjellari et al., 2017).
Neuron outgrowth over different arrays of diamond have been previously accomplished (Hopper
et al., 2014; Nistor et al., 2015; Ojovan et al., 2014; Specht et al., 2004; Taylor et al., 2015;
Thalhammer et al., 2010). Interestingly, Edgington et al. (2013) showed directed growth of mouse
neuronal cultures over patterned NDs, demonstrating how this nanomaterial can promote neuronal
adhesion. Moreover, previous studies have analysed mouse neural stem cells (NSCs) grown over
hydrogen and oxygen terminated ultra-nanocrystalline diamonds (H-UCNDs and O-UCNDs) to
determine their influence on NSCs differentiation. Findings by Chen et al. (2009) indicate that
both surfaces promoted NSCs expansion and differentiation, with O-UCNDs increasing
oligodendrocyte differentiation, and H-UCNDs favouring neuronal differentiation. Furthermore,
Chen et al. (2010) investigated the mechanism underlying neuronal differentiation on H-UCNDs
and identified the adsorption of extracellular matrix (ECM) components as important regulators
in cell signalling.
Human neural stem cells (hNSCs) can self-renew and differentiate into astrocytes, neurons and
oligodendrocytes (Fischer et al., 2017; Sun et al., 2008; Svendsen et al., 1999; Taylor et al., 2015;
Vagaska et al., 2016). hNSCs research can provide more physiologically, relevant information to
help elucidate important brain development mechanisms and develop treatments for neurological
diseases. Diamond substrates have been examined before to understand how milieu conditions
influence hNSCs in vitro. Taylor et al. (2015) demonstrated that hNSCs are biocompatible and
can proliferate over boron-doped nanocrystalline diamond. Furthermore, increased cell adhesion
and proliferation of hNSCs to O-NDs over H-NDs was demonstrated during my Master’s degree
(Taylor et al., 2017). To extend these findings, this chapter compared hNSC ability to differentiate
and extend neurites on O-NDs and H-NDs to assess how surface chemistry can influence hNSCs
growth and differentiation. Most of the work in this chapter was published in (Taylor et al., 2019).
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4.2 Aims and objectives
The aim of this chapter is:



To establish whether functionalised NDs can support and promote hNSCs differentiation

Specific objectives of this chapter are to grow hNSC line Carnegie stage (Cs) 17 over O-NDs and
H-NDs to evaluate:



The ability of hNSCs derived astrocytes to attach and grow on NDs



The ability of hNSCs to grow and differente towards a neuronal lineage on NDs



Whether NDs induce spontaneous differentiation of hNSCs



Neurite growth of spontaneously differentiated hNSCs



Differences in gene expression of spontaneously differentiated hNSCs
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4.3 Results
4.3.1

Surface topography of functionalised nanodiamonds

Because NDs tend to aggregate, it is essential to obtain a homogeneous nano-topography to
achieve uniform cell-material interactions throughout the substrates. After hydrogen treatment,
NDs resuspended in deionised water were sonicated to obtain a uniform monolayer of H-NDs
over glass coverslips. Dynamic light scattering data in Figure 4.1 A, shows how the sonication
process breaks up aggregates of ~30 nm of size into ND particles of ~5-10 nm in size.
Additionally, atomic force microscopy (Figure 4.1 B) reveals the distribution of NDs on glass of
both sonicated and unsonicated samples. This indicates that sonication was successful in
obtaining evenly distributed ND particles. Subsequent oxygen termination was performed over
the monolayer of H- NDs to obtain O-NDs.

4.3.2

O-NDs and H-NDs support astrocyte-derived human neural stem cells

First, I confirmed results obtained during my Master’s project that hNSCs could attach to O-NDs
and H-NDs. In addition, I assessed the ability of astrocytes to grow on O-NDs and H-NDs.
Astrocyte differentiation was first induced on hNSCs on normal culture conditions. Astrocytes
were then plated over O-NDs, H-NDs or conventional polystyrene (PS) as a control (Figure 4.2).
Morphology was monitored in live cells by light microscopy. On the first day after plating (day
1), cells attached to the substrates forming a monolayer and exhibited an extended and flat
morphology typical of astrocytes in vitro. A degree of cell death was present in all conditions.
After eight days, cells were still adhering to the surface, and cell death decreased. Cells were
denser and more spread out on all conditions. No differences in cell death, attachment or
morphology were observed between the substrates. Following a standard protocol for astrocyte
differentiation, morphological evidence indicates that both O-NDs and H-NDs are capable of
supporting hNSCs differentiated towards astrocytes.
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Figure 4.1 Surface topography of nanodiamonds. A) Dynamic light scattering of H-NDs resuspended in deionised water. Plot shows intensity (%) of particle size distribution with (blue) or
without (orange) ultra-high powered sonication. Sonication breaks up aggregates of ~ 30nm,
resulting in ND particles of ~ 5-10 nm. B) Atomic force microscopy scans of sonicated and not
sonicated H-NDs seeded on glass. Scan size is 2 µm2. H-NDS, hydrogen terminated
nanodiamonds.
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Figure 4.2 Phase contrast images of induced astrocyte differentiation of human neural stem
cells over O-NDs and H-NDs. Cs 17-hNSCs (passage 18) differentiated towards the astrocytic
lineage and then plated over O-NDs, H-NDs and PS as a control. Cell morphology was monitored
on day 1 and 8 after plating. Cells exhibited a flat extended morphology typical of astrocytes in
vitro. hNSCs, human neural stem cells; O-NDs, oxygen terminated nanodiamonds; H-NDS,
hydrogen terminated nanodiamonds; PS, polystyrene.
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4.3.3
Induced neuronal differentiation of human neural stem cells over O-NDs
and H-NDs
hNSCs were differentiated towards a neuronal lineage for 22 days over O-NDs, H-NDs and PS
as a control. Morphology was monitored in live cells by light microscopy. Cells exhibited long
neurites and a branched morphology with some cells forming clusters mainly on O-NDs and HNDs. A degree of cell death was observed in all substrates (Figure 4.3). Neuronal differentiation
was confirmed by immunocytochemistry. Double-staining of mature neuronal markers,
microtubule-associated protein 2 (MAP2) and neurofilament 200 (NF200) revealed expression on
cell bodies and neurites (Figure 4.4 A). Both ND surfaces showed MAP2 highly expressed on
selected neurites and faint in others. Staining of MAP2 in neurites in PS was less intense compared
to NDs. Assessment of nonspecific binding of the secondary antibodies was performed by
omitting the primary antibodies (negative controls), and no labelling was observed (Figure 4.4
B). Morphological evidence and immunocytochemistry analysis indicate that NDs support hNSCs
long-term adherence and neuronal differentiation.
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Figure 4.3 Phase contrast images of induced neuronal differentiation of human neural stem
cell over O-NDs and H-NDs. Morphology of Cs17-hNSCs (passage 21) after 22 days of
neuronal differentiation. Cells exhibit elongated neurites and some cells in cluster form. All
pictures are at the same magnification. hNSCs, human neural stem cells; O-NDs, oxygen
terminated nanodiamonds; H-NDS, hydrogen terminated nanodiamonds; PS, polystyrene
(control).
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Figure 4.4 Induced neuronal differentiation of human neural stem cells over O-NDs and HNDs assessed by immunocytochemistry. A) Cs17-hNSCs (passage 21) over O-NDs, H-NDs
and PS as a control. Double-staining for MAP2 and NF200 after 22 days of differentiation. Nuclei
are counterstained with Hoechst 33258 (blue). B) Negative controls for the immunostaining of
induced neuronal differentiation. Anti-Mouse Alexa 488 in green, anti-Rabbit Alexa 594 in red
and Hoechst33258 nuclear staining in blue. All images are at the same magnification. hNSCs,
human neural stem cells; MAP2, microtubule-associated protein 2; NF200, neurofilament 200;
O-NDs, oxygen terminated nanodiamonds; H-NDS, hydrogen terminated nanodiamonds; PS,
polystyrene.
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4.3.4
Spontaneous differentiation of human neural stem cells over O-NDs and
H-NDs
After showing that hNSCs grown in neuronal differentiation medium could differentiate towards
the neuronal lineage, the ability of NDs to induce differentiation was tested by removing the
growth factors from the hNSC growth medium. This spontaneous differentiation eliminates any
effect an induced differentiation could have on the cells. hNSCs were grown without growth
factors for 22 days over O-NDs, H-NDs and glass coverslips as a control. After 18 days of
spontaneous differentiation, both ND surfaces exhibited cells aggregated with extended neurites,
which grew towards other aggregates. Glass control showed elongated neurites but a lower
concentration of clusters and less cell density. Cell death and nuclear debris were observed in all
conditions with a marginally higher amount on glass control (Figure 4.5). Cells more easily
detached from the edges of the wells in the glass control condition compared to both ND surfaces.
Neuronal identity was assessed by immunocytochemistry after 22 days of spontaneous
differentiation. Similar to the induced neuronal differentiation, late neuronal markers MAP2 and
NF200 were detected in cell bodies and elongated neurites (Figure 4.6). Neurogenesis marker
doublecortin (DCX) was faintly expressed in very few, and small neurites and nuclear localisation
of late neuronal marker neuronal nuclear antigen (NeuN) was detected in most cells (Figure 4.7).
All markers were similarly expressed throughout all substrates. Assessment of nonspecific
binding of the secondary antibodies was performed by omitting the primary antibodies (negative
controls), and no labelling was observed (Figure 4.8). Expression of neuronal markers provided
evidence that hNSCs spontaneously differentiated towards a neuronal lineage over O-NDs and
H-NDs.
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Figure 4.5 Phase contrast images of spontaneously differentiated human neural stem cell
over O-NDs and H-NDs. Morphology of Cs17-hNSCs (passage 23) after 22 days of spontaneous
differentiation. Cells exhibit elongated neurites and some cells in cluster form. All pictures are at
the same magnification. hNSCs, human neural stem cells; O-NDs, oxygen terminated
nanodiamonds; H-NDS, hydrogen terminated nanodiamonds.
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Figure 4.6 Spontaneous differentiation of human neural stem cells over O-NDs and H-NDs
assessed by immunocytochemistry. Cs17-hNSCs (passage 23) were grow over H-NDs and ONDs and glass as a control for 22 days without growth factors. Staining for MAP2 and NF200.
Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem cells; MAP2,
microtubule-associated protein 2; NF200, neurofilament 200; O-NDs, oxygen terminated
nanodiamonds; H-NDS, hydrogen terminated nanodiamonds.
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Figure 4.7 Spontaneous differentiation of human neural stem cells over nanodiamonds
assessed by immunocytochemistry. Cs17-hNSCs (passage 23) were grow over H-NDs and ONDs and glass as a control for 22 days without growth factors. Staining for NeuN and DCX.
Nuclei are counterstained with Hoechst 33258 (blue). hNSCs, human neural stem cells; NeuN,
neuronal nuclear protein; DCX, doublecortin O-NDs, oxygen terminated nanodiamonds; HNDS, hydrogen terminated nanodiamonds.
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Figure 4.8 Negative controls for the immunostaining of spontaneously differentiated human
neural stem cells over O-NDs and H-NDs. Cs17-hNSCs (passage 23). Anti-Mouse Alexa 488
in green, anti-Rabbit Alexa 594 in red and Hoechst33258 nuclear staining in blue. All images are
at the same magnification. hNSCs, human neural stem cells; O-NDs, oxygen terminated
nanodiamonds; H-NDS, hydrogen terminated nanodiamonds.
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4.3.5
Neurite tracing analysis of spontaneously differentiated human neural
stem cells
To assess whether there were differences between oxygen and hydrogen NDs in their ability to
support neuronal differentiation, neurite tracing was performed on spontaneously differentiated
hNSCs. Using the expression of MAP2 and NF200, neurite length was measured. Figure 4.9 A,
shows representative images of the neurite tracing performed on all three surfaces, O-NDs, HNDs and glass control. O-NDs showed more and longer MAP2 and NF200 neurites than H-NDs
and glass control. The sum of the length of all neurites measured is displayed in Figure 4.9 B.
MAP2 neurites were longer on both ND surfaces compared to glass control. No difference was
observed between O-NDs and H-NDs. Moreover, NF200 neurites were longer on O-NDs
compared to H-NDs and glass control. No significant difference was observed between H-NDs
and control. It is important to note that this analysis is not quantifying the length of individual
neurites, but the length of all neurites traced. Thus, higher total neurite length could reflect either
a high amount of short neurites, a low amount of long neurites, or a combination of both.
Three more parameters were quantified using MAP2 and NF200 neurite tracing to build upon this
analysis. Figure 4.10 A displays the degree of branching, referring to the number of places where
a neurite divides into two or more neurites. MAP2 neurites on O-NDs had more branching points
than H-NDs and control. Moreover, no differences were observed in the extent of NF200
branching between any of the substrates. Figure 4.10 B shows the quantification of the number of
individual neurites per mm2. O-NDs exhibited a higher number of both MAP2 and NF200 neurites
per mm2. No differences were found between H-NDs and glass control. Contrary to the sum of
total neurite length, in individual neurite length (Figure 4.10 C) there was no significant difference
between any of the substrates for either MAP2 or NF200 tracing. These results indicate that
neurites grow to a similar length on all substrates, but O-NDs promote the extension of a higher
number of neurites. Together these parameters provide a detailed analysis of neurite growth of
spontaneously differentiated hNSCs over functionalised O-NDs and H-NDs.
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Figure 4.9 Neurite tracing of spontaneously differentiated human neural stem cells over ONDs and H-NDs. A) Cs17-hNSCs (passage 23) grown over H-NDs, O-NDs and glass as a control
for 22 days without growth factors. Neurite tracing analysis was performed using the expression
of MAP2 and NF200. Nuclei are counterstained with Hoechst 33258 (blue). Scale bars are
100µm. B) ANOVA analysis of the sum of total neurite length measure in µm/mm2. Blue
horizontal lines represent the medians and colour boxes represent upper and lower quartiles. p–
values are shown at the top, * p ≤ 0.05. hNSCs, human neural stem cells; MAP2, microtubuleassociated protein 2; NF200, neurofilament 200; O-NDs, oxygen terminated nanodiamonds; HNDS, hydrogen terminated nanodiamonds.
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Figure 4.10 Analysis of neurite tracing of spontaneously differentiated human neural stem
cells over O-NDs and H-NDs. Cs17-hNSCs (passage 23) grown over H-NDs and O-NDs and
glass as a control for 22 days without growth factors. Neurite tracing analysis was performed
using the expression of MAP2 and NF200. ANOVA analysis of A) the degree of branching, B)
the number of individual neurites (/mm2) and C) the length of individual neurites. Blue horizontal
lines represent the medians, colour boxes represent upper and lower quartiles and red crosses
represent outliers. p–values are shown at the top, * p ≤ 0.05. hNSCs, human neural stem cells;
MAP2, microtubule-associated protein 2; NF200, neurofilament 200; O-NDs, oxygen terminated
nanodiamonds; H-NDS, hydrogen terminated nanodiamonds.
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4.3.6
Gene expression of spontaneously differentiated human neural stem cells
over functionalised nanodiamonds assessed by RT-PCR
Gene expression was evaluated by RT-PCR to investigate the differences between O-NDs and HNDs further. hNSCs were cultured over NDs and were induced to spontaneously differentiate for
22 days. RNA was extracted, and hNSC marker nestin (NES), neural markers NF200 and neuronspecific enolase (NSE) and glial marker glial fibrillary acidic protein (GFAP) were assessed.
Semi-quantification was performed by normalising relative expression of the markers to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Three different time points were
evaluated, day 1 (Figure 4.11) was used as a baseline where no spontaneous differentiation had
taken place, day 10 of differentiation (Figure 4.12) and day 22 of differentiation (Figure 4.13).
On day 1, undifferentiated hNSCs expressed nestin, NF200 and NSE markers, but not GFAP
(Figure 4.11 A). Because of the low quantity of RNA extracted, duplicates were used on day 1.
This could explain the higher variability observed at this time point. Semi-quantification analysis
revealed no significant differences between O-NDs, H-NDs and glass control substrates (Figure
4.11 B). As spontaneous differentiation took place (Figure 4.12 A), day 10 revealed upregulation
of GFAP while the rest of the markers maintained their positive expression on all substrates. A
higher expression of NF200 and NSE was found on H-NDs samples over glass control. GFAP
and nestin expression was comparable under all conditions (Figure 4.12 B). After 22 days of
differentiation (Figure 4.13 A), all markers were still positive, and no statistical difference was
found on the relative expression of any of them (Figure 4.13 B). These results suggest that as
differentiation takes place, the expression of neural markers stabilises. Furthermore, it shows that
NDs can support neuronal differentiation of hNSCs.
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Figure 4.11 Semi-quantitative RT-PCR analysis of spontaneously differentiated human
neural stem cells over O-NDs and H-NDs at day 1. Expression of markers by RT-PCR of
hNSCs (in biological duplicates) cultured without growth factors over H-NDs, O-NDs and glass
as a control for 22 days. A) Expression of NF200, NSE and NES but not GFAP. Human brain
(22 weeks post conception) was used as positive control (+CTRL) and water was used instead of
cDNA template in the no template control (NTC). GAPDH was used as a reference gene. B) Data
represented as means of band intensity normalised to GAPDH. Values represent mean ± SEM of
biological duplicates. Two way ANOVA, followed by Tukey’s multiple comparisons test.
hNSCs, human neural stem cells; MAP2, microtubule-associated protein 2; NF200,
neurofilament 200; NSE, neuron specific enolase; NES, nestin; GFAP, glial fibrillary acidic
protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; O-NDs, oxygen terminated
nanodiamonds; H-NDS, hydrogen terminated nanodiamonds; SEM, standard error of the mean;
ANOVA, analysis of variance.
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Figure 4.12 Semi-quantitative RT-PCR analysis of spontaneously differentiated human
neural stem cells over O-NDs and H-NDs at day 10. Expression of markers by RT-PCR of
hNSCs (in biological triplicates) cultured without growth factors over H-NDs, O-NDs and glass
as a control for 22 days. A) Expression of NF200, NSE, NES and GFAP. Human brain (22 weeks
post conception) was used as positive control (+CTRL) and water was used instead of cDNA
template in the no template control (NTC). GAPDH was used as a reference gene. B) Data
represented as means of band intensity normalised to GAPDH. Values represent mean ± SEM of
biological triplicates; *p 0.05 by two way ANOVA followed by Tukey’s multiple comparisons
test. hNSCs, human neural stem cells; MAP2, microtubule-associated protein 2; NF200,
neurofilament 200; NSE, neuron specific enolase; NES, nestin; GFAP, glial fibrillary acidic
protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; O-NDs, oxygen terminated
nanodiamonds; H-NDS; SEM, standard error of the mean; ANOVA, analysis of variance.
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Figure 4.13 Semi-quantitative RT-PCR analysis of spontaneously differentiated human
neural stem cells over O-NDs and H-NDs at day 22. Expression of markers by RT-PCR of
hNSCs (in biological triplicates) cultured without growth factors over H-NDs, O-NDs and glass
as a control for 22 days. A) Expression of NF200, NSE, NES and GFAP. Human brain (22 weeks
post conception) was used as positive control (+CTRL) and water was used instead of cDNA
template in the no template control (NTC). GAPDH was used as a reference gene. B) Data
represented as means of band intensity normalised to GAPDH. Values represent mean ± SEM of
biological triplicates. Two way ANOVA followed by Tukey’s multiple comparisons test. hNSCs,
human neural stem cells; MAP2, microtubule-associated protein 2; NF200, neurofilament 200;
NSE, neuron specific enolase; NES, nestin; GFAP, glial fibrillary acidic protein; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; O-NDs, oxygen terminated nanodiamonds; H-NDS;
SEM, standard error of the mean; ANOVA, analysis of variance.

155

Chapter 4

Differentiation of hNSCs over Functionalised NDs

4.4 Discussion
4.4.1
Human neural stem cells attach and undergo spontaneous differentiation
on O-NDs and H-NDs
We previously reported that hNSCs were able to survive and adhere to O-NDs and H-NDs for up
to seven days (Taylor et al., 2017). In the present study, functionalised NDs were used to ascertain
whether their surface chemistry could support and influence hNSCs differentiation. Both O-NDs
and H-NDs supported the attachment and growth of hNSCs induced towards the astrocyte and
neuronal lineage. Additionally, hNSCs were grown without growth factors and cells were found
to have a higher number of neurites over the hydrophilic surface of O-NDs.
Surface chemistry of a biomaterial will influence protein adsorption, which in turn can influence
cell attachment (Keselowsky et al., 2004; Krueger, 2008). Proteins that promote cell adhesion are
also involved in other cell mechanisms like proliferation and differentiation (Dalby et al., 2014;
García, 2005; Parsons, 2003; Wozniak et al., 2004). Thus, modulating surface chemistry can
directly affect cell behaviour. Studies using synthetic materials with well-defined chemistries
have identified that hydrophilic surfaces can modulate protein adsorption. Keselowsky et al.
(2004) found that hydrophilic functional groups regulated ECM protein fibronectin and integrin
binding, resulting in the promotion of focal adhesion assemblies. Similarly, Barrias et al. (2009)
demonstrated that hydrophilic surfaces increased adsorption of ECM protein vitronectin and
subsequent superior cell adhesion.
Because of their polar nature, O-NDs have a greater tendency compared to H-NDs to form polar
interactions (e.g. hydrogen bonds) with proteins (Krueger, 2008). It was demonstrated that the
oxidised nature of NDs increased adsorbed fibronectin to new apatite coatings enabling osteoblast
adhesion (Hristova et al., 2011). It has also been reported that diamond hydrophilic surfaces
influence protein adsorption resulting in increased cell attachment and proliferation of bone
marrow stromal cells (Yassin et al., 2017). Additionally, NSCs have been grown over O-UNCD
and H-UNCD surfaces (Chen et al., 2009; Chen et al., 2010). Signalling pathways, which regulate
neuronal differentiation, were directly linked to surface chemistry by promoting fibronectinintegrin association (Chen et al., 2010).
The studies above show that hydrophilic surfaces promote protein adsorption thus modulating
cell adherence. The present study found higher neurite formation over O-NDs, probably due to
the hydrophilic surface promoting protein adsorption, which is consistent with previous studies.
Laminin is an ECM protein expressed in the CNS involved in NSCs adhesion and differentiation
(Luckenbill-Edds, 1997; Nirwane and Yao, 2019). Without the presence of laminin, hNSCs do
not adhere to PS, glass coverslips or NDs.
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It is hypothesised that higher adsorption of PLL (used to facilitate the attachment of laminin) and
subsequent higher laminin adherence could translate into an increased activation of signalling
pathways involved in hNSC neural growth and differentiation, leading to the higher neurite
growth observed over O-NDs. In support of this study’s results, it was suggested that the negative
surface charge of O-NDs could be attracting the positively charged PLL, creating a more uniform
coating for PLL and subsequently for laminin (Taylor et al., 2017). Overall, both of these factors
can underlie the differences observed, although other surface properties could also contribute to
the increased neurite formation over O-NDs.
Enhanced neurite formation of hNSCs over O-NDs (without the use of any growth factors) is in
line with our findings (Taylor et al., 2017), which showed an increased hNSCs adhesion over ONDs vs H-NDs. In that study, extensive characterisation of O-NDs and H-NDs surface was
performed. It was proposed that differences found in topography and wettability between the two
surfaces could also influence the higher cell adhesion observed on O-NDs. These factors could
also help explain the neurite extension differences found in this study.
GFAP transcript was up-regulated overtime when hNSCs spontaneously differentiated over
functionalised NDs. The observed cell morphology was that of elongated cells and not of
astrocytes, suggesting that hNSCs were likely attaining a radial glial phenotype. Alternatively,
the change in shape could be due to stress or due to transient expression of GFAP, which had yet
to be downregulated. In the developing brain, radial glia functions as neural precursors and also
gives rise to neurons (Kriegstein and Alvarez-Buylla, 2009). Additionally, hNSCs are known to
express low levels of GFAP at the mRNA and protein level (Sun et al., 2008). Nevertheless, a
level of astrocyte differentiation cannot be discarded, as hNSCs will always differentiate into
heterogeneous populations of cells. The presence of nestin throughout the spontaneous
differentiation indicates that cells were still in the early stages of neuronal differentiation. It has
been reported that nestin is still present, but downregulated in hNSCs after four weeks of neuronal
differentiation. Hence, 22 days was not enough time for hNSCs to develop into mature neurons.
Overall, gene expression of MAP2 and NF200 corroborated that neuronal differentiation was
taking place over functionalised NDs.
Limited information is available on astrocytes grown over diamond-based nanomaterials as most
research focuses on neuronal growth. However, astrocytes are the most abundant glial cell and
are fundamental for proper brain homeostasis (Camandola, 2018). Thus studying their interaction
with diamond-based materials is crucial to develop carbon-based technologies and therapies. It is
shown here that astrocytes survive, attach and proliferate over both ND substrates, indicating they
are biocompatible and suitable for hNSCs astrocyte growth. Further testing is needed to determine
if there is a preference for either ND surface.
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Applications of nanodiamonds

Because NDs support the growth and differentiation of hNSCs, they are excellent candidates for
neural prosthetic applications. Seamless integration with neural tissue is crucial for the long-term
stability of implanted neuroprosthetics (Fattahi et al., 2014; Grill et al., 2009). However, long
term implants in the CNS induce an inflammatory response and glial scarring, involving reactive
astrocytes and activated microglial (Chen et al., 2017; Grill et al., 2009). For NDs to be used as
neural implants, it is first paramount to understand how they interact with astrocytes. Results
presented here demonstrated that astrocytes are biocompatible with NDs. Further testing is needed
to analyse if astrocytes become reactive over time. Furthermore, NDs could be coated with
adhesion proteins or cell-ECM promoting proteins for successful neural interfacing applications
(Oakes et al., 2018).
NDs can also be patterned to promote directed cell growth, as demonstrated by Edgington et al.
(2013). This enables the formation of ordered neuronal networks or direct neurons towards
electrodes in neural microelectrode arrays to repair brain function (Garrett et al., 2016). Moreover,
boron doping can confer NDs with the electrical properties of a semiconductor or quasi-metallic
material (Bustarret et al., 2007). As established by Taylor et al. (2015), boron doped
nanocrystalline diamond did not alter hNSCs attachment, proliferation or viability. Moreover,
boron doped diamond 3D nanostructures have been used to generate neural interfacing (Piret et
al., 2015). Similarly, the inclusion of boron into NDs could yield an ideal biomaterial for the
development of microelectrode arrays.

4.4.3

Limitations and future considerations

This study focused on the ability of NDs to support the growth of neurons and astrocytes. For a
thorough examination of hNSCs multipotency over NDs, oligodendrocyte differentiation could
also be performed. It was found that H-UNCD supported differentiation of neurons while OUNCD supported oligodendrocyte differentiation (Chen et al., 2009). Similarly, oligodendrocyte
differentiation of hNSCs could be analysed to elucidate whether hydrophilic or hydrophobic
surfaces of NDs can promote a specific lineage. Furthermore, it is important to evaluate whether
neuronal cells grown over NDs are functional; electrophysiological recordings could help
elucidate their synaptic activity. The higher neurite formation over O-NDs indicates this
hydrophilic substrate holds the potential to be patterned for possible directed neurite growth.
Future experiments should focus first on 2D patterning to survey the specific conditions, elements,
and practicalities needed and then following up to 3D patterning. This will allow functionalised
NDs and hNSCs to model neural tissue development.
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4.5 Conclusion
This is the first time hNSCs differentiation has been investigated over O-NDs (hydrophilic) and
H-NDs (hydrophobic). Both substrates maintained hNSCs adherence, proliferation and
differentiation for prolonged periods. Both surfaces promoted the spontaneous growth of neurites,
although on O-NDs cells showed an increased number of neurites. Given that both substrates were
compatible with hNSCs neural differentiation, they hold great promise for future applications in
the biomedical and tissue engineering fields. Of particular importance is their ability to be
patterned and to coat 3D objects, opening the door for future research on directed neurite growth
and the coating of scaffolds. Paired with hNSCs, NDs could be used to model human neural
development in 3D.
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CHAPTER 5:
EXTRACELLULAR MATRIX FROM DECELLULARISED PORCINE BRAIN:
OPTIMISATION, BIOCOMPATIBILITY AND DETERMINATION OF PROTEIN
CONCENTRATION
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5.1 Introduction
Decellularisation is the process of removing cells from a tissue or organ while preserving the
extracellular matrix (ECM) and ECM related molecules (Badylak et al., 2011; Gilbert et al.,
2006). Decellularisation of the brain has been achieved using various protocols. Porcine brain
was decellularised using detergent washes for 3-4 days, and induced pluripotent stem cell (iPSCs)
derived neurons showed an increased number of dendrites and neural morphology when cultured
with the brain extracellular matrix (ECM) (DeQuach et al., 2011). By employing a combination
of physical and chemical agents, Crapo et al. (2012) showed that decellularised porcine brain
could stimulate proliferation, migration, and differentiation of PC12 cells (a neural-like
rat pheochromocytoma cell line). In Medberry et al. (2013) study, mouse neuroblastoma cells
were cultured in a three-dimensional (3D) hydrogel derived from porcine brain, using Crapo et
al. (2012) decellularisation protocol. Neurite extension was observed in the 3D hydrogels and
when cultured in 2D, the porcine brain ECM promoted an increased number of neurites, as well
as an extended neurite length. Similarly, Crapo et al. (2014), derived porcine spinal cord ECM
3D hydrogels using the same protocol as Crapo et al. (2012). Results showed the hydrogels
promoted human neural stem cells (hNSCs) neurite extension. In Zhu et al. (2015a) study, mouse
cerebellum was decellularised by perfusion and a combination of chemical agents. The resulting
ECM showed adherence and survival of hNSCs. Lastly, human brain decellularised ECM has also
been investigated (Cho et al., 2019; Jin et al., 2018). Induced neural cells derived from mouse
embryonic fibroblasts showed enhanced maturation when cultured in monolayer, while a 3D
ECM environment promoted neuronal conversion (Jin et al., 2018). Collectively, these previous
studies have demonstrated that CNS ECM can support neural cell’s viability and proliferation in
two-dimension (2D) and 3D. However, despite the previous success, brain decellularisation
protocols can lack standardisation (Wang et al., 2015) which can lead to inconsistencies in their
reproducibility.
Currently, the differentiation mechanism of hNSCs derived from human embryonic/foetal tissue
is not well understood. Neurospheres can be heterogeneous in composition, and they can exhibit
a decrease in differentiation capacity and self-renewal (Gil‐Perotín et al., 2013; Reynolds and
Rietze, 2005; Vishwakarma et al., 2014). Because of this, monolayer cultures of hNSCs have
been investigated. Sun et al. (2008) successfully isolated embryonic hNSC lines, grown in
adherent culture conditions, from the cortex and spinal cord, identifying differences in the
expression of regional markers. Moreover, Tailor et al. (2013), generated human hindbrain
neuroepithelial stem cells from human embryos and they identified that the cells retained their
hindbrain region specification. Both studies exemplify how the tissue of origin can outline neural
stem cells (NSCs) identity. However, there remains a need to address foetal/embryonic hNSCs
differentiation disparities.
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In order to use the derived ECM in downstream applications such as Western blotting, 2D gel
electrophoresis or mass spectrometry-based proteomics, proper protein solubilisation is
imperative. For this reason, a buffer that can effectively and efficiently solubilise ECM proteins
is of interest (Peach et al., 2015). However, ECM proteins are known to be challenging to
solubilise due to their hydrophobic nature (Naba et al., 2016). The use of the right combination
of denaturalising agents and detergents must be considered to find a suitable solubilising buffer
(Peach et al., 2015). Additionally, protein solubilisation should ideally be achieved in one step to
avoid protein loss and sample degradation (Herbert, 1999). Equally important is the quantification
of the extracted proteins for their further characterisation. Colourimetric assays are widely used
to determine protein concentration; however, many substances can interfere with their protein
detection and quantification (Weiss and Görg, 2008). For this reason, new methodologies that can
evade these problems are of interest.
The development of 3D ECM scaffolds together with hNSCs are a promising tool for tissue
engineering applications in basic research and clinical studies. To this purpose, first, hNSCs were
derived from Carnegie stage 21(49-52 days) embryonic hindbrain (Cs21H) and 10 post
conception weeks (PCW) foetal whole brain. Isolated cells were characterised, and their
differentiation potential was investigated. Second, ECM was derived from the decellularisation
of porcine brains. Two different decellularisation protocols based on DeQuach et al. (2011) and
Crapo et al. (2012) were tested. The ECM was then solubilised and cultured together with derived
hNSCs to assess its biocompatibility. Third, a methodology for ECM solubilisation and protein
quantification was developed for further ECM characterisation in subsequent electrophoresis or
proteomic analyses.
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5.2 Aims and objectives
The main aims of this chapter are:



To isolate porcine brain ECM for its potential use with hNSCs for developing new human

in vitro CNS models
Specific objectives of this chapter:



To isolate additional hNSC lines from foetal and embryonic human brain tissue



Compare the differentiation capacity and corroborate expression of neural stem cells
markers of derived hNSCs



Test and optimise decellularisation protocols



To assess the effect of ECM on hNSCs growth



To obtain a high quality solubilisation and determine ECM protein concentration
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5.3 Results
5.3.1

Characterisation and differentiation of 10 PCW human brain-derived cells

Brain tissue was obtained from a 10 PCW foetus as previously described (Sun et al., 2008;
Vagaska et al., 2016), and cells (passage 1) were characterised by immunocytochemistry. Cells
were stained for neural stem cell markers, nestin (NES), SOX 2, PAX 6, T-box brain protein 2
(TBR2); glial markers vimentin (VIM) and glial fibrillary acidic protein (GFAP), and neural
markers, microtubule associated protein 2 (MAP2) and tubulin beta-3 (TBB3) (Figure 5.1). Cells
displayed a heterogeneous morphology, some showed a small cell body and elongated neurites,
while others showed spread-out cell bodies with no neurites. Double-labelling for NES and VIM
revealed positive expression of these markers within cell bodies and neurites of most cells. VIM
exhibited a stronger expression than NES. Double-labelling for GFAP and TUBB3 showed they
were differentially expressed. GFAP showed a faint stain on cell bodies that was homogenously
expressed throughout all cells. TBB3, on the other hand, showed a significant expression on
specific cells. Expression was detected on long neurites and cell bodies while other cells remained
negative or faintly expressed TUBB3. Single-staining revealed positive expression of
transcription factors SOX2, PAX6 and TBR2 with mainly nuclear localisation. Additionally,
MAP2 single-labelling revealed a faint expression mostly on cell bodies and part of the neurites.
Neuronal, astrocyte and oligodendrocyte differentiation were induced on passage three cells to
confirm neuronal and glial differentiation potential. After four weeks of neuronal differentiation,
cells were labelled for MAP2, neurofilament 200 (NF200), neuronal nuclear protein (NeuN),
doublecortin (DCX), TBB3 and NES (Figure 5.2). Differentiated cells grew more and longer
neurites that formed a web-like network. Late neuronal markers MAP2 and NF200 were
positively expressed and were found to be co-labelled in most cell bodies and neurites. Doublelabelling for NeuN and DCX revealed positive expression of NeuN with nuclear localisation and
a faint expression of DCX localised in a subset of neurites. Both markers were also found to be
faint or negatively expressed in some cells. Double-staining for TUBB3 and NES revealed
positive expression on most cells.
Astrocyte differentiation was induced for a total of two weeks. Cells grew with a flat and spreadout morphology with enlarged nuclei and no neurites (Figure 5.3 A). Double-labelling for glial
markers VIM and S100β revealed bright filaments staining with VIM antibody, and a faint S100β
staining localised to cell bodies and sometimes nuclear localisation. Additionally, double-staining
for NES and GFAP showed the cells were GFAP positive and NES negative. After five weeks of
oligodendrocyte differentiation, cells showed elongated processes similar to the neuronal
differentiation (Figure 5.3 B). Double-labelling for oligodendrocyte progenitor antibody O4 and
late neuronal marker NF200 revealed positive expression and differential localisation throughout
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the cell’s long processes. Double-labelling for oligodendrocyte progenitor marker A2B5 and
neurogenesis marker DCX revealed negative expression of A2B5 and a faint and punctuated
expression of DCX, which differed from the negative controls. Figure 5.4 shows the negative
controls for the characterisation as well as for the neuronal, astrocyte and oligodendrocyte
differentiation of 10PCW-hNSCs. Assessment of nonspecific binding of the secondary antibodies
was performed by omitting the primary antibodies (negative controls), and no labelling was
observed. These results indicate that hNSCs derived from 10 PCW foetal tissue were successfully
characterised to confirm their neural stem cell identity. Furthermore, tri-lineage differentiation
was assessed, and the positive expression of neural markers indicates that cells differentiated
towards specific lineages.
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Figure 5.1 Expression of neural markers in 10 PCW-human neural stem cells assessed by
immunocytochemistry. 10 PCW-hNSCs (passage 1) double-stained for express NES and VIM,
and GFAP and TUBB3. Single-stained for SOX2, MAP2, PAX6, and TBR2. Nuclei are
counterstained with Hoechst 33258 (blue). PCW, post conception weeks; hNSCs, human neural
stem cells; NES, nestin; VIM, vimentin; GFAP, glial acidic fibrillary protein; TUBB3, tubulin
beta 3; MAP2, microtubule-associated protein 2 and TBR2, T-box brain protein 2.
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Figure 5.2 Neuronal differentiation of 10 PCW-human neural stem cells assessed by
immunocytochemistry. 10 PCW-hNSCs (passage 3) double-stained for MAP2 and NF200, and
TUBB3 and NES. Single-stained for NeuN and DCX, after four weeks of differentiation. Nuclei
are counterstained with Hoechst 33258 (blue). PCW, post conception weeks; hNSCs, human
neural stem cells; MAP2, microtubule-associated protein 2; NF200, neurofilament 200; NeuN,
neuronal nuclear antigen; DCX, doublecortin; TUBB3, tubulin beta 3; and NES, nestin.
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Figure 5.3 Astrocyte and oligodendrocyte differentiation of 10 PCW-human neural stem
cells assessed by immunocytochemistry. 10 PCW-hNSCs (passage3). A) Double- labelling for
VIM and S100β, and NES and GFAP after two weeks of astrocytic differentiation. B) Doublelabelling for O4 and NF200, and A2B5 and DCX after five weeks of oligodendrocyte
differentiation. Nuclei are counterstained with Hoechst 33258 (blue). PCW, post conception
weeks; hNSCs, human neural stem cells; VIM, vimentin; NES, nestin; GFAP, glial fibrillary
acidic protein; NF200, neurofilament 200; DCX, doublecortin.
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Figure 5.4 Negative controls for the immunostaining of 10 PCW-human neural stem cells.
A) Expression of neural markers, B) neuronal differentiation, C) astrocyte differentiation and D)
oligodendrocyte differentiation. Anti-Mouse Alexa 488 in green, anti-Rabbit Alexa 594 in red
and Hoechst33258 nuclear staining in blue. All images are at the same magnification. hNSCs,
human neural stem cells.
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Characterisation and differentiation of Cs21 human hindbrain-derived

Cells were derived from a Cs21 human hindbrain in like manner to the 10PCW-hNSCs. Cells
(passage 1) were stained for several neural stem cell, neuronal and glial markers to confirm their
identity (Figure 5.5). TUBB3 and GFAP double-staining showed that some cells were strongly
positive for both markers, while others were only positive for one. Overall, there were more
TUBB3-positive cells than GFAP-positive cells. Cells were also double-labelled for MAP2 and
SOX2, and their positive expression was similar to the one seen in 10PCW- hNSCs. MAP2 was
localised in cell bodies and processes while SOX2 was expressed in the nucleus of most cells.
VIM and NES were co-localised on cell bodies and elongated processes of the majority of cells.
The transcription factors TBR2 and PAX6 were mainly found in the nucleus, but a faint stain was
also observed in some cell bodies.
Comparatively, Cs21H cells were subjected to neuronal, astrocyte and oligodendrocyte
differentiation. However, cells behaved differently than the 10 PCW cell line. After four weeks
of neuronal differentiation, cells (passage 7) formed thicker and shorter processes than the 10
PCW lines (Figure 5.6). Double-staining for late neuronal markers MAP2 and NF200 was
positive, indicating a level of neuronal maturity. MAP2 was localised mainly on cell bodies rather
than on neurites. NeuN expression was localised to the nucleus, and very few and small processes
were stained for DCX antibody. NES was positive and bright in most cells. These results suggest
that although a level of neuronal differentiation had taken place, cells might need a longer time
to fully mature or that the cell population was more heterogeneous.
Cs21H cells (passage 4) were induced towards an oligodendrocyte lineage for five weeks,
considerable cell death was observed, and the surviving cells bundled up together. The few cells
that did attach to the surface presented long processes interconnected to each other representative
of oligodendrocyte morphology (Figure 5.7 A). When astrocyte differentiation was induced for
two weeks, Cs21H (passage 4) showed a spread-out with enlarged nuclei and no neurites typical
of astrocytes in vitro (Figure 5.7 B). Both oligodendrocytes and astrocytes presented difficulties
to differentiate due to cell death or abnormal morphology. Because of technical difficulties,
immunocytochemistry was not performed on the astrocyte or oligodendrocyte differentiations.
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Figure 5.5 Expression of neural markers in Cs21-hindbrain human neural stem cells
assessed by immunocytochemistry. Cs21H-hNSCs (passage 1) Double-labelling for TUBB3
and GFAP, MAP2 and SOX2, and VIM, and NES. Single-labelling for TBR2 and PAX6. Nuclei
are counterstained with Hoechst 33258 (blue). Cs21H, Carnegie stage 21 hindbrain; hNSCs,
human neural stem cells; TUBB3, tubulin beta 3; GFAP, glial fibrillary acidic protein; TBR2, Tbox brain protein 2; MAP2, microtubule-associated protein 2; VIM, vimentin; and NES, nestin.
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Figure 5.6 Neuronal differentiation of Cs21-hindbrain human neural stem cells assessed by
immunocytochemistry. Cs21H-hNSCs (passage 7) after four weeks of differentiation. A)
Double-labelling for DCX and NeuN. B) Double-labelling for MAP2 and NF200. Singlelabelling for NES. Nuclei are counterstained with Hoechst 33258 (blue). Cs21H, Carnegie stage
21 hindbrain; hNSCs, human neural stem cells; MAP2, microtubule-associated protein 2; NF200,
neurofilament 200; NeuN, neuronal nuclear antigen; DCX, doublecortin; NES, nestin.
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Figure 5.7 Phase contrast images of Cs21-hindbrain human neural stem cells astrocyte and
oligodendrocyte differentiation. Differentiation was induced on Cs21H-hNSCs (passage 4) A)
Astrocyte differentiation after two weeks. Insert is 10x zoom. B) Oligodendrocyte differentiation
after five weeks. Insert is 10x zoom. Cs21H, Carnegie stage 21 hindbrain; hNSCs, human neural
stem cells.
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Figure 5.8 Negative controls for the immunostaining of Cs21-hindbrain human neural stem
cells. Anti-Mouse Alexa 488 in green, anti-Rabbit Alexa 594 in red and Hoechst33258 nuclear
staining in blue. All images are at the same magnification. A) Expression of neural markers, and
B) neuronal differentiation. hNSCs, human neural stem cells.
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Expression of neural markers in isolated cell lines assessed by RT-PCR

As described above, the two derived cell lines, 10 PCW and Cs21H, behaved differently between
each other when differentiation was induced. To further investigate differences in the expression
of neural markers, RT-PCR expression analysis was performed. Newly derived Cs21H-hNSCs
(passage 7) and 10 PCW-hNSCs (passage 3) were compared with previously derived lines Cs23
(passage 12) and Cs17 (passage 21). RNA from human brains Cs18, Cs21 and 22 PCW were used
as positive controls. Figure 5.9 shows the expression of neuronal marker TUBB3; neural stem
cell markers prominin (CD133), SOX2, PAX6 and NES; and glial markers VIM, GFAP, OLIG2,
glutamate aspartate transporter (GLAST) and brain lipid-binding protein (BLBP).
All lines expressed TUBB3, VIM, GLAST, BLBP, CD133, SOX2, PAX6, and NES. In contrast,
GFAP showed brighter bands in Cs23-hNSCs, was absent from Cs18 brain and showed weak
bands in Cs17-hNSCs and Cs21 brain. OLIG2 showed strikingly bright bands in 10 PCW-hNSCs,
and faint bands in Cs21H, Cs23 and Cs17 hNSC lines. Overall, the more significant differences
were seen in the expression of GFAP and OLIG2. Results indicate that the derived cell lines
express typical markers of hNSCs with some minor differences between them.
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Figure 5.9 Expression of neural markers in isolated human neural stem cells assessed by
RT-PCR. Expression of markers in Cs21H-hNSCs (passage7) and 10 PCW-hNSCs (passage3)
derived cell lines compared with previously isolated lines Cs23-hNSCs (passage 12) and Cs17hNSCs (passage 21). Human brains Cs18, Cs21 and 22 PCW were used as positive controls.
Water was used instead of cDNA template in the no template control. GAPDH was used as a
reference gene. TUBB3, tubulin beta 3; CD133, prominin; GFAP, glial fibrillary acidic protein;
OLIG2, oligodendrocyte transcription factor 2; NES, nestin; GLAST, glutamate aspartate
transporter; BLBP, brain lipid-binding protein, VIM, vimentin; RT-PCR, reverse transcription
polymerase chain reaction; Cs, Carnegie stage; H, hindbrain; PCW, post conception weeks;
+CTRL, positive control; NTC; no template control; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.
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Porcine brain decellularisation

5.3.4.1 Protocol A
Newborn porcine brain tissue (Figure 5.10 A) was decellularised following protocol A based on
DeQuach et al. (2011). According to the protocol, the tissue had to be washed in 0.1% SDS
solution for four days, changing the solution every 24 hrs. However, this time frame was not
enough to achieve complete decellularisation, and after seven days of washes, the tissue did not
yet appear entirely decellularised (Figure 5.10 B). Therefore, additional 0.1% SDS washes were
performed for 11 days, to help promote further cell removal. After 11 days, the SDS concentration
was increased to 1% for one day, and a DNase treatment was performed. These modifications
brought the length of the protocol to a total of 12 days and yielded a more decellularised tissue
(Figure 5.10 C) compared to 0.1% SDS washes (Figure 5.10 B). Table 5.1 shows a summary of
the steps of the optimised protocol. Total DNA extraction from 4 and 12-days decellularised
samples was performed to assess the effective removal of cells. There was a reduction of DNA
content in the decellularised tissue compared to the native porcine brain (Table 5.2). These DNA
samples were run on an agarose gel to assess if any bands exceeded 200pb in length, as shown in
Figure 5.11 D. Consistent with the total DNA levels following the extraction, the gel showed a
more effective reduction of DNA when DNase treatment was performed. No bands were detected
in any of the decellularised samples, although the sample without DNase treatment showed a
smear indicative of a higher level of DNA content.

Table 5.1 Optimisation of protocol A
Treatment
0.1%SDS
0.1% SDS +
1 % SDS +
DNase treatment

Days

Protocol

3-4 days

A (DeQuach et al., 2011)

11 days
1 day
3 hours

12 days total
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C

A

Native porcine brain

Day 12

D

0.1% w/v SDS

B

Day 2

Day 7
Figure 5.10 Optimisation of decellularisation protocol A. A) Native newborn porcine brain.
B) Decellularisation with 0.1% SDS washes. C) Tissue after 11 days of 0.1% SDS + 1day 1%
SDS + DNAse treatment, for a total of 12 days of decellularisation. D) Hand cut pieces of
desiccated extracellular matrix.
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Table 5.2 Extraction of total DNA following protocol A
Treatment

DNA ng/mg of ECM

Newborn porcine native brain

246.1

4 days 0.1% SDS + 1 day 1% SDS + DNase treatment

56.6

11 days 0.1% SDS + 1 day 1% SDS & No DNase treatment

110

11 days 0.1% SDS + 1 day 1% SDS + DNase treatment

10

All SDS washes were carried out in PBS and 1% penicillin and streptomycin. Extraction of total
DNA was done on wet ECM tissue. PBS, phosphate-buffered saline; SDS, sodium dodecylsulfate; ECM, extracellular matrix.

To further characterise decellularised samples, hematoxylin & eosin (H&E) and Hoechst staining
were carried out to assess cell removal. Results show no intact nuclei in H&E (Figure 5.11 A) or
Hoechst staining (Figure 5.11 B) in decellularised samples. Additionally, samples were stained
with alcian blue (counterstained with nuclear fast red to detect nuclei) to investigate the loss of
GAGs. GAGs were not preserved after decellularisation as evidenced by the absence of blue
staining (Figure 5.11 C). It is important to note that native tissue, as shown in Figure 5.11 A, B
and C, presents different degrees of cellularisation. The number of cells will vary depending on
the region of brain tissue. However, because all the brain was analysed without dissecting specific
regions, cell density can vary in the pieces analysed.
Having established that the tissue was properly decellularised, the ECM obtained was desiccated
and cut into pieces by hand (Figure 5.10 D). Next, digestion with low activity (>500 U/mg) pepsin
was performed for 48 hrs at room temperature (RT). This period was not enough to solubilise the
samples. Thus an additional 48 hrs at 37°C digestion was added although this step did not fully
solubilise the ECM either. Because of the inefficient digestion and low yield of the final ECM,
this ECM was not tested for its effect in culture with hNSCs.
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Figure 5.11 Protocol A evaluation of cell and DNA loss. Native newborn porcine brain and
decellularised (12 days with DNase treatment) samples. A) Hematoxylin & Eosin stain. B) Alcian
blue counterstained with nuclear fast red to stain the nuclei. C) Hoechst staining nuclei blue. D)
Agarose gel showing no bands bigger than 200pb on the decellularised samples compared to
native tissue. Samples are, 1= decellularised 12 days +DNase, 2=decellularised 12 days –DNase,
3=decellularised 4 days + DNase and 4=native newborn porcine brain. hNSCs, human neural
stem cells; Cs, Carnegie stage.
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5.3.4.2 Protocol B
Given the low yield of ECM obtained with protocol A, adult porcine brain was used in subsequent
experiments to start with a larger amount of material. Additionally, adult porcine brains were
more easily available as they could be bought at the butcher’s shop. Decellularisation of adult
porcine brain was based on Crapo et al. (2012) and called protocol B. First, the tissue was sliced
into 3 cm pieces followed by a water wash (≥16 h). Afterwards, washes with trypsin, TritonX100, sucrose, deoxycholate, peracetic acid and PBS were all carried out over one day. The
optimisation of protocol B decellularisation and the solubilisation/digestion of ECM is illustrated
in Figure 5.12. Protocol B washing steps are detailed in Table 2.4 Chapter 2-Materials and
Methods. After performing the washing steps, samples looked white on the outside and pink in
the centre (Figure 5.12 B), indicating an incomplete decellularisation. Therefore, 1 and 2-day
cycles (without the initial water wash) were added to the protocol to achieve complete cell
removal. Samples were then analysed for DNA, cell removal and GAGs content after two or three
days of decellularisation.
Hoechst and H&E staining were carried out. The 2-day samples showed a reduction of nuclei
compared to native tissue, although the 3-day samples showed a more significant reduction. Both
H&E and Hoechst staining revealed loss of structure, cells and some nuclei, with very few nuclei
still visible in the 3-day samples (Figure 5.13). Total DNA extraction showed a marked reduction
in DNA content after three days of decellularisation (Table 5.3).

Table 5.3 Extraction of total DNA following protocol B.
Sample

DNA ng/mg of ECM

Native adult porcine brain

258.64

2-day decellularisation

236.9

3-day decellularisation

79.31

ECM, extraction of total DNA was done on wet tissue. ECM, extracellular matrix.

Given that, two days were not enough to achieve complete decellularisation, only the 3-day
samples were further processed to determine GAG content and the size of DNA bands. Even
though the ECM structure was not preserved, alcian blue staining revealed a degree of GAG
preservation. Different morphology can be observed in different samples from the same brain
with same treatment. Nuclear fast red staining revealed only very few residual intact nuclei in the
3-day decellularised samples (Figure 5.14 A). DNA samples were run on an agarose gel to
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determine band size or lack of DNA, and no visible bands were detected in the 3-day
decellularised samples (Figure 5.14 B).

A

D

B

C

Figure 5.12 Decellularisation protocol B. A) Native adult porcine brain. B) 3 cm pieces after
1-day wash following protocol B. C) 1-0.5 cm pieces after 1-day of additional protocol B (1-day
wash with double concentration of trypsin and EDTA, and ~300 ml of solutions per ¼ of brain).
D) Hand cut ECM. ECM, extracellular matrix; EDTA, ethylenediamine tetraacetic acid.
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Native
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Decellularised

Native

B

Figure 5.13 Evaluation of cell loss after decellularisation using protocol B. Native adult
porcine brain and 2 or 3-day decellularised tissue. A) H&E staining shows nuclei in dark
pink/purple. B) Hoechst staining reveals nuclei in blue.
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Figure 5.14 Glycosaminoglycan and total DNA analysis after 3 days of protocol B
decellularisation. A) Alcian blue staining of glycosaminoglycans and nuclear fast red
counterstaining of nuclei. Native adult porcine brain and decellularised brain. The two images of
decellularised samples illustrate the different morphology observed in different samples from the
same brain with same treatment. B) Agarose gel showing no bands bigger than 200pb on the
decellularised samples compared to native tissue.
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After GAG staining and DNA band size analysis, ECM was desiccated as in protocol A. The dry
ECM was cut by hand (Figure 5.12 D) and digested with low activity pepsin (>500 units/mg) for
48 hrs at RT plus 48 hrs at 37°C. Sonication was carried out to solubilise the sample further and
residual particles though smaller in size were still present after pepsin digestion. The partly
solubilised ECM is evidenced by the particulates attached to the walls of the Eppendorf tube
(Figure 5.15).

Figure 5.15 Low activity pepsin solubilisation of extracellular matrix. Desiccated and hand
cut extracellular matrix was solubilised with pepsin (>500 units/mg) for 48 hrs at room
temperature plus 48 hrs at 37°C. Sonication was carried out with intervals of 30 s for a total of 28
minutes. Small unsolubilized particles were still visible after the procedure.

5.3.5
Testing extracellular matrix isolated with protocol B with human neural
stem cells
Two approaches were taken to assess if ECM proteins would support hNSC adhesion and
survival. (i) ECM was cut into 1 mm pieces, and cultured with hNSCs and (ii) the partially
solubilised ECM was used to coat culture plates and culture hNSCs on top.

5.3.5.1 Extracellular matrix 1mm pieces
Pieces were hand cut (Figure 5.16 A) and sterilised using a

137

Cs irradiator. ECM was then

cultured with 50,000 Cs17-hNSCs with no added laminin in the medium. Cultures were
monitored for 24 and 48 hrs (Figure 5.16 B). After 24hrs, cells started to clump together and form
a ring around the ECM. After 48 hrs, cells migrated towards the ECM, forming a much closer
ring around it. To assess whether cells were penetrating the ECM, they were stained with Hoechst
and visualised using confocal microscopy. Because of the high autofluorescence and opacity of
the ECM, it was not possible to visualise cells through the full depth of the matrix. Nonetheless,
staining showed that a small number of nuclei were present at the ECM surface at 24 hrs and 48
hrs (Figure 5.16 C).
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Figure 5.16 Cs17-human neural stem cells cultured over 1 mm extracellular matrix. A)
ECM was hand cut to 1 mm pieces. B) Bright field images of Cs17-hNSCs (passage 23) seeded
onto the ECM and photographed after 24 and 48 hrs. C) Confocal microscopy images of Hoechst
stained (blue) cellularised ECM show high autofluorescence. Arrows indicate cell nuclei on the
surface of the ECM. D) Bright field images of the ECM. Both Hoechst and bright field images
at 24 hrs are z=182µm, insert is 10x zoom z=100 µm. Both Hoechst and bright filed images at
48 hrs are z= 60.7µm. ECM, extracellular matrix; Cs, Carnegie stage; hNSCs, human neural stem
cells.
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5.3.5.2 Extracellular matrix coated plates:
Culture plates were first coated with poly-l-lysine (PLL) to increase ECM adherence to the plastic,
then 10 µg/ml ECM solution was used to coat for 2 hrs at 37°C. This concentration was chosen
because it is the same concentration of laminin (LN) used to coat plates for normal culture
conditions. Cs21H-hNSCs cells were cultured and monitored for seven days. Viability was
analysed using the MTT assay that measured cell metabolic activity, at day one, four and seven.
Cells appeared to adhere to all culture conditions to some degree, although at day seven, it was
apparent that cells proliferated more over PLL+LN control (Figure 5.17 A). This observation was
confirmed by MTT analysis, revealing all culture conditions to have the same metabolic activity
on day one and four. However, after seven days in culture, PLL+LN, showed a significantly
higher metabolic activity consistent with a higher cell number. These results indicate that ECM
proteins did not significantly enhance hNSCs adherence or proliferation.
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Figure 5.17 Human neural stem cells adhesion and viability over porcine brain
extracellular matrix coated plates. Cs21H-hNSCs (passage 8) were cultured in the following
coating conditions: PLL + ECM, PLL + LN control and +PLL control. A) Cells adhere to some
degree to all culture conditions on day 4. At day 7 cells proliferate more over PLL +LN control.
B) Analysis of metabolic activity after day 1, 4 and 7 assessed by MTT viability assay.
Absorbance values represent mean ±SEM, n=6; **** p 0.0001 by two way ANOVA, followed
by Tukey’s multiple comparisons test. Cs21H Carnegie stage 21 hindbrain; hNSCs, human
neural stem cells; ECM, extracellular matrix; PLL, poly-l-lysine; LN, laminin; SEM, standard
error of the mean; ANOVA, analysis of variance.
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Protocol B optimisations: first stage

ECM proteins might have lost their activity due to the solubilisation process (sonication and
pepsin digestion RT/37°C). Alternatively, key matrix components might have been washed away
by the extensive decellularisation, leaving only proteins that were not involved in cell attachment
or proliferation. Moreover, desiccation at 39°C might have also affected the integrity of proteins.
Numerous steps were optimised to overcome these issues. A double concentration of trypsin was
used and only one day of decellularisation was performed to reduce decellularisation time and
still attain sufficient cell loss. Brain pieces were cut to smaller sizes, 1-0.5 cm instead of 3 cm, to
allow better diffusion of solutions. Lastly, the volume of solutions was standardised to 300 ml for
1/4 of brain tissue. Because of the Erlenmeyer flasks used, 300 ml was the ideal volume to obtain
sufficient movement while on the shaker. A volume of 500 ml was also tested but resulted in
reduced movement which restricted proper diffusion of solutions.
Compared to Figure 5.12 B, these changes resulted in an improved decellularisation as shown in
Figure 5.12 C, where brain pieces appeared white after only one day of decellularisation. Cutting
brain tissue to smaller sizes than 0.5 cm would result in pieces breaking down and thus losing a
great deal of the material throughout the washes. Although the double concentration of trypsin
helped to improve decellularisation, it also lowered the total yield of ECM obtained. For this
reason, all the decellularised tissue obtained was used for the solubilisation/digestion step.
Desiccation was changed to an overnight lyophilisation. Afterwards, ECM was hand cut, and
medium activity pepsin (≥2,500 units/mg) was used to improve digestion. The HCl concentration
was adjusted because 0.01 N HCl, even with the medium activity pepsin, was not sufficient to
solubilise the sample. Increasing the concentration of HCl lowered the pH of the solution, which
allowed pepsin to reach its maximum activity. A concentration of 0.1 N HCl was used, and
digestion was carried out for 72 hrs at RT. This significantly improved solubilisation (Figure
5.18), compared to the low activity pepsin digestion (Figure 5.15) and eliminated the need for
digestion at 37°C and sonication. However, very few unsolubilised particles were still present.
All the optimisations done at this stage are summarised in Table 5.4.
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Figure 5.18 Medium activity pepsin solubilisation of porcine brain extracellular matrix.
Hand cut and lyophilised extracellular matrix was solubilisation with pepsin (≥2,500 units/mg)
in 0.1 N HCl for 72 hrs at room temperature on a shaker. Solubilisation was significantly
improved compared to the low activity pepsin digestion, but as insert shows, very small particles
could still be observed.

Table 5.4 First stage of optimisations summary (protocol B)
Decellularisation

Solubilisation/digestion

Previous

Optimisation

Previous

Optimisation

3-day washes

1-day wash

Desiccation at 39°C

Overnight lyophilisation

Low activity pepsin
Medium activity pepsin
≥500 units/mg
3 cm pieces

≥2,500 units/mg

1-0.5 cm pieces

0.01 N HCl
48h RT roller and

0.1 N HCl
72h RT shaker

48h 37°C
0.02% Trypsin

0.04% Trypsin

0.008% EDTA
Unstandardised volume

0.016% EDTA

Sonication

300 ml per ¼ of brain
of solutions
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Proteins in the ECM digestion were quantified by BCA assay, and sterile filtered. Next, ECM was
added directly to the cell culture media instead of coating plates as routinely done for laminin. 10
PCW-hNSCs (passage 8) were cultured for a total of seven days. Morphology was examined, and
viability was analysed by MTT assay at day four and seven (Figure 5.19, Figure 5.20 and Figure
A1).
ECM concentrations tested were 10, 25 and 100µg/ml without LN as well as 25µg/ml with
laminin (+LN). Additionally, +LN control (normal culture conditions) and no laminin control
(–LN) were tested. After four days (Figure 5.19), ECM 100µg/ml presented more cell
proliferation out of all the ECM-LN conditions although it also presented cell aggregates,
compared to ECM 25µg/ml +LN or +LN control. By day 7 (Figure 5.20 A), hNSCs grown in
ECM 25µg/ml +LN were denser than in +LN control, confirmed with the MTT assay (Figure 5.20
B) results. Furthermore, all ECM without LN conditions were the same as +LN control (Figure
A1).
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ECM 10µg/ml

ECM 25µg/ml
+ LN

ECM 25µg/ml

+LN

ECM 100µg/ml

‐LN

Figure 5.19 Effect of porcine brain extracellular matrix in the culture medium on 10 PCWhuman neural stem cell adhesion four days after plating 10 PCW-hNSCs (passage 8) were
visualised after four days in culture with 10, 20 and 100µg/ml of ECM without laminin. ECM
was also added together with LN at 25µg/ml. Controls are +LN and no laminin in medium (-LN).
PCW, post conception weeks; hNSCs, human neural stem cells; ECM, extracellular matrix; LN,
laminin.
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Figure 5.20 Effect of porcine brain extracellular matrix in the culture medium on 10 PCWhuman neural stem cell adhesion seven days after plating. A) 10 PCW-hNSCs (passage 8)
were visualised after seven days in culture with 10, 20 and 100µg/ml of ECM without LN. ECM
was also added together with LN at 25µg/ml. Controls are +LN and no LN in medium (-LN). B)
Analysis of metabolic activity after four and seven days assesseed by MTT viability assay. Only
significant differences compared to +LN control are shown. The full set of significant differences,
displayed as a 95% confidence of interval (Tukey) plot, are available as a supplementary figure
in the Appendix (Figure A1). Absorbance values represent mean ±SEM, n=5, * p ≤ 0.05, **** p
≤ 0.0001 by two way ANOVA, followed by Tukey’s multiple comparisons test. PCW, post
conception weeks; ECM, extracellular matrix; LN, laminin; hNSCs, human neural stem cells;
SEM, standard error of the mean; ANOVA, analysis of variance.
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To further evaluate and establish an optimal ECM +LN concentration, additional concentrations
of ECM were tested, keeping LN concentration constant. The aim was to find an ECM
concentration that would allow optimal cell attachment and proliferation, using the smallest
amount of ECM possible due to the low yield of the total matrix obtained. The 100µg/ml ECM
without LN was not more effective than lower concentrations. Hence, this condition was
excluded, and ECM 10µg/ml +LN was tested together with ECM 25µg/ml +LN and ±LN controls.
10PCW-hNSCs (passage 12) were cultured with ECM for a total of seven days. After four days
(Figure 5.21), cells in the ECM 10µg/ml +LN condition presented a morphology, cell attachment
and proliferation similar to +LN control. As observed in the previous experiment, the ECM
25µg/ml +LN condition, appeared to have more cells than any other condition on day four and
seven (Figure 5.21 and Figure 5.22 A). In all conditions that did not include LN (–LN), hNSCs
formed small neurospheres that seemed to grow over time. MTT assay performed on days four
and seven (Figure 5.22 B), showed increased metabolic activity for both ECM 10µg/ml +LN and
ECM 25µg/ml +LN over +LN control. Nevertheless, ECM 25µg/ml +LN showed the highest cell
proliferation of all conditions. No differences were seen between culture not containing LN either
on four or seven days (Figure A2). Based on these results, the ECM 25µg/ml +LN condition was
chosen to be used for further experiments.
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‐LN

ECM 25 µg/ml

ECM 10 µg/ml

Control

+LN

Figure 5.21 Effect of porcine brain extracellular matrix (10/25 µg/ml) in the culture medium
on 10 PCW-human neural stem cell adhesion four days after plating. 10 PCW-hNSCs
(passage 12) were visualised after four days in culture with 10 and 25 µg/ml of ECM ±LN.
Controls are +LN and –LN. PCW, post conception weeks; hNSCs, human neural stem cells;
ECM, extracellular matrix; LN laminin.
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Figure 5.22 Effect of porcine brain extracellular matrix (10/25 µg/ml) in the culture medium
on 10 PCW-human neural stem cell adhesion seven days after plating. A) 10 PCW-hNSCs
(passage 12) were visualised after 7 days in culture with 10 and 25 µg/ml of ECM ±LN. Controls
are +LN and –LN. B) Analysis of metabolic activity after 4 and 7 days assessed by MTT viability
assay. Only significant differences compared to +LN control are shown. The full set of significant
differences, displayed as a 95% confidence interval (Tukey) plot, are available as a
supplementary figure in the Appendix (Figure A2). Absorbance values represent mean ±SEM,
n=5; ***≤ 0.001, **** p ≤ 0.0001 by two way ANOVA, followed by Tukey’s multiple
comparisons test. hNSCs, human neural stem cells; ECM, extracellular matrix; LN, laminin;
SEM, standard error of the mean; ANOVA, analysis of variance.
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Protocol B optimisations: second stage

Although the porcine ECM potentiated growth of hNSCs in the presence of LN, as compared to
LN alone, it was not sufficient on its own for optimal cell attachment. To further optimise the
decellularisation protocol, a DNase treatment and two days of water washes were added. After
these additional steps, ECM became whiter, suggesting a higher degree of decellularisation
(Figure 5.23).

A

B

Figure 5.23 DNase and water decellularisation optimisation (protocol B). A) Extracellular
matrix (ECM) after 1 day of decellularisation (protocol B + first stage of optimisations). B) ECM
after protocol B + second stage of optimisations (DNase treatment + 1 day water wash in
movement + 1 day water wash static).

To rule out the possibility that cell attachment proteins could have been lost in the filter
sterilisation step, samples were irradiated for sterilisation before pepsin digestion. Similarly, to
rule out the possibility that cell attachment proteins remained undigested, ECM solubilisation
would need to be further optimised. To achieve this, ECM would ideally need to be a powder, as
a smaller particle size would facilitate pepsin digestion. Hand cutting the ECM after lyophilisation
produced large particles of different sizes. Hence, a milling machine was used to reduce particle
size. However, here, another problem arose; overnight lyophilisation left the ECM with a
consistency which made milling very problematic, as the sample tended to adhere to the machine.
This caused a considerable amount of sample loss and an overall reduction in the final sample
yield. Because of the adherence, an extensive, 5-day lyophilisation was performed, and a drier
sample was obtained. This extended lyophilisation had a substantial effect on the milling process
as the drier ECM adhered less to the machine which produced smaller sized particles and a bigger
volume of the milled matrix. Figure 5.24 A, illustrates how the difference between five days and
overnight lyophilisation affected particle size (volumes illustrated do not represent the total
amount of ECM obtained after milling). Furthermore, a higher activity pepsin (3,200-4,000
units/mg) was used to aid solubilisation of the small particulates obtained with the previous
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medium activity pepsin (≥2,500 units/mg) digestion. All the steps performed in this second phase
of optimisations are summarised in Table 5.5.

A
E

B

Supernatant

Pellet
5 days

overnight

Figure 5.24 Lyophilisation and pepsin digestion optimisations (protocol B). A) Difference
between 5 days and overnight lyophilisation of ECM affects particle size. B) ECM solubilised
with high activity pepsin (3,200-4,000 units/mg) with 0.1 N HCl for 72 hrs at room temperature.
ECM, extracellular matrix;

Table 5.5 Second stage of optimisations summary (protocol B)
Decellularisation
Previous

Optimisation

1-day wash

1-day wash
+DNase treatment
+ 1-day water wash in movement
+1-day water wash, static

Solubilisation/digestion
Previous

Optimisation

Overnight lyophilisation

5-day lyophilisation

Hand cutting ECM

Milling machine

Filter sterilisation

Irradiation sterilisation

Medium activity pepsin
≥2,500 units/mg
0.1 N HCl
72h RT shaker

High activity pepsin
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In addition to the optimisations detailed in this study, many more conditions were tested at various
stages of the decellularisation/solubilisation. A list of all the conditions, which resulted in
unsolubilised ECM, is shown in Appendix I, Table A1. After all the optimisations and many
attempts, the ECM could not be fully solubilised. At this point, both overnight and five days
lyophilisation were tested with medium and high activity pepsin with unsatisfactory results. The
suspension obtained contained floating particles, that over time precipitated forming a clear
supernatant and a pellet (Figure 5.24 B). Both the total digest (TD) mixture and the supernatant
alone (SN) were analysed. Unsurprisingly, the total digest contained a higher concentration of
proteins than the SN fraction. The effect of these two digests was tested on 10PCW-hNSCs
(passage 13) at a concentration of 25µg/ml with or without laminin (±LN). A pepsin control
containing all the components used in the pepsin digest, except the ECM was also included. This
pepsin control contained pepsin, PBS and HCl neutralised with NaOH up to the same
concentrations that were used to neutralise the ECM/pepsin digestion. Cells were cultured for
seven days, their morphology was evaluated, and their metabolic activity was analysed by MTT
assay.

207

Chapter 5

ECM from Decellularised Porcine Brain

— LN

Pepsin control

SN

TD

Control

+ LN

208

Chapter 5

ECM from Decellularised Porcine Brain

Figure 5.25 Effect of porcine brain extracellular matrix (total digest and supernatant) in
the culture medium on 10 PCW-human neural stem cell adhesion four days after plating.
ECM was divided into TD and SN. Both mixtures were cultured with 10 PCW-hNSCs (passage
13) at a concentration of 25µg/ml ±LN for four days. Controls are +LN,-LN and pepsin+LN
which includes pepsin, PBS and HCl neutralized with NaOH up to the same concentrations that
were used to neutralise the ECM/pepsin digestion. PCW, post conception weeks; hNSCs, human
neural stem cells; ECM, extracellular matrix; LN, laminin; TD, total digest, supernatant with
floating particles; SN, supernatant; PBS, phosphate buffered saline; HCl, hydrochloric acid;
NaOH, sodium hydroxide.
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Figure 5.26 Effect of porcine brain extracellular matrix (total digest and supernatant) in
the culture medium on 10 PCW-human neural stem cell adhesion seven days after plating.
A) ECM was divided into TD and SN. Both mixtures were cultured together with 10 PCWhNSCs (passage 13) at a concentration of 25µg/ml ±LN for seven days. Controls are +LN, -LN
and pepsin+LN which includes pepsin, PBS and HCl neutralized with NaOH up to the same
concentrations that were used to neutralise the ECM/pepsin digestion. B) Analysis of metabolic
activity after seven days assessed by MTT viability assay. Only significant differences compared
to +LN control are shown. The full set of significant differences, displayed as a 95% confidence
interval (Tukey) plot, are available as a supplementary figure in the Appendix (Figure A3).
Absorbance values represent mean ±SEM, n=5; **** p ≤ 0.0001 by two way ANOVA, followed
by Tukey’s multiple comparisons test. PCW, post conception weeks; hNSCs, human neural stem
cells; ECM, extracellular matrix; LN, laminin; TD, total digest, supernatant with floating
particles; SN supernatant; PBS, phosphate buffered saline; HCl, hydrochloric acid; NaOH,
sodium hydroxide; SEM, standard error of the mean; ANOVA, analysis of variance.
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After four days in culture, hNSCs in LN-containing medium appeared to adhere similarly,
although it was hard to visualise cells in the TD+LN condition because of all the unsolubilised
particles. The TD particulates were left on the culture plates untouched as much as possible. In
the TD –LN condition, ECM proteins were distributed more evenly throughout the wells, while
in the TD+LN, they formed more discrete aggregates (Figure 5.25). This distribution suggests LN
had an effect not only on the cells but on the ECM proteins as well. By day seven (Figure 5.26
A), the aggregates in both TD conditions looked similar, although cell attachment was not
observed in TD-LN. MTT assay (Figure 5.26 B) revealed higher metabolic activity in the TD+LN
condition compared to +LC control and lower metabolic activity of SN+LN compared to +LN
control. All of the –LN conditions presented the same low metabolic activity. Interestingly, the
pepsin +LN control showed reduced levels of metabolic activity compared to +LN control,
indicating that one of the components was negatively affecting hNSCs metabolic activity.
The two mixtures (TD and SN) were also cultured with CS23-hNSCs (passage 15) at a
concentration of 25µg/ml ±LN for seven days. Previous members in the laboratory derived Cs23
cell line. Controls were +LN, -LN and pepsin+LN. After four days, the cells in all the +LN
conditions were attaching to the wells, although to a lesser extent in the TD+LN (Figure 5.27).
After seven days, TD+LN showed a decreased proliferation compared to +LN and pepsin+LN
controls (Figure 5.28 A). After seven days, MTT assay results showed that all the +LN conditions
presented higher metabolic activity than the –LN conditions with +LN control presented the
highest levels (Figure 5.28 B). The most significant difference between cell lines was that the
TD+LN condition in 10PCW-hNSCs had higher metabolic levels than +LN control. However,
the TD+LN condition in CS23-hNSCs presented lower metabolic levels than +LN control. These
results suggest that cells derived from different developmental age, brain region or different
commitment behave differently to partially solubilised brain ECM, or they are more sensitive to
the components of the pepsin digest solution.
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Figure 5.27 Effect of porcine brain extracellular matrix (total digest and supernatant) in
the culture medium on Cs23-human neural stem cell adhesion four days after plating. ECM
was divided into TD and SN fractions. Both mixtures were cultured with CS23-hNSCs (passage
15) at a concentration of 25µg/ml ±LN for four days. Controls are +LN,-LN and pepsin+LN
which includes pepsin, PBS and HCl neutralized with NaOH up to the same concentrations that
were used to neutralise the ECM/pepsin digestion. Cs, Carnegie stage; hNSCs, human neural
stem cells; ECM, extracellular matrix; LN, laminin; TD, total digest, supernatant with
unsolubilised particles; SN supernatant; PBS, phosphate buffered saline; HCl, hydrochloric acid;
NaOH, sodium hydroxide.
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Figure 5.28 Effect of porcine brain extracellular matrix (total digest and supernatant) in
the culture medium on Cs23-human neural stem cell adhesion seven days after plating. A)
ECM was divided into TD and SN. Both mixtures were cultured together with Cs23-hNSCs
(passage 15) at a concentration of 25µg/ml LN for seven days. Controls are +LN, -LN and
pepsin+LN which includes pepsin, PBS and HCl neutralized with NaOH up to the same
concentrations that were used to neutralise the ECM/pepsin digestion. B) Analysis of metabolic
activity after seven days assessed by MTT viability assay. Only significant differences compared
to +LN control are shown. The full set of significant differences, displayed as a 95% confidence
interval (Tukey) plot, are available as a supplementary figure in the Appendix (Figure A4).
Absorbance values represent mean ±SEM, n=5; **** p ≤ 0.0001 by two way ANOVA, followed
by Tukey’s multiple comparisons test. hNSCs, human neural stem cells; ECM, extracellular
matrix; LN, laminin; TD, total digest, supernatant with floating particles; SN supernatant, PBS,
phosphate buffered saline; HCl, hydrochloric acid; NaOH, sodium hydroxide; SEM, standard
error of the mean; ANOVA, analysis of variance.
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These results suggested that the decellularisation protocol was probably extracting too many ECM
proteins or active binding sites. Native and decellularised tissue adult porcine brain was cut into
sections and adhered onto coverslips to elucidate how the native ECM would affect hNSCs. Adult
porcine brain sections, which were fixed in the cryosectioning protocol, are referred here as native
to distinguish them from the decellularised sections, which were also fixed. Coverslips were
coated with PLL (+PLL) to ensure sections would adhere properly. Sections were placed on
coverslips without PLL (-PLL) because PLL could affect cell attachment. Afterwards, 50,000
10PCW-hNSCs were cultured on top of the sections without laminin in the medium. Cells were
labelled with CMFDA cell tracker and monitored for up to nine days.
After two days, cells showed a degree of cell attachment. Cells were more spread out in the
+PLL/Native compared to +PLL/Decellularised, where only neurospheres were formed (Figure
5.29). In the –PLL/Native condition (Figure 5.30), cells again attached to a higher degree than to
–PLL/Decellularised. Some cells appeared to attach on the border of both –PLL/Native and
+PLL/Decellularised sections. Control cultures illustrate how PLL does affect hNSCs adherence.
Cells attached to a greater extent to +PLL coated coverslips than to –PLL (Figure 5.31). After
nine days in culture, CMFDA was not visible anymore, but cells proliferated, and neurospheres
grew on all conditions. Cells did not show proper attachment to either native or decellularised
sections after nine days in culture (Figure 5.32).
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CMFDA Phase contrast
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Figure 5.29 Effect of native and decellularised adult porcine brain sections with poly-llysine on human neural stem cells after two days. Sections were placed onto PLL coated
coverslips and 10 PCW-hNSCs (passage 10) were cultured on top. CMFDA cell tracker labels
cells green. Arrows indicate cells attaching over tissue sections. All images are the same
magnification. PCW, post conception week; hNSCs, human neural stem cells; PLL, poly-l-lysine;
CMFDA, 5-chloromethylfluorescein diacetate.
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‐PLL / Decellularised
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Figure 5.30 Effect of native and decellularised adult porcine brain sections on human
neural stem cells after two days. Sections were placed onto coverslips without PLL (-PLL) and
10 PCW-hNSCs (passage 10) were cultured on top. CMFDA cell tracker labels cells green.
Arrows indicate cells attaching over tissue sections. All images are the same magnification.
PCW, post conception week; hNSCs, human neural stem cells; PLL, poly-l-lysine; CMFDA, 5chloromethylfluorescein diacetate.
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Figure 5.31 Controls native and decellularised adult porcine brain sections on human
neural stem cells after two days. Coverslips ±PLL and 10 PCW-hNSCs (passage 10) cultured
on top. CMFDA cell tracker labels cells green. All images are the same magnification. PCW,
post conception week; hNSCs, human neural stem cells; PLL, poly-l-lysine; CMFDA, 5chloromethylfluorescein diacetate.
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Figure 5.32 Effect of native and decellularised adult porcine brain sections on human
neural stem cells after nine days. Sections were adhered onto coverlips coated ±PLL and 10
PCW-hNSCs (passage 10) were cultured on top. Controls are hNSCs cultured on top of coverslips
±PLL. PCW, post conception week; hNSCs, human neural stem cells; PLL, poly-l-lysine.
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5.3.8
Development of methodology for solubilising and determining extracellular
matrix protein concentration
To further study the ECM composition, it is necessary to obtain a high-quality solubilisation for
further downstream applications such as Western blot or mass spectrometry. For this reason, it is
crucial to find a buffer that can solubilise the decellularised ECM and does not interfere with the
analytical techniques needed for its future characterisation and use in cell cultures.
A buffer containing urea, thiourea, a detergent called ASB-14 and proteinase inhibitors, referred
here as DBi or DB (without inhibitors), was used to solubilise lyophilised ECM obtaining
favourable results. Two different times were used, 30 minutes or overnight digestion. Both
conditions resulted in increased and comparable solubilisation, compared to pepsin digestion
(Figure 5.33). Some small floating particles that were hard to centrifuge were thought to be lipids;
hence, the buffer achieved a satisfactory level of solubilisation of ECM proteins.

Overnight

30 min

Figure 5.33 Extracellular matrix solubilisation with digest buffer. Samples of extracellular
matrix (ECM) were solubilised using digest buffer overnight or for 30 min. Both intervals of time
seemed to solubilise samples to the same extent. Arrows indicate small floating particles believed
to be lipids.

To quantify the solubilised proteins, several protein assays were compared to select one that was
not affected by the components of the DB. Both undiluted and diluted DB without ECM were
tested using the Bicinchoninic acid (BCA) and Bradford colourimetric protein quantification
assays. These assays have a linear relationship between the absorbance measured and the protein
concentration. If there is no interference (with no proteins present), the absorbance of the DB
should be similar to that of the blank (protein assay reagents). Both assays proved to be
incompatible with the components of the buffer. BCA assay undiluted and diluted buffer values
did not follow any relationship with the dilutions tested (Figure A5 A). On the other hand,
Bradford assay showed absorbance values to diminish when the dilutions increased, even up to a
point where the values were similar to the blank (Figure A5 B). However, when a BSA standard
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curve was generated the curve was not linear, did not give a basic equation to solve and the curve
plateaued (Figure A5 C).
As the colourimetric assays were not suitable for quantification of proteins solubilised in the DB,
a modified dot blot was developed. This methodology could allow eliminating incompatibilities
from the buffer by washing it away while retaining the proteins to be analysed. To this purpose,
a home-made modified dot blot was constructed by using two grids with circular openings where
a membrane could be secured between them (Figure 5.34). Dotting proteins onto a membrane
would allow them to remain attached while the buffer could be washed away.

A

B

Figure 5.34 Modified dot blot device. A) Two grids with circular openings can be attached from
the top or the side. The grids are “opened” to be able to place a membrane of the same size
between them. B) The grids are “closed” and the membrane is secured in between.
Samples were dotted onto a nitrocellulose membrane, the buffer was washed away, and PonceauS
was used to stain the proteins. Samples tested included, BSA standards in undiluted DBi (BSADBi), BSA standards in 1:150 dilution of DBi in PBS (BSA-1:150DBi) and different dilutions of
DBi. Even after intense washing, undiluted DBi showed to interfere with the analysis. The
staining for the BSA standards was the same regardless of their concentration (Figure 5.35 A).
On the other hand, when DBi was diluted 1:150, it did not interfere with the staining of BSA
standards, but the sensitivity of the method was too low to detect the lower concentrations of the
standards (Figure 5.35 B), indicating the low sensitivity of PonceauS. Undiluted DBi left a mark
on the membrane, indicating that the buffer alone was enough to interfere with the analysis.
However, small dilutions (1:4) eliminated these interferences (Figure 5.35 C). This is an important
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factor to consider because high dilutions reduce the total amount of proteins in a sample, running
the risk of falling out of the range of detection of the assay.

B
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C
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Digest buffer + protease inhibitors

Figure 5.35 Effect of diluted digest buffer on bovine serum albumin detection by PonceauS
and nitrocellulose membrane. All samples were dotted in duplicate. A) BSA protein standards
were prepared in DBi (BSA-DBi) in concentrations ranging from 500 to 50 µg/ml. B) BSA
protein standards were prepared in 1:150 dilution of DBi (BSA-1:150 DBi) in concentrations
ranging from 500 to 50 µg/ml. C) Undiluted or diluted DBi was dotted in dilutions ranging from
1:2 to 1:100 in PBS. BSA, bovine serum albumin; DBi, digest buffer with protease inhibitors;
Undil, undiluted; PBS, phosphate buffered saline.

Because of the low detection limit of the nitrocellulose membrane with PonceauS staining, the
methodology was adjusted. Polyvinylidene difluoride (PVDF) membrane has a higher binding
capacity than nitrocellulose, and Coomassie staining has a higher sensitivity than PonceauS,
hence this combination was tested. The standards (BSA-DBi, BSA-1:150DBi) and DBi dilutions
(undiluted, 1:2-1:100) were analysed. Undiluted DBi interfered with the detection of the BSA
standards (Figure 5.36 A). DBi diluted 1:150 and did not interfere with the detection of BSA
standards (Figure 5.36 B). More importantly, the lower concentrations of the standards were
detected. Additionally, DBi dilution 1:50 was free of interferences from the buffer (Figure 5.36
C). The standard curve of BSA-1:150DBi samples is shown in Figure 5.36 D. To solve the
equation from the curve, the axes were switched having the independent variable on the Y-axis.
The standard curve obtained could be easily solved and could provide an estimate of protein
concentration in a sample.
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Figure 5.36 Effect of diluted digest buffer (1:150) on bovine serum albumin detection by
Coomassie and polyvinylidene difluoride membrane staining. All samples were dotted in
duplicate. A) BSA protein standards were prepared in DBi (BSA-DBi) in concentrations ranging
from 500 to 50 µg/ml. B) BSA protein standards were prepared in 1:150 dilution of DBi in
concentrations ranging from 500 to 50 µg/ml. C) Undil. or diluted DBi was dotted in dilutions
ranging from 1:2 to 1:100 in PBS. D) BSA standards dotted in B were quantified and a standard
curve was plotted. The polynomial equation that best fits the line is depicted below the plot. BSA,
bovine serum albumin; DBi, digest buffer with protease inhibitors; Undil, undiluted; PBS,
phosphate buffered saline.
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It was established that 1:150 dilution of DBi did not interfere with the detection of BSA standards
and a suitable curve could be plotted. However, 1:150 dilution could be too big for ECM samples
hence, the lowest dilution that did not show interference, 1:50 (Figure 5.36 C), was investigated.
When the ECM solution was diluted 1:50 (Figure A6 A-E) or even 1:30 (Figure A6 F), no protein
was measurable against the BSA standard curve (50-500 µg/ml). Two additional low
concentrations were added to the standard curve, 25 and 5 µg/ml in DBi 1:30 dilution in PBS to
elucidate if they could be detected and quantified. The 5 µg/ml concentration could hardly be
detected while the 25 µg/ml was easily detected (Figure 5.37), therefore the sensitivity limit of
protein detection using PVDF membrane with Coomassie staining was expanded.
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R² = 1

Figure 5.37 Effect of diluted digest buffer (1:30) on the sensitivity limit of bovine serum
albumin detection by Coomassie and polyvinylidene difluoride membrane staining. All
samples were dotted in triplicate. A) BSA protein standards were prepared in DBi diluted 1:30
in PBS (BSA-DBi 1:30) in concentrations ranging from 500 to 5µg/ml. B) Undil. or diluted DBi
was dotted in 1:30 and 1:50 dilutions in PBS. C) Standard curved of the five detected
concentrations of BSA DBi 1:30. The polynomial equation that best fits the line is depicted below
the plot. BSA, bovine serum albumin; DBi, digest buffer with protease inhibitors; Undil,
undiluted; PBS, phosphate buffered saline.
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Known concentrations of proteins were dotted and measured to validate the modified dot blot
methodology. BSA fraction V (BSAV) and collagen protein solutions were diluted 1:50 and 1:100
in PBS. Additionally, two known concentrations of ECM/pepsin digest were dotted (ECM-A and
ECM-B). ECM-A was diluted 1:3 and ECM-B was diluted 1:20, both in PBS. From all the six
samples dotted (Figure 5.38 B), four fell inside the protein standards range (Figure 5.38 A).
Concentrations of these samples were calculated using the BSA standard curve (Figure 5.38 A
and C). The calculated concentrations compared to their concentrations indicated by the suppliers
are shown in Figure 5.38 D. The dot blot method underestimated their concentration by a factor
of 2.99 times. With this data, the protein concentration of ECM solubilised with digest buffer
samples could be estimated.
ECM was solubilised in DBi for either 30 min or overnight. As mentioned before, both protocols
showed increased solubilisation, and even though there were no visible differences between them
(Figure 5.33), samples were dotted to assess whether differences in protein concentration could
be determined. Figure 5.39 displays the ECM (solubilised in DBi for either 30 min or overnight)
dotted samples together with the BSA standard curve and the calculated ECM protein
concentrations taking into account the underestimated factor calculated in Figure 5.38.
Calculations determined that the ECM solubilised overnight does contain more proteins in
solution than the 30 minutes digestion.
ECM protein concentration was calculated and corrected for the underestimation to load samples
on a polyacrylamide gel and stain with Coomassie. This initial test included the ECM lyophilised
for five days and solubilised with DBi for 30 minutes or overnight, and ECM lyophilised
overnight solubilised with DBi for 30 minutes or overnight. Fain bands can be observed mainly
between the ~40 and ~130 kDa range. Additional faint bands can be observed below the 238 kDa
mark. High molecular weight proteins might be trapped on the top part and not penetrating the
gel. The samples might have been diluted too much, or perhaps the dot blot is not underestimating
as much. The sample showing more defined bands was the overnight lyophilised ECM with 30
minutes of solubilisation in DBi (Figure A7 sample 3). Additional testing is needed to determine
the appropriate amount of ECM to load for proper protein visualisation.
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Figure 5.38 Effect of diluted digest buffer (1:30) on the detection of known protein
concentration by Coomassie and polyvinylidene difluoride membrane staining. All samples
were dotted in triplicate. A) BSA protein standards were prepared in DBi diluted 1:30 in PBS
(BSA-DBi 1:30) in concentrations ranging from 500 to 5µg/ml. DBi (undiluted and 1:30 dilution)
and PBS were dotted as controls. B) Know concentrations of samples dotted include: ECM-A
diluted 1:3, ECM-B diluted 1:20, BSA V diluted 1:50, Coll diluted 1:50, and Coll diluted 1:100.
All dilutions were done in PBS. C) Standard curved of the five detected concentrations of BSA
DBi 1:30 (500-25µg/ml). The polynomial equation that best fits the line is depicted above the
plot. D) Protein concentrations dotted in B were interpolated from the standard curve and
compared to their real concentrations. All samples were underestimated by an average factor of
2.99 times. BSA, bovine serum albumin; BSA V, bovine serum albumin fraction V; DBi, digest
buffer with protease inhibitors; Undil, undiluted; PBS, phosphate buffered saline; ECM
extracellular matrix; Coll, collagen I.
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Figure 5.39 Protein quantification of extracellular matrix solubilised in digest buffer using
the modified dot blot method. All samples were dotted in triplicate. A) BSA protein standards
were prepared in DBi diluted 1:30 in PBS (BSA-DBi 1:30) in concentrations ranging from 500
to 5µg/ml. DBi (undiluted and 1:30 dilution) and PBS were dotted as controls. ECM samples
were solubilised using DBi for either 30 min (ECM 30min) or overnight (ECM o/n). Both the 30
min and o/n samples were diluted 1:30 in PBS. B) BSA standards detected (500-25µg/ml) were
plotted and the polynomial equation that best fits the line is depicted above the plot. C) Protein
concentration of the ECM 1:30 diluted samples was interpolated from the BSA standard curve in
B. The undiluted µg/ml were calculated and corrected for the underestimation (x 2.99) of the
modified dot blot method. BSA, bovine serum albumin; DBi, digest buffer with protease
inhibitors; Undil, undiluted; PBS, phosphate buffered saline; ECM, extracellular matrix.

230

Chapter 5

ECM from Decellularised Porcine Brain

5.4 Discussion
5.4.1
Differentiation potential of human neural stem cells could be influenced by
brain region of origin and developmental stage
Numerous studies have shown how brain region or developmental stage can influence hNSCs
behaviour (Horiguchi et al., 2004, Kim et al., 2006, Zietlow et al., 2012, Martín-Ibáñez et al.,
2017). However, these studies investigated hNSCs grown as neurospheres and few studies, like
Sun et al. (2008), address NSCs as monolayers. In this study, hNSCs were derived as a monolayer
from embryonic and foetal human brain, and their identity and differentiation capacity was
assessed.
Cells derived from Cs21embryonic hindbrain and 10 PCW foetal whole brain were characterised
by immunocytochemistry and found to have similar expression patterns of typical hNSCs markers
(Vishwakarma et al., 2014). The positive expression at the protein level of SOX2, NES, VIM,
PAX6 and faint GFAP is comparable to Sun et al. (2008). Additionally, they also reported the
expression of TUBB3 in low passage cells. The presence of TBR2 corroborates their neural
progenitor identity (Hansen et al., 2010; Vagaska et al., 2016), together with the faint expression
of MAP2 previously reported in hNSCs derived in our laboratory. Moreover, detection at the
mRNA level of OLIG2, BLBP, GFAP and GLAST is in line with the radial glial profile of hNSCs
(Kriegstein and Alvarez-Buylla, 2009; Ortega et al., 2013) which is consistent with our previously
established lines (Taylor et al., 2015) and with Sun et al. (2008) findings.
Cells derived from 10 PCW whole brain tissue, maintained their tri-lineage differentiation
capacity and Cs21H cells differentiated towards a neuronal lineage. This particular cell line might
need specific culture conditions to differentiate into the glial lineage, but a more comprehensive
analysis of cell seeding density, viability and overall culture conditions will be needed to explain
the behaviour observed.
This research is consistent with studies that have found that both regional origin and
developmental stage can influence hNSCs derivation and behaviour. Martín-Ibáñez et al. (2017)
showed that NSCs derived from human forebrain, cortex, whole ganglionic eminence and
cerebellum displayed differences in viability and expansion potential. Additionally, their
cerebellum derived NSCs from 8-9 PCW embryos, were reported to display a low expansion
potential, making them less likely to differentiate in vitro. It is shown here that neuronal
differentiation of hindbrain derived cells from Cs21 (~8 weeks) embryos is possible. Additional
testing is needed to confirm tri-lineage differentiation capacity and to corroborate if cerebellum
derived cells in monolayer could differentiate towards a neuronal lineage.
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If Cs21H cells are similar to hindbrain neuroepithelial stem cells, Tailor’s et al. (2013) findings
could help explain Cs21H behaviour. They showed that hindbrain derived human neuroepithelial
stem cells from Cs15-17 (~33-41 days) embryos formed neural rosettes, but older embryos did
not, indicating a level of multipotency loss. They also mentioned that older embryos, Cs23 (~56
days, a stage similar to Cs21), exhibited a higher level of neuronal differentiation. Their results
are in line with Cs21H cells, which could be easily differentiated towards a neuronal lineage.
Their differentiated cells displayed a cluster array morphology similar to the oligodendrocytes
shown in Figure 5.7A. They also found that the hindbrain regional identity was maintained.
Even though 10 PCW (~70 days) cells were derived from more developmentally mature tissue
than Cs21H (~52 days), they were derived from whole brain tissue, making it more likely to
contain an initial higher amount of neural stem cells. This could also help explain why 10 PCWhNSCs remained multipotent while Cs21H-hNSCs were more restricted. It is hypothesised that
Cs21H cell line could have a higher number of neuroblasts, but further characterisation will be
needed to corroborate this. Additionally, it remains to be investigated if the cells derived are
regionally specific.
Developmental stage and brain region could be a defining factor for successful cell transplantation
therapies. Foetal and embryonic hNSCs and their differentiated counterparts hold the potential to
induce

neurogenesis,

cell

replacement,

synaptic

plasticity,

axon

regeneration,

and

immunomodulation. These are all proposed mechanisms of action for how transplanted cells
could repair or regenerate the CNS (Vishwakarma et al., 2014). hNSCs can also be utilised to
investigate whether there is a developmental window in which NSCs can maintain their
multipotency and elucidate important regulatory mechanisms. Moreover, the cells derived in this
study could be used to model CNS injuries or neurodegeneration by culturing them with suitable
scaffolds such as the ECM and regulating their development as their natural environment would.

5.4.2

Optimisation of porcine brain decellularisation protocols

Other studies have reported the use of brain ECM in neural cultures (Cho et al., 2019; Jin et al.,
2018; Medberry et al., 2013). Moreover, hNSCs have also been investigated with decellularised
porcine brain (Crapo et al., 2014) and decellularised mouse cerebellum (Zhu et al., 2015a).
Despite these studies, reproducibility of decellularisation protocols can be challenging because of
a lack of detailed descriptions in the protocols. For this reason, optimisation and comparison of
protocols are vital to obtain the desired results. In this study, two decellularisation protocols were
compared and optimised to obtain proteins which could promote hNSC adherence and
proliferation. Additionally, optimisations were performed to decellularise human foetal brain in
the future and analyse hNSCs response to human foetal brain ECM. Both protocols accomplished
a decrease of nuclear material and <200 bp DNA fragment length. However, because of the small
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amounts of tissue obtained, DNA extraction was done on wet material, giving only an
approximation of DNA content. In the current study, the ECM will not be used for clinical or in

vivo research. Therefore a reduction of DNA was sufficient to proceed to the solubilisation of the
tissue obtained.

5.4.2.1 Protocol A
Protocol A was chosen because DeQuach et al. (2011) showed porcine brain ECM to support
human iPSC derived neurons which exhibited more branching on ECM coated dishes when
compared to Matrigel coated dishes. Initial freezing and thawing of the tissue is a common
physical technique used for cell lysis by causing high osmotic stress (Wang et al., 2015); this
protocol initiated with this step. Ionic detergent SDS is known to effectively solubilise cell
membranes, remove nuclear remnants and cytoplasmic proteins (Crapo et al., 2011). However, it
also removes GAGs, growth factors and disrupts the native ECM architecture (Crapo et al., 2011;
Kasimir et al., 2003; Keane et al., 2015; Wang et al., 2015). Effectively, protocol A proved not to
preserve GAGs. Extensive washing stripped away most of the ECM and dramatically reduced the
overall final material obtained, making it difficult for further analysis. Exposure time with
detergents increases protein and DNA loss (Crapo et al., 2011). Therefore, the prolonged amount
of washes in SDS detergent, in this study, could have increased the removal of ECM proteins.
The prolonged decellularisation time could have also negatively affected the removal of SDS, as
it is difficult to wash it away entirely and its cytotoxicity can adversely impact biocompatibility
(Gilpin and Yang, 2017; Keane et al., 2015). Because of the low yield of material obtained,
determining biocompatibility with hNSCs was not possible.
Decellularisation protocols that rely on one method can limit successful results. It has been
reported that a combination of methods such as using detergent and enzymatic agents are
preferred for CNS tissue (Wang et al., 2015). To further optimise this protocol, the volume to
tissue ratio should be carefully considered. The newborn native brain was initially put into a
falcon tube, and the total volume of SDS was not quantified. Even though the solution was
changed every day, the small amount of volume did not facilitate proper decellularisation. A way
to improve decellularisation using this protocol could be to cut the tissue into smaller pieces and
optimising the volume of the solutions.

5.4.2.2 Protocol B
Protocol B was based on Crapo et al. (2012). In their study, porcine brain was decellularised; this
brain ECM stimulated proliferation, migration, and differentiation of PC-12 cells (a neural-like
cell line). In this protocol, initial freezing and thawing of the tissue to lyse cells was also the first
step. Water was added to ensure complete cell lysis due to osmotic effects, while at the same time,
it helped to wash away cellular residues. Addition of the protease trypsin is used to disrupt tissue
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ultrastructure and thus improves the penetration of the subsequent solutions. Trypsin removes
cells while preserving GAG content and is particularly useful for dense tissues like the brain
(Crapo et al., 2011). Although not sufficient for complete cell removal, EDTA is often used in
combination with trypsin as it sequesters divalent cations, like Mg2+ and Ca2+ that inhibit trypsin.
If left for prolonged exposure time, trypsin and EDTA can damage collagens, laminin and
fibronectin to a greater extent than detergents (Crapo et al., 2011; Wang et al., 2015). TritonX100, a non-ionic detergent, disrupts DNA-protein and lipid-lipid interactions (Crapo et al., 2011).
TritonX-100 effectivity has been reported to vary from tissue to tissue, and it is often used together
with ammonium hydroxide (Gilpin and Yang, 2017; Wang et al., 2015). A hypertonic solution of
sucrose will lyse cells by causing osmotic shock but is not effective at the removal of cellular
debris (Crapo et al., 2011). Sodium deoxycholate, an ionic detergent, solubilises cell membranes
and denatures proteins; however, it can also contribute to the removal of GAGs and can produce
agglutination of DNA (Crapo et al., 2011; Gilpin and Yang, 2017). In comparison to detergents,
acids cause hydrolytic degradation of biomolecules, in particular, peracetic acid removes residual
nucleic acids while having a minimal effect on the composition of the ECM (Crapo et al., 2011).
Peracetic acid can also be used for sterilisation, and it does not affect GAGs, although the
mechanical properties of the tissue can be compromised (Gilpin and Yang, 2017).
Protocol B proved to be quicker than protocol A even with the addition of washing steps. Utilising
different decellularisation agents demonstrated to be a better method for the removal of cells while
still preserving GAG content. hNSCs showed a level of migration towards the 1 mm ECM pieces,
indicating ECM proteins involved in hNSCs proliferation or attachment could have been
conserved after decellularisation. Laminin is expressed in the neurogenic niche and has an
important role in NSC proliferation (Lathia et al., 2007; Long and Huttner, 2019). Laminin also
increases the survival of hNSCs in vitro (Flanagan et al., 2006; Hall et al., 2008a). In this study,
basic fibroblast growth factor (FGF-2; bFGF) and epidermal growth factor (EGF) are part of
hNSCs normal culture conditions. Tenascin-C is an ECM protein known to promote FGF-2
signalling (Lathia et al., 2007). Additionally, tenascin-C can stimulate NSCs EGF receptor
(Faissner et al., 2017; Garcion et al., 2004). Chondroitin sulphated proteoglycans (CSPGs) are
present in the neurogenic niche, and their GAGs play a critical role in signalling processes which
are known to affect NSCs proliferation (Benarroch, 2015; Faissner and Reinhard, 2015;
Theocharidis et al., 2014). Crapo et al. (2012), found that the decellularised porcine brain
preserved concentrations of vascular endothelial growth factor (VEGF) and bFGF. The molecules
mentioned above could have been present in the 1 mm ECM pieces and influenced hNSCs
proliferation and behaviour (Faissner and Reinhard, 2015; Londono and Badylak, 2015; Taipale
and Keski-Oja, 1997). However, when the ECM was solubilised, these properties could have been
lost probably due to the extensive digestion (48 hrs at RT plus 48 hrs at 37°C), the desiccation
process, the sonication process, or all of the above. Therefore, the first stage of optimisations was
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implemented to increase decellularisation and solubilisation without the need for aggressive
treatments that could result in the loss of bioactive molecules.

5.4.2.2.1

Protocol B optimisations: first stage

Trypsin concentration was doubled because it preserves GAGs content and thorough removal of
cells in the first steps of the protocol, would help facilitate the later stages of decellularisation. It
was determined that the tissue needed to be cut into specific sizes to facilitate diffusion of
solutions in order to decrease washing time and obtain more ECM material. The duration speed
and force of the agitation washes are directly related to the thickness and density of the tissue in
question (Crapo et al., 2011). Brain tissue sizes of ~3 cm, proved to be too big for complete
decellularisation. Optimising to ~1-0.5 cm size pieces, improved diffusion of solutions and
decellularisation, and thus a reduction of washes could be achieved.
During pepsin digestion, proteins undergo proteolytic degradation. Additionally, acid conditions
and heath can degrade other non-proteinaceous ECM molecules (Reing et al., 2008). According
to the pepsin manufacturer's, its optimal pH range is from 1.5 to 2.5. Even though 0.01 N HCl has
a pH 2, falling inside the optimal range, it was not enough to achieve complete protein digestion.
Hence, increasing HCl concentration to 0.1 N decreased pH to 1 and significantly improved
digestion. When the digested ECM was cultured with hNSCs, results suggest that solubilised
ECM improved cell proliferation, but not optimal cell attachment. During ECM degradation, both
proteins and GAGs, undergo conformational changes which can result in the release of
matricryptic fragments (Davis et al., 2000; Londono and Badylak, 2015). These fragments also
referred to as matricryptins, contain biologically active sites which can affect cell migration,
adhesion, and proliferation (Davis et al., 2000). It has been reported that degradation products of
ECM can have mitogenic activity on progenitor cells (Reing et al., 2008). The release of
matricryptic fragments could cause increased proliferation of hNSCs. LN is crucial for proper
hNSCs adhesion, as evidenced by the –LN controls. Without proper cell adherence, only the
ECM+LN conditions were considerably increased compared to +LN control. Optimisations
implemented in this stage proved to be successful; hence, a suitable concentration of ECM was
selected for further experiments. Additional optimisations sought to preserve ECM cell adherence
proteins that could replace the use of LN in culture.

5.4.2.2.2

Protocol B optimisations: second stage

In this stage, most optimisations were focused on the solubilisation/digestion steps. It was
considered that some proteins could be lost in the filtration sterilisation process as some very
small particulates could still be visible from the pepsin digestion. However, the optimisations
performed did not improve solubilisation. The use of the milling machine and the DNase steps
are methods routinely used in other decellularisation protocols; it seems unlikely that they could
be responsible for the incomplete digestion (Crapo et al., 2011; Medberry et al., 2013). Biological
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variation between animals and age difference might have caused differences in digestion.
Counterintuitively, the particle size of lyophilised ECM was not the determining factor for
complete solubilisation. Both the large and small particles were unsuccessfully solubilised.
Nevertheless, proteins were still present in the partly digested ECM.
The concentrations of ECM cultured with hNSCs were taken from Crapo et al. (2014) study. They
isolated porcine brain ECM following Crapo et al. (2012) protocol (protocol B in this study). The
isolated ECM was cultured with human cortical neuroepithelial stem cells at concentrations of
2.5, 10, 25 and 100 µg/ml.

Interestingly, 25 µg/ml was the concentration that promoted

significantly higher proliferation of human cortical neuroepithelial stem cells (assessed by BrdU
incorporation during mitosis). Additionally, the 100 µg/ml concentration did not show any
significant changes compared to the lower concentrations of 2.5 and 10 µg/ml. All their cultures
were done in laminin coated plates. Results here go in line with what they reported, showing the
same concentration of 25 µg/ml of porcine brain ECM to be optimal for hNSCs proliferation.
Moreover, it was determined that ECM, even without complete solubilisation, could potentiate
hNSCs proliferation, with laminin in culture for optimal cell adherence. It remains to be analysed
how ECM would affect hNSCs differentiation.
hNSCs were cultured over native porcine brain sections to assess whether cell adhesion proteins
were present before decellularisation. Although some cell attachment was observed over native
brain tissue, hNSCs did not fully attach over a long period (nine days) (Figure 5.29). The observed
cell attachment indicates that proteins for optimal cell adherence might not be present in the tissue
in significant quantities even before decellularisation takes place. However, it should be noted
that both the native and decellularised tissue were fixed with paraformaldehyde (PFA) during the
optimal cutting temperature (OCT) embedding process. The chemical fixing of ECM scaffolds
has been reported to alter the host response inducing inflammation and fibrous encapsulations
(Reing et al., 2008). The PFA fixing could have caused an altered response of hNSCs; further
analysis is needed using unfixed tissue to determine the extent of this observation. Alternatively,
degradation of cell adherence proteins caused between collection and fixation or during the
cutting procedure could also be a reason for the low cell adherence observed.

5.4.3
A new approach for determining extracellular matrix protein
concentration presents advantages over traditional protein assays
Effective protein solubility is imperative to identify and quantify ECM proteins successfully. For
this, a buffer that is compatible with downstream applications such as western blotting or mass
spectrometry is required. Because pepsin is incompatible with such applications, a DB containing
urea, thiourea and detergent ASB-14 was used to solubilise the ECM. Urea is a chaotropic agent
which disrupts hydrogen bonds and thus denatures and unfolds proteins. It is commonly used at
high concentrations to achieve solubilisation of proteins (Weiss and Görg, 2008). Thiourea,
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another chaotropic agent, is used in combination with urea to increase the solubilisation of
hydrophobic proteins (Rabilloud et al., 1997; Weiss and Görg, 2008). Together with chaotropes,
detergents are used to avoid hydrophobic interactions between proteins and to avoid aggregation
of hydrophobic proteins (Weiss and Görg, 2008). The most common detergents (NP-40 or
TritonX-100) do not properly solubilise hydrophobic proteins (Weiss and Görg, 2008). The
zwitterionic detergent aminosulfobetaine-14 (ASB-14), is part of a family of detergents
specifically synthesised to enhance compatibility with chaotropes and due to their high denaturing
ability, it enhances the solubility of proteins (Rabilloud et al., 1990). The combination of urea,
thiourea and ASB-14 has proved to be efficient for two-dimensional electrophoresis protein
solubilisation (Chevallet et al., 1998; Herbert, 1999; Luche et al., 2003). More specifically, this
combination has also been used to solubilise brain tissue (Carboni et al., 2002; Martins et al.,
2007). Protease inhibitors used to avoid protein degradation, are compatible with colourimetric
assays. They were added to the DB when the dot blot strategy was investigated.
Solubilisation was significantly improved using the DB compared to the pepsin digestion. The
only visible particles that were not solubilised floated on top of the solution and were difficult to
pellet, indicating a low density. These particles were presumed to be lipids, although their
composition was not analysed. Solubilisation is achieved through disruption of the non-covalent
interactions (hydrogen bond, van der Waals, and electrostatic interactions amongst others) that
maintain proteins linked to other molecules such as lipids, carbohydrates and other proteins.
Hydrophobic interactions are responsible for the binding of lipids to proteins (Rabilloud, 1996).
The amphiphilic nature of detergents (that contain both hydrophilic and hydrophobic
groups)(Weiss and Görg, 2008), can dilute lipids into micelles. However, when a high amount of
lipids are present in a sample, the concentration of detergent might not be sufficient to solubilise
the lipids (Rabilloud, 1996). The disruption of hydrophobic interactions can help explain why
lipids disaggregated from proteins and floated on top of the solution.
Colourimetric protein assays such as BCA and Bradford, are based on a positive linear
relationship between colour change and the amount of proteins in a sample. Although widely
used, some substances used for protein extraction can interfere with the colour change, giving an
erroneous reading. The easiest way to eliminate interferences is to dilute the sample in a
compatible buffer like PBS. Most protein assays have a list of compatible substances of
commonly used buffers. However, for most assays, neither thiourea nor detergent ASB-14 had
been tested. Because of the high concentrations of urea and thiourea used, the sample would have
to be diluted many times to eliminate interferences. High dilutions would have diluted the proteins
to a concentration that is below the sensitivity of the method.
A standard curve is generated using protein standards with known concentrations to determine
the unknown concentration of proteins in a sample. Ideally, a protein standard would need to be
similar to the unknown protein (Noble and Bailey, 2009; Wrolstad et al., 2005). However, with
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complex samples, this is not possible, and an estimate of protein concentration is sufficient.
Bovine serum albumin (BSA) has been widely accepted as a standard protein because of its
availability and high purity (Peach et al., 2015). Although BSA protein standards may not reflect
the complexity of the ECM, samples prepared and analysed with the same methodology will be
comparable between each other.
With these limitations in mind, the ideal quantifying method would eliminate incompatible
substances to detect proteins without interferences. By using the modified dot blot methodology,
proteins were immobilised in a membrane and DBi could be washed away. However, the standard
curve obtained was nonlinear. Different transformations of the data were tested to attempt to fit a
linear regression, but none worked. However, the standard curve could be solved by performing
a curvilinear regression (McDonald, 2009). The axes of the variables were switched so that the
independent variable (BSA standards µg/ml) was plotted on the Y-axis, and the dependent
variable (mean relative density) was plotted on the X-axis. The reversal of axes can produce a
polynomial equation that fits the curve. The R2=1 values obtained indicate that the equation is
appropriate to predict unknown values of µg/ml. All dot blot data were analysed using this
approach.
Protein-to-protein variation inherently exists between protein assays (Wrolstad et al., 2005).
Ultimately, unknown protein concentration will always be an estimate if the protein standard is
not the same protein in the sample (Noble and Bailey, 2009). Each assay has advantages and
limitations, thus, in order to choose the appropriate method there are a few factors to consider:
accuracy, the conditions of sample preparation (buffers used), time it takes to perform the assay,
instrumentation required, sample size, detection limit, and compatibility of the method (Peach et
al., 2015; Wrolstad et al., 2005). In this study, the essential elements to take into consideration
were instrumentation required, compatibility and sample size. Advantages of the method devised
in this study include: high sensitivity (detection of 50 ng of sample), the Coomassie reagent is
stable for prolonged periods, small sample size (100 ng of sample if performed in duplicate),
small sample volume (2 µl per dot), simple to perform, and interfering substances were removed
by washing. In comparison, colourimetric assays in solution have a detection limit of 1µg of
sample (if performed in duplicate) and are sensitive to a large amount of interfering substances
(Noble and Bailey, 2009; Wrolstad et al., 2005).
Results from the protein extracts resolved on SDS-PAGE and stained with Coomassie showed
few and light bands. Further optimisation of the DBi protocol needs to be carried for better
visualisation of protein bands. The small unsolubilised particles presumed to be lipids were
separated by centrifugation and left out of the prepared extract. However, protein extracts would
also need to be cleaned up of polysaccharides, and any remaining lipids or nuclei. Because the
initial amount of protein concentration did not allow for 1:30 dilutions of the sample to be run on
a gel, the samples were run undiluted. When the samples were prepared with H2O, LDS buffer
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and reducing agent, the samples were diluted ~1:2 to 1:5. Weak bands could also be due to
interference with the DBi.

5.4.4

Importance of developing and optimising protocols

Because decellularisation protocols lack standardisation, comparison and optimisation of
protocols are prevalent (Akhyari et al., 2011; Caralt et al., 2015; Coronado et al., 2017; He et al.,
2017; Kajbafzadeh et al., 2013). In this study, as new steps were added and conditions tested, it
became evident that protocols detailed in the published literature do not provide sufficient
information to achieve the desired results.
All the decellularisation /solubilisation optimisations and conditions tested exemplify the
difficulties of following a protocol that is not detailed enough. Because of the various conditions
tested throughout all stages, very low yields of final material were obtained. Because of this,
priority was given to the examination of biocompatibility with hNSCs over the complete
characterisation of decellularisation. With the idea that once a decellularisation/solubilisation
protocol that produced favourable results could be established, then further samples could be
processed and complete characterisation could be achieved. Because of time constraints, this was
not possible.
All decellularisation protocols compromise some elements of the tissue. Many factors can alter
the biocompatibility of the ECM, and thus, decellularisation needs to be optimised for specific
needs (Bruyneel and Carr, 2017). If the tissue is going to be used for transplantation, extensive
removal of cells is imperative to avoid an immune response on the host. Equally important is the
preservation of the cytoarchitecture (Crapo et al., 2011). On the other hand, if the ECM is going
to be used as a biomaterial for bioengineering the nervous system in vitro to study cell behaviour,
preserving structure or removing remnants of cells might not be as imperative. Ultimately, it is
difficult to obtain a completely decellularised tissue and complete removal of cell material or
DNA with any protocol (Crapo et al., 2011). Therefore, different techniques and agents need to
be applied for effective results. The selection of chemical and physical treatments will be a
compromise between the needs of the end product and the effects on the ECM.
The optimisation of protein solubilisation is equally important, particularly for largely
hydrophobic molecules such as the ECM (Byron et al., 2013; Peach et al., 2015). However,
different ECM components will have different solubility. Hence, determining the appropriate
buffer that can effectively solubilise all ECM proteins is vital for sensitive and large-scale
analyses. To accurately characterise the brain ECM, consistent detection and quantification of
proteins is essential but challenging (Naba et al., 2016). The ideal method should solubilise
proteins in one step without loss of sample, and be quick, and simple (Herbert, 1999; Weiss and
Görg, 2008). Establishing new protocols to be implemented in a laboratory is time-consuming,
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but vital for the reproducibility and validity of results. The present study will contribute to more
accurate protein solubilisation and quantification for further protein characterisation applications.

5.4.5

Future considerations

This study is the starting point to be able to compare different hNSC lines. A more comprehensive
analysis is fundamental to validate the differences observed here. Multiple samples from one stage
and thorough analysis of viability, expandability, proliferation and differentiation at different
passages will need to be performed. Nonetheless, the results presented here are interesting and
relevant because they correlate with previous research, and they shine a light into the behaviour
of hNSCs grown in monolayer.
A possible direction for future work could be examining other strategies of NSC derivation.
Culturing hNSCs, as an adherent culture, as opposed to neurospheres,

produces more

homogeneous populations (Vishwakarma et al., 2014). However, differences in initial cell
density, the tissue of origin or environmental conditions can create subpopulations of cells not
easily distinguishable from each other. Fluorescent-activated cell sorting (FACS) could be an
alternative for NSCs isolation, as it allows a more controlled identification and hence more
heterogeneous cell lines (Vishwakarma et al., 2014). Markers A2B5, CD42, CD133, CD15 and
integrin receptors α6 and β1 have been used to cell sort populations of hNSCs (Hall et al., 2006;
Nunes et al., 2003; Sun et al., 2009; Uchida et al., 2000).
To properly standardise decellularisation and solubilisation protocols, further optimisations
would need to be implemented. Different regions of the brain have different cell densities,
therefore dissecting different areas of the brain and individually decellularising them would be of
interest. In order to obtain equal sized tissue pieces, a machine or device could be used instead of
cutting tissue by hand. Additionally, decellularisation could be done with individual standardised
size pieces and volumes of solutions. This standardisation would ensure that every piece is treated
the same way and this, in turn, would allow a homogeneous decellularisation. Moreover,
lyophilisation would need to be optimised to find a suitable time frame that can sufficiently dry
samples but does not compromise proteins.
It is essential to fully characterise the ECM’s composition, to elucidate which proteins are present
when cultured with hNSCs. Characterising the ECM could allow us to fine-tune the
decellularisation/solubilisation process in order to extract the desired proteins needed for optimal
cell attachment and proliferation.
To develop brain ECM scaffolds for in vitro culture, another aspect to consider is how to confer
tri-dimensionality into the ECM. The solubilised ECM obtained in this study did not polymerise
nor gelify. Additional material would be needed to produce a 3D scaffold. Alginate could be a
possible material, as it polymerises quickly, and it has been known to be biocompatible with
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murine neural stem cells (Purcell et al., 2009). Furthermore, both materials would need to be
evaluated together with hNSCs to test biocompatibility and spraying conditions to achieve a stable
cone-jet mode using BES technology. This stable cone-jet mode is necessary in order to achieve
micro to nano size droplets and deposit cells in a controlled manner (Jayasinghe and Townsend
Nicholson, 2006).

5.5 Summary
Here are the most important findings of this chapter:

‐

Cs21H-hNSCs and 10 PCW-hNSCs were successfully derived and characterised. Cs21H
preferentially differentiated towards a neuronal lineage whereas 10 PCW-hNSCs
displayed a tri-lineage differentiation potential, possibly indicating that hNSCs behaviour
reflects the developmental stage or brain area of origin.

‐

Brain tissue needs to be cut small enough (1-0.5 cm) to allow sufficient diffusion of
decellularisation solutions but not too small (>0.5 cm) that the tissue breaks down.

‐

Depending on the container used, the volume of decellularisation solutions needs to be
sufficient to allow enough diffusion and does not restrict the movement of solutions.

‐

Pepsin’s optimal activity range is accomplished with 0.1 N HCl pH 1

‐

Longer lyophilisation facilitates milling; particle size does not play a defining role in
solubilisation efficacy.

‐

ECM, together with laminin, can potentiate hNSCs proliferation even with partial
solubilisation.

‐

ECM concentration of 25 µg/ml was the optimal concentration for hNSCs proliferation.
This concentration can now be used for follow up experiments.

‐

DB containing urea, thiourea and ASB-14 is suitable for the complete solubilisation of
porcine ECM, however further optimisations need to be performed to decrease possible
protein degradation.

‐

In solution, colourimetric assays are not compatible with DB.

‐

The modified dot-blot methodology can estimate protein concentration and presents
advantages over in solution colourimetric assays; high sensitivity (can detect 50 ng of
sample), small sample size (100 ng of sample, if performed in duplicate), small sample
volume (2 µl per dot), and interfering substances were able to be washed away.
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5.6 Conclusions
Decellularisation of porcine brain was implemented, and its biocompatibility with derived hNSCs
was evaluated. This work has provided new insights into enhancing decellularisation,
solubilisation and quantification of ECM. The optimisations performed in this study will benefit
the further development of decellularisation protocols as the baseline conditions have been
established, hence substantially reducing future troubleshooting time. This research opens the
door for future work focusing on the standardisation of decellularisation and solubilisation and
has important implications for the future development of 3D culture systems.

242

243

Chapter 6

ECM in the Developing Foetal Human Brain

CHAPTER 6:
EXTRACELLULAR MATRIX IN THE DEVELOPING FOETAL HUMAN BRAIN

244

Chapter 6

ECM in the Developing Foetal Human Brain

6.1 Introduction
The neural extracellular matrix (ECM) plays a crucial role in neural stem cell (NSC) maintenance,
behaviour, and overall central nervous system (CNS) development. Elucidating the ECM is thus
essential to understand neural cellular maturation and organisation in a three-dimensional (3D)
environment. Although abundant studies have focused on human brain development, much less
is known about the human foetal/embryonic ECM composition throughout development. Due to
the scarcity of human CNS embryonic/foetal tissue, most of the work done on neural ECM comes
from animal models, magnetic resonance imaging (MRI) or histological techniques where
selected proteins are analysed (Milošević et al., 2014). However, there is a need for qualitative
and quantitative information about the human foetal brain’s ECM global composition.
Mass spectrometry-based proteomics enables a global analysis and identification of ECM
molecules, having the ability to measure hundreds or even thousands of proteins at the same time
(Bantscheff et al., 2012; Byron et al., 2013). The label-free relative quantification mass
spectrometry method is an inexpensive (compared to labelling methods), rapid and efficient
technique. Label-free methods have wider dynamic range than labelling methods and thus can
obtain a broader proteome coverage (Deracinois et al., 2013; Xie et al., 2011). Label-free
proteomics have been utilised before to analyse the composition of ECM in tissues such as human
aorta (Didangelos et al., 2010), murine lung and colon (Naba et al., 2012a), human lung (Booth
et al., 2012), human glomerulus (Lennon et al., 2014), human breast tissue and ovarian cancer
(Naba et al., 2017), and many other tissues. The term matrisome is often used in these studies to
define the global composition of structural ECM proteins and associated molecules, such as
secreted factors and modulating enzymes amongst other molecules (Naba et al., 2016; Naba et
al., 2012a; Naba et al., 2012b).
There are two label-free quantification approaches, precursor ion intensity and spectral count. The
precursor ion intensity method is based on measuring the area under the curve of chromatographic
peak areas of peptides in a sample. The area under the curve is linearly proportional to protein
abundance (Megger et al., 2013; Neilson et al., 2011). This method is accurate and has higher
quantification precision over spectral count (Xie et al., 2011).
Due to the importance of the ECM in human neural development and the lack of quantitative
information on its global composition, in this study human brains were enriched for ECM proteins
and analysed to determine the ECM expression of different stages of foetal development.
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6.2 Aims and objectives:
The main aim of this chapter is:
To gain a better understanding of the ECM composition in the developing human brain

Specific objectives of this chapter are to analyse foetal stages 10, 15 and 20 PCW to:
•

Elucidate the total amount of proteins identified in each stage

•

Identify differences in overall protein abundance

•

Characterise and classify ECM and related proteins

•

Identify differences in ECM protein abundance

•

Determine how statistically significant proteins are related between each other
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6.3 Results
6.3.1

General overview of sample processing and analysis

A schematic workflow of how the human brain samples were processed and analysed is shown
in Figure 6.1. Fist, frozen brain tissue was pulverised, homogenised and soluble and insoluble
fractions were separated by centrifugation. Then, the insoluble portion was run in a short
migration sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to denature
proteins. LC-MS/MS was performed, and data processing, protein identification, and relative
quantification were carried out using precursor ion intensity by the University of York – Centre
of Excellence in Mass Spectrometry facility.

6.3.2

Biological variance of LC-MS/MS human foetal brain samples

Three stages of development were analysed, 10 PCW (3 samples), 15 PCW (4 samples) and 20
PCW (4 samples), for a total of 11 samples. The short migration SDS-PAGE shown in Figure 6.2,
shows three sample lanes (highlighted in red rectangles) with an increased amount of proteins
compared to the other samples. It was observed that these three samples had more blood than the
rest. Because of the nature of sample collection, blood could not be washed away. Additionally,
because of the termination technique, the provided brain tissue was usually not intact, and it was
not possible to assess whether all brain regions or individual brain regions were obtained. Smaller
10 PCW samples, tended to be more intact and complete than the 15 or 20 PCW which varied
greatly in size. Because of the nature and variations in tissue samples, dissection of specific parts
was not possible and instead whole brain homogenisation was performed.
Figure 6.3 A shows the principal component analysis (PCA) for the 11 samples analysed and
Figure 6.3 B shows the PCA of the significantly different proteins (q < 0.05). More biological
variance is observed in the 15 and 20 PCW group. Interestingly, the same three samples that
showed higher protein content in Figure 6.2 were those that appeared to be outliers and were
removed data to the right of the PCA in Figure 6.3 A. The sex of the foetuses did not seem to
influence clustering of the samples.
On the assumption that three data points could be outliers because of the high blood content, data
analysis was repeated after removing samples 13886 (20PCW), 13928 (20 PCW) and 14015 (15
PCW) for a total of 8 samples. Biological variance was still observed in the 8-sample PCA as
shown in Figure 6.3 C and D, but by removing the possible outliers, significantly different
samples were more closely clustered together at each developmental stage. Proteomic analysis
was performed on both the 11 and 8-sample sets due to the uncertainty in the identification of
outliers.

247

Chapter 6

ECM in the Developing Foetal Human Brain

Foetal human brain samples

Disruption and pulverisation

Sample fractionation

Homogenisation
50 mM AMBIC
2% ASB‐14

Soluble
Insoluble

Label‐free

Insoluble proteins
SDS‐PAGE and staining

LC‐MS/MS

Protein identification and
relative quantification

Data processing

Figure 6.1 Schematic representation of the isolation and analysis of human foetal brain
extracellular matrix using label-free mass spectrometry based proteomics. Foetal human
brain samples were pulverised using liquid nitrogen. Aliquots were homogenised with 50 mM
AMBIC buffer and 2 %ASB-14 detergent by pipetting, followed by separation into soluble and
insoluble fractions. The insoluble proteins were denatured and ran in a short migration SDSPAGE and stained with Coomassie. In-gel samples were sent off to the University of York –
Centre of Excellence in Mass Spectrometry facility where LC-MS/MS was performed followed
by data processing, protein identification, and relative quantification. AMBIC, ammonium
bicarbonate; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; LCMS/MS, liquid chromatography-mass spectrometry.
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10 PCW

15 PCW

20 PCW
10 PCW

10967 10897 14105 14115 13587 13589 13928 13357 11816

15 PCW 20 PCW

14212

13886

Figure 6.2 Short migration SDS-PAGE of insoluble fraction proteins from human foetal
brain homogenisation. A total of 11 samples from developmental stages 10, 15 and 20 PCW
were run for 10 min (~1 cm) in a 3-8% Tris-acetate gel. Samples were stained with Coomassie
brilliant blue and lanes were cut out and sent off for mass spectrometry analysis. Sample ID
numbers are depicted in white at the bottom. Red rectangles point out samples with an increased
amount of proteins. PCW, post conception week; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis.
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Principal component analysis – 11 samples

A

13589‐ Female
13357‐ Female
14115‐ Female
14212‐Male

13886‐Female

13587‐Male
13928‐ Male
14105‐Male

10897‐ Female
10967‐ Male
11816‐ Female

B

Principal component analysis – 11 samples q < 0.05
14212

13587

14115
14105

13589

10897

Principal component 2

C

13886

13357

11816
10967

13928

Principal component analysis – 8 samples

13357
13587
14115
10967

13589

11816
10897

D

14212

Principal component analysis – 8 samples q < 0.05
14212
13587
14115
11816

10897
13589

10967

13357

Principal component 1
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Figure 6.3 Biological variance amongst human foetal brain homogenisation samples. A)
PCA of the proteins identified in the 11samples. B) PCA of the q < 0.05 proteins identified in 11
samples. C) PCA of the proteins identified in 8 samples (possible outliers removed). D) PCA of
the q < 0.05 proteins identified in 8 samples (possible outliers removed). ID numbers are
represented next to the sample data point. Blue, 10 PCW; purple, 15 PCW; orange, 20 PCW.
PCA, principal component analysis; PCW post conception week.
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Identification of total proteins and relative abundance

The Venn diagrams (Heberle et al., 2015) in Figure 6.4 show that a total of 1553 proteins were
identified in both the 11 and 8-sample sets. Identified proteins were not necessarily present in all
samples, which is why the total number of proteins remains the same in both analyses. In the 8sample sets, 13 proteins were not shared between the three stages, while 7 proteins were not
shared by all stages in the 11-sample set. Overall, most proteins were present in all developmental
stages, and only the 15 PCW in the 8-sample analysis showed 2 proteins which were unique to
that stage. Ten and 15 PCW stages showed a similar number of identified proteins, while 20 PCW
differs from 1553 (11-sample analysis) to 1544 (8-sample analysis).
Binary comparisons of the 11-sample set (Figure 6.5 A), revealed changes in 133 proteins (q <
0.05) between 10 and 20 PCW, with 76 of them more abundant in 20 PCW and 57 in 10 PCW
extracts (Venn diagram). In the 8-sample set (Figure 6.5 B), expression of 114 proteins changed
(q < 0.05) between 10 and 20 PCW, with 48 proteins more abundant in 20 PCW and 66 in 10
PCW extracts. No significant differences were observed between 15 and 20 PCW. Only six (11sample analysis) and five (8-sample analysis) proteins were found to change between 10 and 15
PCW. This analysis indicated that the majority of the changes in protein expression occurred
between 10 and 20 PCW (q < 0.05) and that most of these proteins become highly expressed or
downregulated as development progresses.
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Total proteins
11 sample set:
1553 proteins identified

8 sample set:
1553 proteins identified

Figure 6.4 Insoluble fraction global protein composition of human foetal brain homogenate.
Comparison including all samples examined by mass spectrometry (11) or after removing outliers
(8) is shown. Total proteins identified at three developmental stages in the 11 or 8-sample set.
Venn diagram depicts shared and exclusive proteins for each stage. PCW, post conception week.

253

Chapter 6

ECM in the Developing Foetal Human Brain

A
11-sample set analysis

B

8-sample set analysis

*

*
n.s.

*

*
n.s.

Figure 6.5 Binary comparison analysis identifying statistically significant proteins. Bar
graphs illustrate the number of significantly different (q < 0.05) proteins in each pair comparison
and Venn diagrams show the number of significantly different proteins (marked by an asterisk)
of each stage. A) Data from the 11-sample set and B) 8-sample set. PCW, post conception week;
n.s., not significant.
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Identification and relative abundance of extracellular matrix proteins

6.3.4.1 Extracellular matrix protein identification methods
Two methods were used to obtain a more comprehensive analysis of the brain ECM from the
insoluble fraction. The Matrisome database (DB) (Naba et al., 2016), and the Gene Ontology
(GO) annotations via the Protein analysis through evolutionary relationships (PANTHER)
classification system (Mi et al., 2013; Mi et al., 2019). The Matrisome DB method identified a
total of 53 proteins in two groups, the core matrisome (31 proteins) and the matrisome-associated
proteins (22 proteins). The proteins identified were the same for the 8 and 11-sample sets. Figure
6.6 illustrates how these proteins are further subdivided into various categories. The core
matrisome made up most of the ECM identified proteins and was composed of glycoproteins (18
proteins), collagens (9 proteins) and proteoglycans (4 proteins). The matrisome-associated
proteins were subdivided into ECM-affiliated proteins (12 proteins), ECM regulators (5 proteins)
and secreted factors (5 proteins).
More than half of the proteins identified by the Matrisome DB database were also identified by
the PANTHER classification system. Identification via PANTHER was done by categorising the
“extracellular matrix protein” annotation (PC00102) under the GO term “protein class” and the
“extracellular region” annotation (GO: 0005576) under the “cellular component” ontology term.
Figure 6.7 shows how many proteins were identified by each method. The same proteins were
identified in the 8 and 11-sample analyses. The PANTHER system identified 50 ECM or ECM
related proteins, and the Matrisome DB identified 53 proteins, from which 30 overlap between
the two methods. Together, the PANTHER and Matrisome DB analysis identified 73 unique
matrisome proteins.
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Matrisome DB
(53 proteins)

12
18

31

9

5
4
5

Matrisome-associated
Proteins (22)

Core Matrisome (31)
ECM Glycoproteins

ECM‐affiliated Proteins

Collagens

ECM Regulators

Proteoglycans

Secreted Factors

Figure 6.6 Matrisome DB protein identification and classification. A total of 53 proteins were
identified using the Matrisome database. ECM or ECM related proteins were classified under two
main groups, matrisome-associated proteins (orange and pink) and core matrisome proteins (blue
and purple). Numbers inside the pie chart represent the number of proteins in each category.
ECM, extracellular matrix; DB, database.
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A total of 73 unique ECM and ECM related
proteins identified by both methods.

Figure 6.7 Extracellular matrix protein identification via the PANTHER classification
system and Matrisome DB. Venn diagram illustrates the total number of proteins identified by
both methods as well as the number of exclusive proteins identified by each method. PANTHER,
Protein Analysis Through Evolutionary Relationships; DB, database; ECM, extracellular matrix.
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6.3.4.2 Relative abundance of significantly different extracellular matrix proteins
A multiway statistical analysis of the statistically significant (q < 0.05) proteins from the three
developmental stages was performed (Figure 6.8). The analysis determined 74 and 77 q < 0.05
proteins for the 11 and 8-sample set respectively. Comparing all three stages, more than half of
these proteins, 39 (11 samples) and 42 (8 samples) were more abundant in 20 PCW. Thirty (11
samples) and 31 (8 samples) proteins were more abundant in 10 PCW, and very few proteins were
more abundant in 15 PCW. Similarly to the binary comparison analysis, the multiway analysis
indicates that major changes are present between stages 10 and 20 PCW in both sets. Plexin-A4
and clathrin heavy chain 1 were identified as ECM proteins with q < 0.05 in the 11-sample set.
Four ECM proteins with q < 0.05 were identified in the 8-sample set: plexin-A4, neurocan, signal
peptide CUB and EGF-like domain containing protein 1, and inorganic pyrophosphatase. All the
ECM proteins differently expressed (q < 0.05) identified in the two sets analysis were more
abundant at the 20 PCW stage. Overall, the 11 and 8-sample sets showed very similar results, and
only one protein, Plexin-A4, was identified as significantly different (q < 0.05) in both sample
sets.
Multiway comparison
11 sample analysis:
74 proteins q < 0.05
Two ECM proteins

‐
‐

8 sample analysis:
77 proteins q < 0.05
Four ECM proteins

Plexin‐A4
Clathrin heavy
chain 1

‐
‐
‐

‐

Plexin‐A4
Neurocan
Signal peptide, CUB and
EGF‐like domain
containing protein 1
Inorganic
pyrophosphatase

Figure 6.8 Multiway comparison analysis identifying statistically significant extracellular
matrix proteins. Comparison including all samples examined by mass spectrometry (11) or after
removing outliers (8) is shown. Multiway comparison analysis of relative protein abundance
identifying statistically significant proteins between three developmental stages. Venn diagram
depicts q < 0.05 proteins (marked with an asterisk), indicating the number of proteins with their
highest abundance for each stage. Two and four q < 0.05 ECM proteins were identified in the 11
and 8-set respectively, both with their highest abundance in the 20 PCW stage. ECM,
extracellular matrix; PCW, post conception week; n.s., not significant.
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The fold change in protein abundance was calculated between the three developmental stages.
This analysis was performed by first calculating the mean abundance of a protein in each
developmental stage, and then calculating the fold change between the highest abundance in
relation to the lowest abundance. Relative quantification analysis of plexin-A4 in the 11-sample
set (Table 6.1 A) shows that in a multiway comparison, plexin-A4 had a high fold change of 166.8
and was classified as a matrisome-associated protein under the category of ECM-affiliated
proteins. Additionally, clathrin heavy chain 1 had a fold change of 4.53. Protein analysis using
PANTHER does not provide further protein classification; this system is inconsistent and it can
have too many annotations for one protein and none for others. For this reason, the “matrisome
division” and “category” columns describe only proteins identified by the Matrisome DB method.
Proteins identified by The PANTHER method have no further classification (Table 6.1 and any
further tables in this study). However, a list of protein annotations of clathrin heavy chain 1
searched using the QuickGO web-based tool (Binns et al., 2009) is shown in Table A2. Binary
comparison of plexin-A4 (Table 6.1 B), shows that the biggest fold change was between 10 and
20 PCW (166.75) and the smallest between 15 and 20 PCW (9.23). Similarly, clathrin heavy chain
1 had its highest fold change (4.54) between 10 and 20 PCW and its lowest fold change (1.67)
between 15 and 20 PCW.
Further investigation of the four significantly different (q < 0.05) ECM proteins in the 8-sample
set (Table 6.2 A) revealed plexin-A4 to have the highest fold change of the four ECM proteins
(35.1). Neurocan and signal peptide, CUB and EGF-like domain containing protein 1 had a
maximum fold change of 4 and 5 respectively, and inorganic pyrophosphatase had a maximum
fold change of 2.81. As shown before (Figure 6.4 B), all four proteins were most abundant at the
20 PCW stage. Only neurocan was classified as part of the core matrisome while plexin-A4 and
signal peptide, CUB and EGF-like domain containing protein 1 were part of the matrisomeassociated group. Neurocan was further classified as a proteoglycan, Plexin-A4 as ECM-affiliated
protein and signal peptide, CUB and EGF-like domain containing protein 1 as a secreted factor.
Inorganic pyrophosphatase was identified by the PANTHER system and thus did not have any
further protein classification. A list of protein annotations of inorganic pyrophosphatase is shown
in Table A3. Binary comparisons show fold changes between the three developmental stages, but
were statistically significant only between 10 and 20 PCW, in both the 8 and 11-sample set (Table
6.2 B).
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Table 6.1 Relative quantification of significantly different extracellular matrix proteins
identified in the 11-sample set. A) Multiway comparison of significantly different (q < 0.05)
ECM proteins from developmental stages 10, 15 and 20 PCW. UniProtKB accession number in
the first column. To facilitate categorisation, only the descriptions of Matrisome DB identified
proteins are shown as PANTHER identified proteins have less defined annotations. B) Binary
comparison of significantly different (q < 0.05) ECM proteins. Highest mean condition indicates
the developmental stage where the highest protein abundance was identified. PCW, post
conception week; ECM, extracellular matrix.

A

B
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Table 6.2 Relative quantification of significantly different extracellular matrix proteins
identified in the 8-sample analysis. A) Multiway comparison of significantly different (q < 0.05)
ECM proteins from developmental stages 10, 15 and 20 PCW. UniProtKB accession number in
the first column. Multiple accession numbers indicate a group of homologous proteins. To
facilitate categorisation, only the descriptions of Matrisome DB identified proteins are shown as
PANTHER identified proteins have less defined annotations. B) Binary comparison of
significantly different (q < 0.05) ECM proteins. Highest mean condition indicates the
developmental stage where the highest protein abundance was identified. PCW, post conception
week; ECM, extracellular matrix.

A

B
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6.3.4.3 Relative abundance of extracellular matrix proteins not significantly different
The majority of changes in the levels of ECM and related proteins identified were not significantly
different (q > 0.05). However, their relative quantification showed higher abundance at specific
stages. The relative quantification of ECM proteins that did not change significantly identified by
the Matrisome DB and PANTHER methods are presented in Table 6.3 and Table 6.4 for the 8
and 11-sample sets respectively. Proteins are arranged based on their maximum fold change and
the stage where their highest abundance was detected. The majority of the proteins in both the 8
and 11-sample set had their highest abundance in the 20 PCW (blue coloured cells). Few proteins
had their highest abundance in the 15 PCW (green coloured cells), and even fewer proteins had
their highest abundance in the 10 PCW (orange coloured cells). ECM and related proteins (q >
0.05) were plotted to help visualise their fold change. Figure 6.8 illustrates the 11-sample set
proteins. The red line was traced to indicate proteins that were above a two-fold change. A total
of 43 proteins (out of 71) had a fold change >2. The two proteins with the highest fold change
were identified as protein kinase C binding protein NELL2 and spondin-1 which had a 31.5 and
12.0 fold change respectively (Table 6.3). Other high fold change proteins were cytosolic acyl
coenzyme A thioester hydrolase; AP-3 complex subunit mu-2; lectin; galactoside-binding,
soluble, 8; and plexin-B2.
The 8-sample set proteins (q > 0.05) were also plotted, and a total of 42 proteins (out of 69) were
above the two-fold change mark (Figure 6.9). Once again Protein kinase C binding protein
NELL2 was one of the proteins with the highest fold change, although glypican-4 had a higher
fold change of 8.2 (Table 6.4). Other high fold change proteins were immunoglobulin kappa
constant, annexin-A6, fibulin 1, and laminin beta 1. In the 11-sample set, three proteins exhibited
fold changes higher than 10 (Figure 6.8), while none of the 8-sample set proteins went over a tenfold change (Figure 6.9). Plenty of proteins were > 2 fold change, although they were not
statistically significant because of the biological variability in both the 11 and 8-sample sets.
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Table 6.3 Relative quantification of Matrisome DB and Panther identified matrisome
proteins not significantly different in the 11-sample set. Multiway comparison of ECM
proteins not significantly different (q > 0.05) from developmental stages 10, 15 and 20 PCW.
Multiple accession numbers indicate a group of homologous proteins. To facilitate categorisation,
only the descriptions of Matrisome DB identified proteins are shown as PANTHER identified
proteins have less defined annotations. The highest mean condition indicates the developmental
stage where the highest protein abundance was identified. Coloured cells indicate the stage where
the highest abundance was detected. Blue=20PCW, green=15 PCW and orange=10PCW. Red
numbers indicate maximum fold change > 2. Post conception week, PCW; ECM, extracellular
matrix.
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Table 6.3 continued.

264

Chapter 6

ECM in the Developing Foetal Human Brain

Table 6.4 Relative quantification of Matrisome DB and Panther identified matrisome
proteins not significantly different in the 8-sample set. Multiway comparison of ECM proteins
not significantly different (q > 0.05) from developmental stages 10, 15 and 20 PCW. To facilitate
categorisation, only the descriptions of Matrisome DB identified proteins are shown as
PANTHER identified proteins have less defined annotations. The highest mean condition
indicates the developmental stage where the highest protein abundance was identified. Coloured
cells indicate the stage where the highest abundance was detected. Blue=20PCW, green=15 PCW
and orange=10PCW. Red numbers indicate maximum fold change > 2. Post conception week,
PCW; ECM, extracellular matrix.
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Table 6.4 continued.
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Not significantly different matrisome proteins
11-sample set

A total of 71 proteins
43 proteins > 2 fold change

Laminin, beta 1
Immunoglobulin kappa constant
Fibulin 1
Annexin A6
Glypican 4
Plexin B2
Lectin, galactoside‐binding, soluble, 8
AP‐3 complex subunit mu‐2
Cytosolic acyl coenzyme A thioester
hydrolase
Protein kinase C‐binding
protein NELL2
Spondin‐1

Figure 6.9 Maximum fold change of not statistically different matrisome proteins (q > 0.05)
in the 11-sample set. UniProtKB accession number in the y axis. Red line indicates 2 fold
change. The proteins with high fold changes are labelled in black, in grey the proteins with the
highest fold change from the 8-sample set, and in blue is the highest fold change protein shared
by both sample sets. The rest of the protein’s names can be found in Table 6.3.
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Not significantly different matrisome proteins
8-sample set
A total of 69 proteins
42 proteins > 2 fold change

Spondin‐1

Plexin B2

Lectin, galactoside‐binding, soluble, 8

Cytosolic acyl coenzyme A thioester hydrolase
AP‐3 complex subunit mu‐2
Laminin, beta 1
Fibulin 1
Annexin A6
Immunoglobulin
kappa constant

Protein kinase C‐binding
protein NELL2
Glypican‐4

Figure 6.10 Maximum fold change of not significantly different matrisome proteins (q >
0.05) in the 8-sample set. UniProtKB accession number in the y axis. Red line indicates two fold
change. Proteins with high fold changes are labelled in black, in grey are the proteins with the
highest fold change from the 11-sample set and in blue is the highest fold change protein shared
by both sample sets. The rest of the protein’s names can be found in Table 6.4.
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Gene ontology analysis

Even though the PANTHER system had inconsistencies, it was useful to perform a crude overall
classification of proteins, and it allowed an easy visualisation of GO terms. The PANTHER
classification system was utilised to identify the nature of all significantly different (q < 0.05)
ECM and non ECM proteins. The classification of proteins was done under two GO terms,
“cellular component” and “protein class”. Figure 6.11 illustrates the categories under the “cellular
component” term. Graph A shows the classification for the 11-sample set while graph B presents
the classification for the 8-sample set. In the 11-sample set (Figure 6.11 A), 74 significantly
different proteins were matched to 74 genes and one extracellular region gene (clathrin heavy
chain 1) was identified (red bar). In the 8-sample set (Figure 6.11 B), a total of 77 significantly
different proteins were matched to 77 genes, and three were identified as extracellular region
genes (red bar). These three proteins correspond to neurocan; signal peptide, CUB and EGF-like
domain containing protein 1; and inorganic pyrophosphatase. Plexin-A4, the other ECM protein
classified as q < 0.05 in the 8 and 11-sample set (Figure 6.8) was only identified by the Matrisome
DB method. Overall, the profile of the statistically significant proteins was similar between the 8
and 11-sample sets, with the majority of the proteins classified under two categories.
Classification of significantly different proteins under the GO term “protein class” for the 11sample set revealed no ECM proteins identified (Figure 6.12 A). On the other hand, in the 8sample set, two proteins were identified as ECM proteins (Figure 6.12 B). These two proteins
were neurocan and signal peptide, CUB and EGF-like domain containing protein 1. Once again
both the 8 and 11-sample sets had a similar profile with two prominent categories. Overall the
main difference is the identification of more ECM proteins in the 8-sample set with either GO
term.
The PANTHER system was also used to perform a functional classification of the total 1553
proteins identified by mass spectrometry. It revealed the 8 and 11-sample sets to have the same
classification profile. Most proteins were classified under the “cell” and “organelle” category
under the “cellular component” term (Figure A8 A). The extracellular region (red bar) was a small
part of the overall composition with 45 proteins identified. The “protein class” classification
(Figure A8 B) shows the biggest category to be “nucleic acid binding”. ECM proteins were also
a small proportion of all categories with 19 proteins classified, most of which were already
categorised under the “cellular component” term.
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A

11-sample set
Cellular Component
Total of 74 genes

Cell junction
Cell
Extracellular region
Membrane
Organelle
Protein‐containing complex

B

8-sample set
Cellular Component
A total of 77 genes

Cell
Extracellular region
Membrane
Organelle
Protein‐containing complex
Synapse

Figure 6.11 Gene ontology analysis of significantly different proteins using the “Cellular
Component” classification term. Bar graphs illustrate the number of genes per category which
are indicated by the coloured rectangles. A) 11-sample set with 74 proteins matched to 74 genes.
B) 8-sample set with 77 proteins matched to 77 genes.
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11-sample set
Protein Class
Total 74 genes

calcium‐binding protein
cell junction protein
chaperone
cytoskeletal protein
defense/immunity protein
enzyme modulator
hydrolase
ligase
membrane traffic protein
nucleic acid binding
receptor
transcription factor
transfer/carrier protein
transferase
transporter

B

8-sample set
Protein Class
Total 77 genes
chaperone
cytoskeletal protein
enzyme modulator
extracellular matrix protein
hydrolase
ligase
membrane traffic protein
nucleic acid binding
receptor
transcription factor
transferase
transporter

Figure 6.12 Gene ontology analysis of significantly different proteins using the “Protein
Class” classification term. Bar graphs illustrate the number of genes per category which are
indicated by the coloured rectangles. A) 11-sample set with 74 proteins matched to 74 genes. B)
8-sample set with 77 proteins matched to 77 genes.
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6.3.6
Functional association networks of significantly different proteins in the 10
vs 20 post conception week comparison
The largest changes in protein levels were observed between the 10 and 20 PCW stages (Figure
6.5 A and B). To elucidate the functional associations that occur amongst the differently expressed
(q < 0.05) proteins of 10 and 20 PCW, protein-protein interactions (PPI) were predicted using the
STRING database (Szklarczyk et al., 2014). Figure 6.13 shows the protein interaction network of
statistically significant proteins from the 11-sample set. Each protein is represented by a coloured
node with a gene name next to it. A list of all protein names corresponding to their gene names is
shown in Table 6.5. The protein network shows a total of 133 nodes, which were heavily
interconnected to each other with only a few unconnected nodes. A PPI enrichment p-value of <
1.0E-16 indicates that the network connections were not mapped at random, and thus their
biological functions were connected. The “neurogenesis” category under the gene ontology term
“biological process” was selected and mapped onto the network, to elucidate a functional property
which was not previously classified by the PANTHER GO analysis. There were two big clusters
in the middle of the network, with some proteins involved in “neurogenesis” in both clusters and
some dispersed to the outer side of the network.
Protein networks from the 8-sample set in Figure 6.14 show that most of the proteins mapped (a
total of 114 nodes) were biologically connected. A list of all the protein names corresponding to
the gene names is shown in Table 6.6. A PPI enrichment p-value < 1.0E-16 indicates the network
connections were not mapped at random. Similarly, the “neurogenesis” category under the gene
ontology term “biological process” was mapped onto the interactions. Most of the proteins were
heavily related with only a few proteins on the outside not linking to other proteins, although less
connectivity was observed compared to the 11-sample set. One big cluster of interactions can be
observed in the middle composed mainly of uncategorised nodes, and the “neurogenesis” nodes
were dispersed to the side of the network, and some were not connected to other nodes. Overall,
the PPI networks for both the 8 and 11-sample set indicate the proteins are related and functionally
linked, although to a lesser extent in the 8-sample set.
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Figure 6.13 Functional association network of significantly different proteins in the 10 vs 20
post conception week comparison of the 11-sample set. Protein gene names are depicted next
to each node (circle), protein names can be found in Table 6.5. Lines connecting the nodes indicate
predicted functional associations. The thickness of the lines represents the strength of data
supporting the associations. A total of 133 nodes are depicted with a PPI enrichment p-value <
1.0E-16, indicating associations are not random. “Neurogenesis” category (red nodes) is defined
under the “biological process” gene ontology term. Grey nodes are not classified under any
category. PPI, protein-protein interactions.
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Table 6.5 List of proteins from the 11-sample set protein interaction network. Gene name in
the first column. UniProtKB accession number in the second column. Multiple accession
numbers indicate they all share the same set of quantified peptides. Thus they are quantified as a
group of homologous proteins.
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Table 6.5 continued.
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Table 6.5 continued.
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Figure 6.14 Functional association network of significantly different proteins in the 10 vs 20
post conception week comparison of the 8-sample set. Protein gene names are depicted next to
each node (circles), protein names can be found in Table 6.6. Lines connecting the nodes indicate
predicted functional associations. The thickness of the lines represents the strength of data
supporting the associations. A total of 114 nodes are depicted with a PPI enrichment p-value <
1.0E-16, indicating associations are not random. “Neurogenesis” category (red nodes) is defined
under the “biological process” gene ontology term. Grey nodes are not classified under any
category. PPI, protein-protein interactions.
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Table 6.6 List of proteins from the 8-sample set protein interaction network. Gene name in
the first column. UniProtKB accession number in the second column. Multiple accession
numbers indicate they all share the same set of quantified peptides. Thus they are quantified as a
group of homologous proteins.
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Table 6.6 continued.
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Table 6.6 continued.
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6.4 Discussion
Previous studies elucidating the composition of the ECM in the human prenatal brain have mainly
used MRI images or have focused on investigating selected proteins (Milošević et al., 2014). In
order to obtain a profile of the human foetal brain ECM, the present study used mass spectrometry
label-free proteomics and the precursor ion intensity approach to identify and semi-quantify
hundreds of proteins from whole human foetal brain homogenate of 10, 15 and 20 PCW stages.
A total of 1553 proteins were identified from which 73 were ECM or ECM associated proteins.
The most significant changes in protein abundance were observed between stages 10 and 20 PCW
for ECM or other proteins. To the author’s knowledge, this is the first time the human foetal brain
was enriched for ECM proteins and was investigated at three foetal developmental stages using
mass spectrometry label-free proteomics.
6.4.1

Analysis and characterisation the foetal human brain extracellular matrix

In order to identify the ECM or ECM related molecules, the PANTHER GO classification system
was not adequate to identify all possible proteins. The GO annotations failed to categorize all
ECM proteins fully. Additionally, annotated proteins had many subcategories or none at all
making the process of characterisation and categorisation challenging, inconsistent and
incomplete. However, the PANTHER system was useful to perform an overall classification of
and easy visualisation of GO terms. This problem has been described before (Byron et al., 2013;
Naba et al., 2012a; Naba et al., 2012b), which is why the Matrisome DB (Naba et al., 2016), was
created. The Matrisome DB compiles ECM and ECM related genes and proteins from 14 different
tissues and tumour types using proteomic studies to obtain a more comprehensive characterisation
of the matrisome, and it can classify core matrisome and matrisome associated proteins. The
present analysis provides insight into the complexity and difficulty of identifying and categorising
ECM and related molecules. Ultimately no database is complete; therefore global analyses like
the one presented herein are imperative to expand the human ECM atlas developed by Naba et al.
(2016).
PCA analysis of the 8 and 11-sample sets revealed that the significantly different (q < 0.05)
proteins grouped in a similar fashion in both sets. It was difficult to fully determine if the samples
with a high amount of proteins were outliers or they were a result of developmental change. The
possible high abundance of blood or other proteins could be masking low abundance proteins.
Although most results were similar between the two analyses, PPI functional networks revealed
more substantial differences in significantly different proteins. When biological variance was
higher, in the 11-sample set, a lower amount of significantly different (q < 0.05) proteins were
detected, which is why big fold changes were observed with no statistical difference. Undetected
proteins could have been present in low abundance and below the detection limit, but not
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necessarily absent from the samples. This can be particularly true with naturally low abundance
matrisome–associated proteins such as secreted factors and ECM remodelling enzymes (Naba et
al., 2016). The matrisome identified in this and other studies does not represent the whole ECM
as more molecules could be evading the identification methods.
The extraction of a highly enriched sample containing only ECM or ECM related proteins
represents a challenge as multiple fractions are needed. The complexity of the ECM and cellular
proteins makes it hard to separate them, ECM proteins tend to be big glycosylated molecules with
different solubility properties hence some of them can be hard to solubilise. Additionally,
matrisome proteins can be covalently linked to other membrane or intracellular proteins lowering
their solubility even more (Byron et al., 2013). Taking advantage of the insoluble nature of most
ECM proteins, here the separation of soluble and insoluble fractions provided a quick and
straightforward process using a mass spectrometry compatible protocol. The proteome in this
study, composed of 73 proteins, was slightly smaller in size compared to other published ECM
proteomes of different tissues. Lennon et al. (2014) reported 144 proteins in the human glomerular
ECM, Didangelos et al. (2010) reported 103 proteins from the human aorta ECM, Booth et al.
(2012) identified 94 ECM molecules in the human lung, and Naba et al. (2014) reported 108 ECM
molecules in human colon and 105 in the human liver. It is important to take into consideration
that previous studies either performed a decellularisation procedure or an extensive fractionation
(more than two fractions) to extract ECM proteins. Although the previous studies yielded a
slightly higher number of ECM proteins, the trade-off is extensive manipulation of samples,
possible degradation of proteins and inevitable sample loss.
The fact that many ECM molecules can be soluble, and many intracellular proteins can be
insoluble, adds to the difficulty of the analysis. In this study, most of the 1553 proteins identified
were intracellular proteins involved in cytoskeletal or nucleic acid binding. The ECM forms many
cell-matrix interactions such as focal complexes, focal adhesions and fibrillar adhesions (Geiger
et al., 2001). The formation of matrix adhesions is a pivotal part of intracellular signalling
processes involving the cytoskeleton. Matrix adhesions are formed by integrins, which bind to
ECM proteins such as fibronectin, collagens, laminins, tenascin-C, and hyaluronan amongst other
proteins (Faissner and Reinhard, 2015; Faissner et al., 2017; Geiger et al., 2001). With a vast
number of cell-matrix interactions, it is not surprising to obtain intracellular cytoskeletal proteins
in the insoluble fraction. Moreover, the filamentous cytoskeleton is composed mainly of
intermediate filaments, microfilaments, microtubules, which can have low solubility (Goetschy
et al., 1986; Liem et al., 1978).
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Temporal changes of the foetal human brain extracellular matrix

The information on the spatiotemporal regulation of ECM proteins in the human foetal brain
during development provided here, shows significant differences between 10 and 20 PCW. This
seems to correlate with critical human neural developmental processes occurring within this same
time frame, between early foetal (10-13 PCW) and mid foetal (15-22 PCW) development. At 10
PCW, neuronal migration starts and continues out throughout all three stages analysed (10, 15
and 20 PCW). Neural proliferation starts to decline shortly after 20 PCW; however, cellular
processes such as astrogliogenesis, oligodendrogenesis, and synaptogenesis begin around this
time (Silbereis et al., 2016). Approximately at 20 PCW, thalamocortical axons grow into the
cortical plate in the prefrontal cortex (Silbereis et al., 2016) and arborisation starts shortly after
20 PCW (Douet et al., 2014). Synapses in the cortical plate appear in the 18 PCW (Silbereis et al.,
2016). In humans, the subplate zone, below the cortical plate, starts to form between the 7-8 PCW
(Wang et al., 2010). The subplate zone is rich in ECM and is implicated in axonal guidance (Radoš
et al., 2006; Vasung et al., 2016). At 10 PCW synaptogenesis increases in the subplate. The
volume of the subplate increases by around 25% between stages 13 and 20 PCW and reaches its
maximum size at 30 PCW (Vasung et al., 2016). Significant increases in the ECM can be linked
to the changes observed in this study between 10 and 20 PCW.
Genes involved in human neurodevelopmental processes between 10 and 20 PCW include
dendrite development genes, which start to upregulate at ~19 PCW in the dorsolateral prefrontal
cortex. DCX gene expression in the hippocampus increases from the embryonic stage (before 10
PCW) and peaks at ~16 PCW. Cell proliferation genes greatly decline from the embryonic period
and start to plateau at around 19 PCW in the neocortex. In the cerebellar cortex, cell proliferation
genes plateau at around 10 PCW and decline drastically at ~19-24 PCW. Myelination genes
increase at around 19 PCW in the neocortex and the hippocampus. Some of these changes in gene
expression could be reflected in the ECM protein changes observed between 10 and 20
PCW(Kang et al., 2011). Results in this study shed a light into the temporal expression of the
human foetal brain matrisome.
Previous studies have identified that during mammalian brain development, the ECM is
composed mainly of GAGs and PGs mainly of the lectican family (Bandtlow and Zimmermann,
2000; Novak and Kaye, 2000; Oohashi et al., 2015; Ruoslahti, 1996; Yamaguchi, 2000;
Zimmermann and Dours-Zimmermann, 2008). Results in this study confirm the presence of
lecticans brevican, neurocan and versican, although no aggrecan was detected in any sample.
Neurocan transcript is expressed in various structures of the adult and infant human brain (Prange
et al., 1998; Rauch et al., 2001). Rat studies have analysed neurocan expression in development
and reported that its expression in the thalamus, hypothalamus and cerebellum increases towards
the end of foetal development peaking at around the first postnatal week (Avram et al., 2014;
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Rauch et al., 2001). No information is available on the abundance of neurocan at the protein level
in the human foetal brain. In this study, neurocan was the only lectican in the 8-sample set
significantly increased from 10 PCW to 20 PCW, thus mirroring neurocan’s rat expression. It
remains to be analysed if neurocan further increases towards the end of gestation.
Plexin-A4 mRNA has been detected in deep parts of the cerebral cortex of mice, and the protein
has been reported to be involved in the positioning of oligodendrocyte precursor cells in the
developing cortex of mice (Okada and Tomooka, 2012). It has also been reported to be implicated
in the establishment of neural circuits, axonal growth and guidance, laminar connectivity
formation and neural cell migration in mice (Mitsogiannis et al., 2017). Results herein, show
plexin-A4 to be the only ECM protein to be significantly different in both the 8 and 11-sample
sets with its highest abundance in the 20 PCW stage. This pattern correlates with neuronal
migration, which starts at 10 PCW and continues through 15 and 20 PCW, suggesting plexin-A4,
could be implicated in human neural cell migration. Expression of plexin-A4 also correlates with
the upregulation of dendrite development genes at around 19 PCW.
Laminins are implicated in the neural niche and the development of neural stem cells (Benarroch,
2015; Bjornsson et al., 2015; Dityatev et al., 2010; Solozobova et al., 2012; Theocharidis et al.,
2014). Laminins α1, α2, α4, and α5 have been reported in the neural development of mice
(Theocharidis et al., 2014) with α2 and α4 being the most abundant type in the embryonic
ventricular zone. In the neurogenic mouse niche, the most abundant type is laminin-211 α2β1γ1,
which is critical for neurogenesis (Solozobova et al., 2012). Four types of laminins were detected
in this study, laminin α4, β1, β2, and γ1. However, α2 was not detected, indicating that either it
was not present in the samples or it was present in low abundance levels. This is in contrast with
the high levels reported found developing mouse brains. Laminin β2 RNA was found to be widely
expressed in 19 PCW human foetal brain while the β1 chain was weakly expressed (Iivanainen
et al., 1995). In this study, laminin β2 showed a trend to increase at the 10 PCW while β1 appeared
to be more abundant in the 20 PCW brains, inconsistent with Iivanainen et al. (1995) findings.
Even though neurons have been found to express laminin γ1(Yin et al., 2003), a large majority
of laminins are produced by astrocytes and glia in the developing CNS (Libby et al., 2000). The
presence of only a few laminin chains at the developmental stages studied could be due to the fact
that at 20 PCW, the later stage studied here, astrogliogenesis and oligodendrogenesis are just
starting. It is likely that laminin levels could increase after 20 PCW, although this will need to be
assessed in future studies.
Nine different types of collagens were identified. Collagen IV is part of the basal laminae of the
neurogenic niche (Dityatev et al., 2010). In this study, it was identified with higher expression in
the 20 PCW stage, indicating a possible expansion of the neurogenic niche towards the 20 PCW.
Collagen I is expressed in the human foetal cortical plate and is involved in the folding of the
284

Chapter 6

ECM in the Developing Foetal Human Brain

human neocortex (Long et al., 2018), which begins at 20 PCW (Long and Huttner, 2019). In this
study, collagen I α1 and α2 were detected with their highest abundance at 20 PCW, suggesting
that collagen I has other roles in development other than cortical folding. It is important to take
into account that the detection of collagens could partly be due to the presence of the meninges
in the brain samples as they could not be dissected out. However, all the collagens identified
herein have also been described in other non-brain ECM mass spectrometry-based analysis
gathered in the Matrisome DB (Naba et al., 2016).
Immunohistochemistry analysis of tenascin-R expression reveals it is spatiotemporally regulated,
from 12 to 28 PCW, and it is expressed in the human cortex in a regions corresponding to neuronal
migration. It is also found, in the striatum and thalamus from 12 PCW onwards with its expression
increasing with development (El Ayachi et al., 2011). In the present study, although not
statistically significant, tenascin-R was found in all samples with increased expression at the 20
PCW, consistent with El Ayachi et al. (2011) findings.
NELL2 is a thrombospondin-1-like ECM protein expressed by human neural cells in the brain
(Maeda et al., 2001) and it has been shown to act as an axon guidance signal in mice (Jaworski et
al., 2015). It is expressed in the hippocampus and cerebral cortex of adult rats (Kuroda et al.,
1999), and it is involved in the survival of neurons from foetal rat hippocampus and cerebral
cortex (Oyasu et al., 2000). In this study, although not statistically significant, NELL2 was found
to have a big fold change in both the 11 and 8-sample sets with its highest abundance in the 20
PCW stage. This expression pattern may reflect the growth of thalamocortical axons which
beginning at 20 PCW, arborisation that starts shortly after 20 PCW, and myelination genes
increasing in the hippocampus at around 19 PCW.
Overall, the 8 and 11-sample sets yielded similar results between them. However, the 11-sample
set can be more reliable because it clustered more in the PCA and because of the uncertainty in
identifying outliers. The most significant changes occurred between the 10 and 20 PCW, the
majority of the ECM proteins showed changes in expression, and more than half of them
presented considerable fold changes increasing towards the 20 PCW stage. Significant
morphological, cellular and molecular changes occur during foetal development, during which
the ECM is highly dynamic (Zimmermann and Dours-Zimmermann, 2008). The dynamic pattern
of ECM expression in the 8 and 11-sample sets could be masked by biological variability in the
samples, derived from the incomplete brain tissues obtained (due to the nature of tissue collection)
and the inherent biological variability of complex protein samples. Additionally, variability could
partly be due because staging could differ slightly between embryos by a couple of days. The
distribution of ECM proteins in early brain development shifts from spatially diffuse into
specifically defined regions as development takes place (Milošević et al., 2014; Zimmermann and
Dours-Zimmermann, 2008). This distribution shift could also explain why the overall abundance
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and type of ECM proteins does not significantly change throughout the developmental stages
analysed; ECM proteins could be changing their distribution rather than their abundance.
6.4.3
Significance of defining the spatiotemporal human foetal brain
extracellular matrix
The foetal human brain ECM and associated proteins occupy at least 40% of the total volume
(without considering blood vessels and ventricles) whereas in the postnatal and adult brain it
constitutes only 20% (Milošević et al., 2014). To temporally characterise the matrisome of the
foetal brain is therefore of great importance as many molecules and their temporal expression are
yet to be identified. The majority of congenital abnormalities occur during the embryonic CNS
stage (from conception to 8 PCW) (Silbereis et al., 2016). It is essential to also investigate earlier
stages of ECM development. Equally important is to characterise the spatial distribution of the
matrisome. The main challenge would be to obtain complete brain tissue samples to be able to
dissect specific regions and compare them. Analysing the foetal and embryonic brain ECM can
enable the discovery of biomarkers for neurodevelopmental diseases (Naba et al., 2016) and can
lead to the development of therapies.
Spatiotemporal characterisation of the embryonic/foetal ECM could also help identify more
specific neural stem cell markers as many markers are often ECM receptors (Naba et al., 2016).
As discussed before, the ECM is an integral part of the NSC niche, affecting differentiation,
migration and overall behaviour of NSCs. Spatiotemporal characterisation of the prenatal ECM
is of vital importance to understand ECM regulation and NSCs behaviour, and to recreate NSCs
environment in vitro. Granted recreating ~100 proteins would be challenging, nonetheless
identifying key molecules and their spatiotemporal abundance could enable the development of
3D neural tissues in vitro.
6.4.4

Limitations and future considerations

Because precursor ion intensity is a semi-quantitative method, validation of key proteins will be
essential. Quantitative PCR with its high sensitivity is a good technique to validate small fold
changes at the transcript level, although care should be taken in interpreting results as mRNA
abundance does not always translate into protein abundance (Neilson et al., 2011). Western Blot
or ELISA analysis could also be carried out to confirm the identified proteins in this study.
The biggest challenge in this study was the biological variability. Further studies should focus on
investigating fractionation methods to try and reduce the dynamic range of the samples. At the
same time, it would be important to determine whether fractionation protocols yield similar results
in terms of protein abundance and overall ECM yield. Moreover, it would be of interest to
fractionate the soluble components of the ECM to investigate matrisome-associated proteins.
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Global proteomic studies, like the one presented here, pave the way to develop further ECM
enriching protocols and are essential to perform absolute quantification using targeted proteomics
to validate protein biomarkers. Complementing the data obtained here with transcriptomic data
can help elucidate ECM regulatory systems and precisely describe the dynamic prenatal ECM.
Furthermore, post-translational modification (PTM) analysis could help identify the specific role
of ECM proteins in NSC signalling and their specific interactions with other proteins.
6.5 Conclusion
In this study, the human foetal brain ECM was investigated throughout development using mass
spectrometry-based label-free proteomics, for the first time. A total of 73 ECM and ECM related
proteins were identified by using a combination of analytical tools. Main neural ECM components
described in the literature laminins, collagens, tenascins, and lecticans except for aggrecan
were identified in this study. High fold changes were observed between 10 and 20 PCW which
for some proteins go in line with mayor changes in key developmental processes. Most of the
matrisome remained relatively unchanged conceivably due to biological variability or stability
over the developmental period studied. Results on the composition of the human foetal brain ECM
illustrate its complexity and shine a light into the organisation and composition of the matrisome.
The methodology applied here can be further adapted to identify biomarkers and additional
molecules implicated in neurodevelopmental cellular and molecular processes in health and
disease. Additionally, this research provides valuable data to further investigate the specific
spatial expression of the foetal and embryonic human brain ECM.
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7.1 Summary of findings
A fundamental goal of tissue engineering (TE) is to understand the interactions between cells and
their environment. Human neural stem cells (hNSCs) have a central role in neural TE and neural
regenerative medicine (RM) due to their potential to regenerate and replace damaged tissue. These
characteristics make them ideal candidates to construct in vitro neural models to study normal
and abnormal neural development. However, developing two-dimensional (2D) or threedimensional (3D) models is not straightforward, and there are many challenges, such as
mimicking the extracellular matrix (ECM), obtaining biocompatible biomaterials, understanding
stem cells fate, understanding how the micro and nanoenvironment affect neural cells, amongst
many more. In this study, nanodiamonds, bio-electrospray, decellularisation methods, and
proteomics were used to tackle some of these questions and gain insight to design in vitro neural
models, focusing on how the environment affects neural cell behaviour.
Bio-electrospray (BES) technology could be used to produce cell-embedded scaffolds using
decellularised porcine brain and hNSCs. Nanodiamonds (NDs) with their unique surface
properties can be used to help elucidate the biomaterial-hNSCs interactions and improve
biomaterial design. Proteomics can enable a global analysis to help understand the composition
of the developing human brain ECM to design improved neural environments. Finally, human
brain ECM would potentially be the ideal candidate to produce the hNSC-embedded scaffolds,
providing a better recapitulation of the human brain environment.
7.1.1 Chapter 3: Human neural stem cells viability and multipotency following
bio-electrospray
BES is a promising technology to produce 3D cell-embedded neural scaffolds using hNSCs. The
first component to build such scaffolds is to verify that hNSCs can withstand the process. Multiple
studies indicate that BES does not produce adverse effects on a wide variety of cells, including
stem cells, or organisms (Bartolovic et al., 2010; Braghirolli et al., 2013; Clarke and Jayasinghe,
2008; Eagles et al., 2006; Jayasinghe and Townsend-Nicholson, 2006b; Mongkoldhumrongkul et
al., 2009a; Patel et al., 2008; Sahoo et al., 2010; Tezera et al., 2017; Ye et al., 2015; Yin et al.,
2016). However, animal neural stem cells (NSCs) or hNSCs have not been investigated before.
It was shown here that hNSCs viability was not critically affected by the BES process when
sprayed at 10 kV in a different laboratory from where they were cultured. Compared to other
studies (Abeyewickreme et al., 2009; Eddaoudi et al., 2010; Patel et al., 2008), hNSCs presented
a high percentage of viable cells when analysing Annexin V by flow cytometry, a standard assay
for viability used in BES studies. This analysis confirmed >90% of viable cells immediately after
BES and three days later, a high percentage not easily achieved by many studies. Multilineage
differentiation capacity is not always investigated in bio-electrosprayed stem cell studies.
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However, some studies have differentiated post-BES stem cells to a maximum of four weeks
(Braghirolli et al., 2013; Sahoo et al., 2010; Ye et al., 2015). In this study, hNSCs were
successfully differentiated for up to five weeks. Additionally, few studies have investigated
human stem cells differentiation after BES, and results here are in line with previous studies
analysing human mesenchymal stem cells (Braghirolli et al., 2013) and human adipose-derived
stem cells (Ye et al., 2015), showing no significant differences between sprayed cells and controls.
This study shows that hNSCs viability was not thoroughly affected by BES and that over a long
period, multipotency was not affected. Although high voltages are used in BES, cells are not
severely affected because its current is in the range of nanoamperes (Jayasinghe, 2017; Poncelet
et al., 2012). These results indicate that BES is a viable alternative to produce hNSC-embedded
scaffolds.
7.1.2 Chapter 4: Differentiation of human neural stem cells over functionalised
nanodiamonds
The next step for developing in vitro neural models is to analyse the biocompatibility and surface
properties of biomaterials. Nanotechnology enables the study of stem cell-ECM nanointeractions
that can modulate stem cell behaviour. Thus, a desirable characteristic of a biomaterial for neural

in vitro models is biocompatibility, tuneable surface properties and the ability to regulate stem
cell fate and behaviour. NDs with oxygen-rich and hydrogen-rich surfaces were cultured together
with hNSCs to assess how the chemistry and nano environment would affect hNSCs adherence.
In our previous findings, we showed that hNSCs survived and adhered more when grown over
oxygen-terminated NDs (O-NDs) compared to hydrogen-terminated NDs (H-NDs) (Taylor et al.,
2017).
To further understand how ND surface chemistry would affect hNSCs, cells were differentiated
over terminated NDs. The cells were induced towards a neuronal and astrocyte lineage, and they
showed to grow over both O-NDs and H-NDs. Additionally, when no inducing molecules were
present in the differentiation medium, O-NDs promoted longer and more neurites on hNSCs when
compared to H-NDs and glass control. It has been shown that hydrophilic surfaces can modulate
protein adsorption and can regulate cell adherence (Barrias et al., 2009; Keselowsky et al., 2004;
Yassin et al., 2017). In agreement with previous studies, the present study showed that the
hydrophilic surface of O-NDs promoted increased neurite formation, which could be linked to
higher adsorption of poly-L-lysine and laminin, promoting hNSCs adherence and differentiation.
Also, signalling pathways promoting hNSCs differentiation could have been activated by the
increased protein adsorption.
Although to a lesser extent, H-NDs also supported neurite growth, indicating that both H-NDs
and O-NDs are biocompatible with hNSCs growth and differentiation. Furthermore, these results
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indicate that hNSCs favour a hydrophilic surface, such as O-NDs, for neuronal differentiation,
which will help select other biomaterials which can promote increased neurite formation.
7.1.3 Chapter 5: Extracellular matrix from decellularised porcine brainoptimisation, biocompatibility and determination of protein concentration
In addition to nano cues and hydrophilicity, the ECM proteins directly influence neural cells and
hNSCs residing in the stem cell niche. Understanding how the brain ECM directly affects hNSCs
is imperative to mimic the environment for developing 3D neural models. It has been shown that
porcine brain ECM can potentiate the number of dendrite formation in human induced pluripotent
stem cells (DeQuach et al., 2011). Additionally, decellularised porcine brain increased growth
and differentiation of PC12 cells (a rat neural-like cell line)(Crapo et al., 2012) and promoted
extended neurite growth of mouse neuroblastoma cells (Medberry et al., 2013) and human cortical
neuroepithelial stem cells (Crapo et al., 2014).
In this study, porcine brain ECM was isolated by decellularisation. This technique proved to be
challenging due to the soft consistency of the tissue, the absence of standardisation of
decellularisation protocols, and the lack of thorough and detailed protocols. However,
decellularisation was optimised to obtain a high yield of ECM material, to reduce decellularisation
time, to conserve ECM integrity, to increase solubilisation, and to preserve proteins which could
promote hNSC adherence and proliferation. Additionally, optimisation of decellularisation was
performed to implement the protocol on human foetal brains in the future, to compare hNSC’s
response to human and porcine brain ECM. hNSC lines were derived from foetal and embryonic
human brain tissue and cultured with the isolated porcine brain ECM. Results showed increased
proliferation of hNSCs when cultured with ECM together with laminin over laminin controls. In
the paper by Crapo et al. (2014), different concentrations of porcine brain ECM were analysed.
They reported that 25 µg/ml increased human cortical neuroepithelial stem cells proliferation over
the other concentrations tested (2.5,10 and 100 µg/ml). Similarly, in this study, 25 µg/ml of
porcine brain ECM was found to increase hNSC proliferation compared to 10 and 100 µg/ml.
However, in this study, hNSCs proliferation was enhanced even when complete ECM
solubilisation was not achieved. It has been reported that matricryptic fragments released from
the degradation of the ECM can induce proliferation on progenitor cells (Reing et al., 2008).
Nevertheless, complete solubilisation is essential for downstream applications. Therefore, a digest
buffer was used to solubilise the ECM fully. A modified dot-blot method was implemented to
determine ECM protein concentration from this digest. This approach provided advantages over
in-solution colourimetric protein assays such as high sensitivity, small sample size and volume,
and greater compatibility with interfering substances.
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Overall, the challenges of porcine brain ECM isolation and manipulation were overcome by
optimisation, evaluation, and development of new strategies. New guidelines were established for
future decellularisation of human foetal brain, both for its culture with hNSCs, as well as for its
characterisation.
7.1.4

Chapter 6: Extracellular matrix in the developing foetal human brain

After determining that porcine brain ECM was biocompatible and could potentiate hNSCs
proliferation. The next step was to analyse the composition of the human foetal brain ECM to
investigate further the relationship between environment and hNSCs, as well as overall human
brain development. The global composition of the human foetal brain is not entirely known, and
most studies focus on MRI analysis or the identification of selected proteins. Hence, in this study,
the human foetal brain ECM was analysed by label-free mass spectrometry-based proteomics for
the first time.
The proteomic study was performed on three different foetal stages of human brain development,
10, 15 and 20 post conception weeks (PCW). The soluble and insoluble fractions were separated
from whole-brain homogenate. Insoluble fraction samples were analysed as two data sets, an 11sample set, and after removing possible outliers, an 8-sample set. Both sets showed very similar
results, with minor differences in biological variability. Both sets identified a total of 1553
proteins, from which 73 proteins were ECM or ECM-related. Plexin-A4, was the only ECM
protein identified by both the 11 and the 8-sample sets as statistically significant, with its highest
abundance in the 20 PCW. However, considerable fold changes (>2) were observed for more than
half of the ECM proteins identified in both sets. The majority of changes for ECM or non-ECM
proteins were observed between the 10 and 20 PCW stages, with the majority increasing their
expression towards the 20 PCW stage. These changes could be reflected in key
neurodevelopmental processes taking place in the same period. Neural proliferation declines
around 20 PCW; however, astrogliogenesis, oligodendrogenesis and synaptogenesis begin at that
stage (Silbereis et al., 2016). Dendrite development genes upregulate at ~19 PCW. Cell
proliferation genes decline, and plateau around 19 PCW in the neocortex and myelination genes
increase ~19 PCW in the neocortex and the hippocampus (Kang et al., 2011). Temporal
expression of the human brain ECM could be affected by these cellular and gene events. Previous
studies have identified that during development, the mammalian brain ECM is composed mainly
of glycosaminoglycans and proteoglycans of the lectican family (Novak and Kaye, 2000; Oohashi
et al., 2015; Zimmermann and Dours-Zimmermann, 2008). In this study, lecticans brevican,
neurocan, and versican were detected, although no aggrecan was identified. Additionally, four
different types of laminins and nine of collagens were detected.
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Overall, the biggest fold changes of ECM proteins were observed between 10 and 20 PCW, which
correlates with early foetal (10-13 PCW) and mid foetal (15-22 PCW) stages of development.
This study is the first time a global temporal analysis of the ECM in the developing human brain
was performed using label-free mass spectrometry. These results suggest which ECM proteins
could be implicated in regulating hNSCs behaviour. This analysis will be important to consider
when designing 3D neural models or culturing hNSCs. Additionally, it provides information to
further characterise the human brain matrisome.

7.2 Future considerations
7.2.1 Bio-electrospray offers advantages over other scaffold producing
technologies
This thesis provided information regarding neural cell-biomaterial interactions valuable for
developing hNSC embedded brain ECM-based scaffolds using BES technology. Subsequent
studies should focus on bio-electrospraying hNSCs together with porcine brain ECM. An
additional biomaterial needs to be used to confer tridimensionality, such as alginate, or a
biomaterial with hydrophilic surface properties to enhance neurite formation. To achieve this, the
stable cone jet mode and cell distribution in the droplets will need to be analysed by adjusting
flow rate, distance from needle to ground electrode, single or coaxial needle arrangement,
amongst other parameters. Additionally, the BES system could be attached to a computer to
deposit constructs in the x and y-axis, allowing the patterning of nano architectures and scaffolds.
BES offers several advantages over other direct cell handling technologies. For example,
bioprinting typically uses small size nozzles to achieve high resolution. However, fine bore
needles or nozzles can cause cell shear stress and cellular damage (Blaeser et al., 2016;
Jayasinghe, 2017). Shear stress can alter stem cell differentiation (Potter et al., 2014; Vining and
Mooney, 2017) such as in human mesenchymal stem cells (Sonam et al., 2016; Yourek et al.,
2010). Additionally, small diameter needles or nozzles increase the risk of clogging (Leberfinger
et al., 2017). BES can produce droplets with a smaller size than the diameter of the needles used.
By using bigger size needles (≥500 µm), BES can handle viscous (>10 000 mPa), high-density,
heterogeneous cell suspensions (Poncelet et al., 2012) without producing significant shear stress,
or compromising viability. Moreover, BES can generate small size droplets in the nanometer
range (<50 nm) (Poncelet et al., 2012), which could be used to produce specific nanopatterns.
BES can produce droplets containing single cells and can control droplet size, when coupled with
a microfluidic device (Hong et al., 2010). On the other hand, extrusion-based bioprinting
technologies are limited by their nozzle diameter (Ozbolat et al., 2017).
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It has been shown that hNSCs can be bioprinted (extrusion-based) with a 200 µm size nozzle, to
produce cell-laden scaffolds, although with a high percentage of cell death (~25%) immediately
after bioprinting (Gu et al., 2016). The cell damage was probably due to shear stress or tensile
forces implicated in the extrusion process, illustrating the disadvantages of extrusion-based
technologies. This study confirmed for the first time that hNSCs could withstand the BES process
and be sprayed at 10kV; paving the way for developing hNSCs embedded scaffolds with high
resolution, without compromising cell viability.
BES also offers advantages over methods that seed cells onto pre-made scaffolds, as these
methods can have issues with uneven or incomplete cell infiltration. Also, cell seeding can result
in poor microintegration, and increases processing steps, thus increasing the time of cell
culture/bioreactor and costs (Jayasinghe, 2017). BES can be used to model diseases such as
tuberculosis (Tezera et al., 2017), and currently, BES studies are going through preclinical trials
(Jayasinghe, 2017). These advantages make BES a promising tool for developing 3D cellembedded constructs with potential uses in TE and RM.
7.2.2

Interactions between neural cells and brain extracellular matrix

The chemical effect of NDs on neural cell behaviour was analysed here. However, it is well known
that external mechanical cues also play an essential role in modulating stem cell fate (Watt and
Huck, 2013). More specifically, micro and nanotopography influence hNSCs differentiation
(Béduer et al., 2012; Yang et al., 2014; Yang et al., 2013). Analysis of both chemical and
mechanical stimuli will help understand in detail the neural cell-biomaterial interactions
governing the ECM environment. NDs can be incorporated into hydrogels to modulate
mechanical properties and influence human adipose stem cell behaviour (Pacelli et al., 2017). In
this regard, ND hydrogels could help identify stiffness and mechanical stimuli that can influence
hNSC lineage commitment or neural cell behaviour. In a similar fashion as with murine
hippocampal neurons (Edgington et al., 2013), NDs could be patterned to direct hNSC neurite
outgrowth and assess differences in nanotopography.
This study has determined that a simple, straightforward protocol separating the soluble from
insoluble fraction provides an adequate number of human foetal brain ECM identified proteins
when compared to other studies (Booth et al., 2012; Didangelos et al., 2010; Lennon et al., 2014;
Naba et al., 2014). However, more ECM or related proteins are yet to be identified. Targeted
proteomics could help determine whether other types of laminins are present in other stages of
development. Other ECM isolating protocols can be implemented to compare the number of
matrisome proteins obtained. In this regard, decellularisation of foetal or embryonic human brain,
following the optimised protocol from this study, could be performed to analyse its composition
by mass spectrometry. However, critical challenges need to be considered. First, the size of foetal
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or embryonic brains varies considerably, and the younger the age, the smaller the tissue. Hence,
decellularisation would need to be optimised further to obtain a higher yield of ECM. For more
developed stages (>15 PCW), it should be more feasible due to their bigger size. Second,
biological variability could be decreased by pooling brains. In younger, more complete brains,
specific regions could be dissected and pooled for proteomic analysis. Finally, because
pepsin/HCl are incompatible with mass spectrometry, ECM would need to be solubilised with a
different buffer (digest buffer, for example). However, this means that the ECM used to assess
hNSCs viability can differ from the one analysed by mass spectrometry. Nevertheless, proteomic
analysis of decellularised human foetal brain will provide valuable information.
Future studies should also focus on determining precisely which ECM proteins are needed for
optimal hNSC adherence and which proteins are implicated in the increased proliferation of
hNSCs observed in Chapter 5. With the proteomic analysis performed in Chapter 6, the list of
candidate ECM proteins obtained can serve as a guide to determine possible implicated proteins.
Foetal cortical neuroepithelium-hNSCs respond to ECM depending on the tissue of origin,
showing stronger positive cellular responses to porcine brain and spinal cord-derived ECMs
compared to urinary bladder-derived ECM (Crapo et al., 2014). However, hNSC response to the
human brain either embryonic, foetal or adult ECM has not been investigated. Taking into account
species compatibility, and the different types of laminins identified in the human foetal brain, it
is feasible that human foetal ECM could promote optimal hNSC adherence and enhance
proliferation. Analysing hNSCs response to human foetal brain ECM will be of interest to
compare differences in cell adherence, proliferation and differentiation with adult porcine brain
ECM. Additionally, it will be useful to investigate the possibility of bypassing added laminin in
the culture medium, to omit the use of poorly defined commercial animal-derived materials such
as laminin or Matrigel in 3D culture systems.
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7.3 Conclusion
The insights gained here indicate that nanotechnology, mechanical engineering, proteomics, and
stem cell biology are vital to develop more physiologically relevant 3D neural systems. The
knowledge obtained here helps to improve the design of biomaterials, which can precisely control
hNSCs fate. This multidisciplinary approach will provide greater versatility and control in
composition, which is an advantage over other technologies such as self-assembling organoids or
3D systems using Matrigel. This will enable more efficient screening assays, a better
understanding of normal and abnormal neural development, and more robust modelling of
neurological diseases. The results shown here provide information on a fraction of the problems
of reproducing biomimetic brain-like structures in vitro and many challenges still lay ahead. The
complexity of the human brain is one of its more prominent features, yet this makes it even more
vital to generate 3D neural models to provide answers to small questions and to create valuable
innovative tools for neural TE and RM.
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Figure A1 Statistical significance of the effect of porcine brain extracellular matrix in the
culture medium on 10 PCW-human neural stem cell adhesion seven days after plating. The
plot shows 95% confidence intervals of the mean for each comparison using Tukey statistical
hypothesis test. Statistically significant comparisons are data points removed from and not
crossing the dotted line. ECM, extracellular matrix; +LN, with laminin; -LN, without laminin.
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Figure A2 Statistical significance of the effect of porcine brain extracellular matrix (10/25
µg/ml) in the culture medium on 10 PCW-human neural stem cell adhesion seven days after
plating. The plot shows 95% confidence intervals of the mean for each comparison using Tukey
statistical hypothesis test. Statistically significant comparisons are data points removed from and
not crossing the dotted line. ECM, extracellular matrix; +LN, with laminin; -LN, without laminin.
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Figure A3 Statistical significance of the effect of porcine brain extracellular matrix (total
digest and supernatant) in the culture medium on 10 PCW-human neural stem cell adhesion
seven days after plating. The plot shows 95% confidence intervals of the mean for each
comparison using Tukey statistical hypothesis test. Statistically significant comparisons are data
points removed from and not crossing the dotted line. ECM, extracellular matrix; +LN, with
laminin; -LN, without laminin; SN, supernatant; TD, total digest.
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Figure A4 Statistical significance of the effect of porcine brain extracellular matrix (total
digest and supernatant) in the culture medium on Cs23-human neural stem cell adhesion
seven days after plating. The plot shows 95% confidence intervals of the mean for each
comparison using Tukey statistical hypothesis test. Significantly different comparisons are data
points removed from and not crossing the dotted line. ECM, extracellular matrix; +LN, with
laminin; -LN, without laminin; SN, supernatant; TD, total digest.
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Figure A5 Effect of different dilutions of digest buffer on bovine serum albumin detection
by Bicinchoninic acid assay and Bradford assay. A) Diluted and undiluted DB absorbance was
measured while performing the BCA assay. The blank’s absorbance was subtracted from the
mean absorbance of the DB. DB dilutions were done in PBS. The blank consisted of BCA
reagents + PBS. No relationship is observed between dilutions and absorbance values. B) Diluted
and undiluted DB absorbance was measured while performing the Bradford assay. The blank’s
absorbance was subtracted from the mean absorbance of the DB. DB dilutions were done in PBS.
The blank consisted of Bradford reagents + PBS. Absorbance decreases when dilutions increase.
Measurements in green are below zero, indicating DB absorbance to be similar to the blank. C)
BSA standards were prepared in DB diluted to 1:150 in PBS and their absorbances were
measured and plotted. Blank consisted of Bradford reagents + DB diluted to 1:150 in PBS. The
polynomial equation that best fits the line is depicted below the plot. BCA, bicinchoninic acid;
DB, digest buffer; PBS, phosphate buffered saline; BSA, bovine serum albumin.
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Figure A6 Effect of diluted digest buffer (1:50, 1:30) on bovine serum albumin detection by
Coomassie and polyvinylidene difluoride membrane staining. All samples were dotted in
triplicate. A) BSA protein standards were prepared in 1:50 dilution of DBi (BSA-DBi) in
concentrations ranging from 500 to 50 µg/ml B) Undil. or diluted DBi 1:50 in PBS and PBS. C)
ECM undil. and ECM diluted 1:50 in PBS. D) BSA standards were quantified and a standard
curve was plotted. The polynomial equation that best fits the line is depicted below the plot. E)
Mean relative density values calculated from the BSA in DBi diluted 1:50 in PBS (BSA DBi
1:50) standard curve as well as the value from the ECM in DBi 1:50 (ECM-DBi 1:50). F) Mean
relative density values calculated from the BSA in DBi diluted 1:30 in PBS (BSA DBi 1:30) as
well as the value from the ECM in DBi diluted 1:30 in PBS (ECM-DBi 1:30). BSA, bovine serum
albumin; DBi, digest buffer with protease inhibitors; Undil, undiluted; PBS, phosphate buffered
saline; ECM extracellular matrix.
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kDa

Figure A7 Extracellular matrix solubilised in digest buffer separated on polyacrylamide gel
stained with Coomassie blue. Amount of protein loaded was 16 µg per lane. Samples are 1=
ECM lyophilised for 5 days and digested for 30 min, 2= ECM lyophilised for 5 days and digested
overnight, 3= ECM lyophilised overnight and digested for 30min and 4= ECM lyophilised
overnight and digested overnight. Protein ladder is depicted in the left in kDa. ECM, extracellular
matrix; kDa, kilo Daltons.
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Table A1 List of additional optimisations tested of extracellular matrix
solubilisation/digestion.
Adding a double concentration of pepsin at the beginning of the digestion
Adding a double concentration of pepsin after 48 hrs
Digesting at 37°C from 24 to 72 hrs
Digesting at 4°C
Diluting pepsin in HCl and then adding the solution to the ECM
Adding the pepsin directly into the ECM and then adding the HCl
Reducing the volume of the digest from ~30 ml to ~5 ml or ~2 ml batches
Tilting the tube so that ECM would adhere less to the walls and there would be
more movement of the solution
Using roller versus shaker
Using different velocities on the shaker
Vortexing sample throughout various stages of digestion
Passing the pellet through a needle
ECM lyophilised for one day with medium activity pepsin (≥2,500 units/mg)
ECM lyophilised for five days with medium activity pepsin (≥2,500 units/mg)
ECM lyophilised for one day with high activity pepsin (3,200-4,000 units/mg)
ECM lyophilised for five days with high activity pepsin (3,200-4,000 units/mg)
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Table A2 Clathrin heavy chain 1 gene ontology annotations. Terms were searched using the
QuickGO web-based tool. GO, gene ontology.
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Table A3 Inorganic pyrophosphatase gene ontology annotations. Terms were searched using
the QuickGO web-based tool. GO, gene ontology.

315

Appendix I

A

Cellular Component
Total 1545 genes

Cell junction
Cell
Extracellular region
Membrane
Organelle
Protein‐containing complex
Supramolecular complex
Synapse

Protein Class
Total 1545 genes

B

calcium‐binding protein

membrane traffic protein

cell adhesion molecule

nucleic acid binding

cell junction protein
chaperone

oxidoreductase

cytoskeletal protein

signalling molecule

defence/immunity protein

structural protein

receptor

enzyme modulator

transcription factor

extracellular matrix protein

transfer/carrier protein

hydrolase

transferase

isomerase

transmembrane receptor
regulatory/adaptor protein

Ligase
lyase

transporter
viral protein

Figure A8 Global gene ontology analysis of all identified proteins using the “Cellular
Component” and the “Protein Class” classification terms. Gene ontology classification was
the same for both the 8-sample and 11-sample sets, bar graphs represent classification for both
sets. A total of 1553 proteins were matched to 1545 genes leaving eight unmatched proteins. Bar
graphs illustrate the number of genes per category which are indicated by the coloured rectangles.
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