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Abstract

Neurological disorders are the leading cause of disability and death worldwide,
with over 9 million deaths annually. They have a large socioeconomic impact for
many countries with dementia generating costs of up to US$818 billion in 2015
alone. Living with neurological conditions also has a significant effect on people’s
lives, with many comorbidities associated with them. The complex and
inaccessible nature of the nervous system, as well as its limited self-healing
capacity, have made research translation challenging. To date, most neurological
conditions remain poorly understood, incurable and difficult to treat, in spite of the
considerable research that has been undertaken to better understand and treat
them. The number of individuals affected by neurological conditions is growing
yearly, and the need for more research that translates into clinical therapies has
become unquestionable. Research translation has been limited by the lack of
more physiologically relevant models. Animal models and traditional 2D tissue
culture are the most widely used techniques to study neurological conditions and
test potential therapeutic agents. However, they have proven to not be
representative of in vivo conditions in humans. Particularly in 2D models, the cell
architecture and arrangement are vastly different from the native tissue. To
address these issues, tissue engineering and 3D culture models provide a new
avenue to create a cell growth environment that better mimics the brain. However,
healthy neural cells are still difficult to source for the creation of these 3D models.
We may be able to overcome this issue by utilising human Adipose-derived stem
cells (hADSCs). hADSCs are relatively easy to obtain and have the capacity to
differentiate into neural cells and, therefore, may be an excellent source of cells

for 3D models to study and treat neurological conditions.

This thesis describes the investigation of a suitable 3D model to efficiently
differentiate hAADSCs into neural cells. Chapter One is an introduction to the field.
Chapter Two assesses the effects of commercially available neural supplements
(B27, CultureOne and N2) on 2D-grown hADSCs. These experiments found that
while the supplements had neurodifferentiation effects on the cells, the 2D
environment was not suitable for long-term differentiations, with cells starting to
detach from the tissue culture plate after 7 days. Chapter Three explored the use

XV



of GelMa as a 3D matrix to mimic the brain environment. However, those
experiments were not successful, and the focus moved to other matrices.
Subsequently, Chapter Four explored the use of bioprinted PEG-based hydrogels
at 1.1kPa with RGB and YIGSR peptides as a model to grow hADSCs for neural
differentiation for 14 days. That research showed good cell viability as well as
spontaneous neural marker expression from the cells, suggesting that the model
was a suitable one to further explore neural differentiation of hADSCs in 3D
matrices. Chapter Five explored the combination of the PEG-based 3D matrix
studied in Chapter Four, together with the neural support supplements used in
Chapter Two. Results showed that the addition of the supplements further
enhanced neural differentiation marker expression in the hADSCs, suggesting
that the use of both the PEG-based 3D matrix and the supplements are a good

combination for ADSCs neural differentiation, warranting further research.
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Chapter One: Background and literature review

1.1. Introduction

The nervous system is a complex and intricate network of organs, tissues and
cells that are responsible for the coordination of all body activities. It facilitates
communication between all bodily systems, governs all bodily functions from
cognition and emotion, to movement, sensations (sight, hearing, taste, touch, and
smell) and basic bodily functions including regulation of the circulatory,

respiratory, renal, digestive, and reproductive functions [1].

There are two main parts to the nervous system: the central nervous system
(CNS), which includes the brain and spinal cord; and the peripheral nervous
system (PNS) which includes all the nerves that branch off from the spinal cord
and extend to all parts of the body [2]. Disruption to the functions of either the
CNS or PNS, either of traumatic or non-traumatic/degenerative nature, can lead
to a wide range of neurological disorders such as Alzheimer’s disease, motor
neuron disease, multiple sclerosis, stroke, brain and spinal cord injuries,
infections and neuroinflammation that lead to poor health outcomes and suffering
in affected individuals [3]. Furthermore, the nervous system has limited self-repair
capacity. Neurological conditions are the leading cause of disability and death
worldwide with 9 million deaths per annum attributed to such conditions [4-6].
They have devastating socio-economic impact for many countries, with dementia
alone generating costs up to US$ 818 billion in 2015 [7] and predicted to surpass
US$ 2.8 trillion by 2030 [8] . While considerable research has been undertaken
to understand each disorder and identify potential therapeutic agents [9-11] most
remain poorly understood, incurable and difficult to treat. With a growing number
of affected individuals, the need for research and translation into clinical therapies

has become unquestionable [11, 12].

Unfortunately, studying the human nervous system in vivo is challenging due to

the complex and inaccessible nature of the brain and spinal cord. Historically,

researchers have been limited to studying these disorders using in vivo and ex
1



vivo animal models, and 2D culture models (Table 1), the results of which have
proved to be ineffective in human clinical trials [11, 12]. This poor translation has
been mainly attributed to the lack of an accurate in vitro model of the CNS to test
treatments on human cells [10, 13-15], and highlights the need to develop a more

suitable cell culture model for neurological diseases.

Table 1 Current CNS modelling techniques: Advantages and disadvantages

Model type Advantages Disadvantages References
In vivo - Complex; suitable to - Expensive [16, 17]
characterise pathological - Not always relevant to humans
conditions. - Limited sample size
- Fit for long term studies. - Low control over variables
- Anatomically relevant - Challenging to quantify results
Ex vivo - Complex structure - Loss of tissue function [18, 19]
tissue sections - All cell types present - Short-term

- Limited access to human tissue

2D in vitro - Simple and Efficient - Low complexity [20, 21]
- Reproducible - Short-term only
- Low-cost - Limited cell source availability
- High throughput - Not always physiologically relevant.
- Easily quantifiable lacks the bigger picture of full organ
- High control over variables  or tissue
and environmental - Restricted insight into biological
conditions mechanisms and functions
3D in vitro - High throughput - Restricted in variables vs complexity. [22]
cell aggregates - Quantifiable Cannot have both high complexity
- 3D environment — more and large amount of variables
physiologically relevant - Shorter-term

Cells become necrotic in the centre

3D in vitro - Reproducible Not well-established protocols [23, 24]
scaffolds - Controlled complexity Limited human cell sources
- Suitable for long term studies - Limited to tissue size
- Quantifiable Require bioreactors for long term
- Better understanding of experiments
biological mechanism
- Physiologically relevant

This chapter will explore the different models and techniques being used to study
the nervous system and its disorders. It will range from animal models, 2D tissue
culture models and 3D tissue culture. It will touch on the different stem cells being
looked at in the regenerative medicine field and their potential as treatment for
2



the multiple neurological disorders as well as the scaffolds and cells chosen for

this research project.

1.2. Nervous system modelling techniques

In vivo animal models

In vivo animal models involve the use of a living organism to study pathologies,
drug toxicity and efficacy, and more. Typically, they involve animals, which may
be genetically modified and thus predisposed to the pathologies of research
interest, subsequently exposed to traumas, infections, therapeutics and/or other
experimental treatments [25]. Animal experiments are more complex and can be
used to mimic pathological conditions more accurately than other models. They
are suitable for long term studies to assess disease progression overtime, identify
potential therapeutic targets, assess efficacy of potential treatments as well as to

investigate and better understand pathogenesis [26, 27].

Common animal models for neurological conditions in vertebrates include
rodents (mice and rats), monkeys and zebrafish. In vivo animal models have been
used to study neurological disorders for decades and several animal models for
diseases including Parkinson’s Disease, Alzheimer’s, epilepsy, stroke have been
established [25, 28]. While these have provided invaluable insight into
pathogenesis and potential treatment avenues [27], they imperfectly model
human disease progression and systems and thus the observations often
translate poorly. Host responses to disease and therapeutics can vary greatly
between species and this can lead to expensive and unsuccessful clinical trials
[29-33]. Additionally, experiments involving animal models typically run for long
periods, are time consuming and costly. Sample sizes are often restricted for
logistical and ethical reasons and such models provide researchers with limited
ability to study specific cellular and molecular mechanisms, and control certain
variables (i.e. animal behaviour). Behavioural studies of such animals are often
semi-quantitative in nature, which can limit their utility. Using animals for research

purposes also presents ethical concerns [34]. Animals are sentient and many

3



disease models can cause physical pain and psychological distress. Additionally,
the captive living conditions of research animals are vastly different to their
natural habitat which can add to the suffering and impact the reliability of the
results. Contrary to human subjects, animals are also unable to consent to
participate in a particular study or clearly articulate when a procedure is too
painful or be able to cease their participation when they chose to [34]. It is
important to note that there aren’t always alternatives to animal models,
highlighting the need to investigate and improve models to study the nervous

system.

Ex-vivo models

Ex-vivo models are also commonly used to study the nervous system. This
approach hybridises in vivo models and tissue culture through excising tissue
sections from living organisms and maintaining them in in vitro conditions similar
to the tissue of interest [35-37]. For example, thin slices of brain or spinal cord
are commonly cultured and studied as neural models in vitro [38, 39]. A particular
region of interest can be selected from a target organ, for example the
hippocampus, excised from fresh tissue and used to assess effects of treatments
or study the interactions of different cells in that area [39-42]. In ex-vivo slices,
the cellular architecture as well as intercellular connections are retained providing
a better representation of in vivo conditions allowing investigation of specific
cellular interactions and molecular mechanisms of disease progression and
development in neurological disorders such as spinal cord injury [43], Alzheimer’s
disease [44], and Parkinson’s disease [45, 46]. These are also often used to study

tumours and cancerous growth [47].

While ex-vivo models have the ability to maintain more complex cellular
interactions than in 2D culture models, they do not retain the entirety of
interactions and functions present in vivo. Additionally, ex vivo slices of brain can
only be maintained in tissue culture for a short time with cell loss becoming
apparent after only a few hours post extraction [39, 48] which limits their utility in

disease progression or treatment studies which typically occur over longer
4



periods of time. They also have low reproducibility, especially for tumour and
cancerous growth study given each tumour is different [47]. Furthermore, typically
ex vivo models for the nervous system utilise animal tissues [40, 43-46] due to
the limited accessibility of fresh human nervous system samples [39, 48].
Similarly, as with in vivo animal models, study findings from ex vivo animal

models often translate poorly to human applications [39, 48].

In vitro tissue culture: 2D vs 3D models

Tissue culture is a widely used technique for understanding the mechanisms of
cell behaviour in vitro. It has become a fundamental tool to examine the
biophysical and biomolecular mechanisms and functions of how cells assemble
into tissues and organs [49]. Tissue culture is also essential to understand the
mechanisms that cause underlying conditions in a cost-effective manner [49],
allowing for tests to be conducted on human cells rather than using cost-intensive
animal testing that may or may not be suitable, while reducing the ethical
implications of animal models [15]. However, traditionally tissue culture has been
conducted in 2D conditions where the cells grow in a 2D plane and rely on cell
adherence to a flat surface, commonly polystyrene or glass, for mechanical
support (Figure 1). The stiffness of these materials is magnitudes higher than that
seen in soft tissues, poorly representing the tissue of origin. It is known that
stiffnress has a direct effect on cell adhesion, spreading, migration and
differentiation [50]. Furthermore, the monolayer arrangement creates an
unnatural environment where homogenous growth occurs on an XY plane only
and provides equal exposure to oxygen, nutrients, growth factors and waste
products [49, 51] (Table 2), which is not the case in an organ. This XY
arrangement also limits cell-cell interactions and cells lack the stimulation to self-
organize and become incapable of producing a biochemically relevant, tissue-like
environment [49, 51, 52].
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Figure 1 Adhesive, topographical mechanical and soluble cues, which affect cellular development
(A) in 2D (B) in 3D. Surface interactions in 2D and ECM interactions in 3D have been marked in
red. Cell-to-cell interactions can be observed only on cell edges in 2D, as opposed to creating a
complex network in 3D. Imaged adapted from Baker et al. 2012 [50]

Table 2 A comparison of 2D and 3D tissue culture models

Key 2D cell culture 3D cell culture References
Characteristics
Cell Shape Flat and stretched Natural shape retained [49, 51, 53, 54]
(apical-basal polarity) (aggregate/spheroid structures)
Cell exposure Cells have equal exposure to Gradient of medium availability, [49, 51, 53]
to growth medium resembling physiological
medium/drugs conditions
Cell Poor differentiation Physical pressures can induce [55] [56] [57] [58]
differentiation cell differentiation
Drug Altered drug response due to Cells frequently more resilient, [14, 15] [59]
sensitivity unnatural microenvironment. Cells drugs show less potency. More
are equally exposed accurate predictions of in vivo
drug responses
Cell Proliferation rate is higher than in  Proliferation rate depends on [49, 51]
proliferation vivo conditions cell type and 3D cell culture
technique.
Response to Poor response Well-established response [60] [67] [58]
mechanical
stimuli*

*in this context, response to mechanical stimuli, refers to the cells actively interacting with the
matrix provided

In addition to these physical spatial restrictions, numerous 2D models tend to
consist of single cell type cultures (monocultures), which fail to allow
investigations of interactions among different cell types [61]. Although 2D tissue
culture is simple, reproducible and efficient, they are not a complete
representation of in vivo processes [49] meaning the data obtained from 2D tissue

culture experiments cannot be directly translated into clinical trials [15, 53, 61]
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More recently, 3D in vitro models have shown promise in a breadth of disease
models. 3D tissue culture aims to bridge the gap between whole-animal studies
and the use of traditional 2D cell culture by creating an environment that is closer
to the original tissue physiology and phenotype. Table 2 summarises the
differences between 2D and 3D. 3D culture creates a more realistic physiological
state by mimicking spatial organization and cell-cell interactions. It intends to
accurately simulate the extracellular matrix (ECM) and the native tissue as
closely as possible by enabling the cells to grow in a 3D structure, taking into
account the original spatial organization of the cells in their native tissue
environment and, therefore, mimicking the biological responses of these cells [15,
49, 52].

Additionally, the presence of ECM allows for accumulation of proteins and growth
factors, which diffuse freely into the media in 2D conditions [52]. The cues
encountered by the individual cells influence tissue development and
homeostasis and, ultimately, regulate cell fate. There is increasing evidence that
cells grown in 3D conformations show cell responses more comparable to in vivo
behaviours with cells varying considerably both morphologically and
physiologically from cells grown in 2D monolayers [15, 62-64]. Cells can be at
various stages of the growth cycle; ranging from actively proliferating, quiescent,
apoptotic, hypoxic and necrotic due to the heterogeneous exposure to nutrients
and waste similar to in vivo conditions. They also retain their natural shape and
proliferation capacity, and differentiation can be induced by the mechanical
pressures of the scaffolds the cells are grown in [49, 55, 65]. Figure 1 and Table
2 illustrate the main differences that cells experience between 2D and 3D tissue
culture, and the following section will describe the intricacies of 3D models and

considerations regarding their use in neural cell culture.

1.3. 3D tissue culture
An ideal 3D culture model would simulate a tissue specific physiological
microenvironment where cells can proliferate, aggregate, and differentiate [66].

The model would include cell to cell interactions as well as cell to ECM
7



interactions. The stiffness would resemble that of the tissue of origin, and there
would be oxygen, nutrient, and metabolic waste gradients as well as tissue-
specific scaffolding cells [67]. A variety of promising model techniques have been
developed (Table 3) however, they do not meet all the criteria listed above and
therefore researchers must choose the most appropriate model for the study
being conducted. Additionally, there is a considerable breath of parameters that
require optimisation specific to particular tissue types. These include the specific
cell line, whether it needs to be a primary cell, the tissue of origin to be modelled
and the final aim of the study. It is crucial to consider these parameters before

choosing the 3D cell culture technique [66, 68].



Table 3: 3D tissue culture techniques advantages and disadvantages

Model type Advantages Disadvantages References
Scaffold-free - Cells self-assemble into - Limited control of size and shape [51, 61, 66-
E.g., Hanging spheroids. - High variability between 69]
drop, low - Does not require a scaffold. organoids
attachment  _ Mimics cell-cell interactions - May not represent mechanical
plate, magnetic _ gjmple properties of tissue.
levitation - Good for tumour reproduction - ECM-cell interactions not
represented.
- Limit in size — difficult to scale up
for high throughput applications.
- Necrotic centre
Scaffold- - Reproducible - Not well-established protocols [66, 70] [71]
based - Tuneable environment - Many variables to [55, 61, 72,
- Mimics ECM-cell and cell-cell control/optimise. 73]
interactions - Limited in size
- Suitable for long term studies - High manufacturing complexity
- Physiologically relevant - Downstream analysis difficulties
Organona - Suitable for drug testing - High manufacturing complexity [74-76]
chip - Physiologically relevant - Higher need for expertise.

- Suitable for long term studies

Costly
No standardised protocols
Limited scalability

3D models can be broadly divided into those with or without structural support,

including scaffold-free and scaffold-based 3D culture systems [77]. Figure 2

visually represents the different methods available with and without scaffold.

A) Forced-floating method

'

Centrifugation step
4 ®

22” Non-adhesive coating

C) Agitation-based method

B) Hanging drop method

i &
)

Cells in suspension

D) Matrices and Scaffolds

Cell spheroid in hanging drop

A - Growth
factors

Figure 2 Visual representation of the different 3D tissue culture methods with and without

scaffold. Image reproduced from faCellitate [78]

Scaffold-free systems are anchorage independent and instead rely on the cells’

ability to self-assemble and aggregate into non-adherent spheroids. Spheroids
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enable for a better reproducibility of cell-to-cell physiology of tissues and tumours
[66]. There are several approaches for spheroid formation (Figure 2). Forced
floating methods (eg. low-adhesion plates; magnetic levitation technique) where
cells are grown in conditions that prevent cell attachment and promote cell
aggregation and spheroid formation. The use of low adhesion plates prevent cell
attachment by using round bottom plates treated with hydrophilic or hydrophobic
coating like the non-adherent polymer poly-HEMA while magnetic levitation
forces the cells into floatation and aggregation by using an externally applied
magnetic field to the magnetic nanoparticle preloaded cells [70]. Another
spheroid formation approach is the hanging drop method (eg. hanging drop
microplates) where cells are placed in specialized plates with open, bottomless
wells that are designed for the formation of a small droplet that is big enough for
cells to aggregate and become a spheroid. However, hanging drop method is
limited by size, and spheroids need to be moved to low adhesion plates for
analysis [53]. Agitation-based approaches (eg. bioreactors) are another
technique used in scaffold-free tissue culture where cells are pushed to self-
aggregate by creating dynamic culture conditions. This approach allows for large-
scale production of spheroids; however, the cells are under shear stress and the

spheroids are not always uniform in size [53].

So far, spheroids have successfully been used in modelling tumour growth and
metastasis studies [79] and in the context of nervous system modelling,
neurospheres or spheroids made from a mixed culture of progenitor, neuronal
and glial cells, have been successfully used for the study of the interactions
between the different cell types of the nervous system and their role in
differentiation [80]. This has also been a promising model for drug testing as it is
a more physiologically relevant culture system [69]. While scaffold-free tissue
culture provides great insight into cell-cell interactions with highly reproducible
results, cell aggregates require careful exchange of nutrients and gases and are
only viable in small size. Cell death problems arise when the aggregates become
larger than 1-2mm given the limited exchange of metabolites and waste products.

The centres can easily become hypoxic past a certain size and cells become
10



necrotic. Additionally, they also do not represent the interactions with the ECM
and lack the mechanical effects from the external environment. So, as the size
and complexity of the 3D model increases, the need for a scaffold becomes
unquestionable [51, 61, 66-69].

Scaffold-based systems are anchorage-dependent and involve the presence of

a scaffold that provides a physical support element. Scaffolds can be defined as
synthetic 3D structures made of various materials that have different porosities,
permeability, chemical composition, and mechanical properties. These are
designed to mimic the environment of specific tissues [70]. In scaffold-based cell
culture, the cells are embedded within the matrix and are affected by the chemical
and physical properties of the material. Scaffold porosity facilitates oxygen,
nutrient and waste transportation as well as allowing for cell’s proliferation,
migration, and interaction with the scaffold and each other [66, 70].

The scaffolds can be polymeric hard scaffolds or hydrogel-based scaffolds and
can be of natural origin or synthetically engineered to mimic ECM properties like
stiffness, charge, or adhesive motifs. In some synthetic scaffolds, growth factors,
hormones and other biologically active molecules can be added to enhance

proliferation, attachment, and specific cell phenotype [71] (Figure 2).

When selecting a scaffold, researchers will need to carefully consider the tissue
of origin and the material properties of the scaffold of choice as scaffold and
material properties can regulate cell adhesion, proliferation activation and
differentiation, as well as requirements for the intended application and use [55,
61, 72, 73]. For example, if the intended use is for transplantation, the scaffold
will need to be biodegradable and easily remodelled by the body and replaced by
native tissue to restore original function. In this case, the scaffold needs to
support growth and differentiation. Additionally, the scaffold needs to disintegrate
without toxic or immunogenic reactions. On the other hand, if a scaffold is
intended as an in vitro model for treatment testing or disease modelling, the

scaffold will need to closely mimic the native tissue structure [61].
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Furthermore, the stem cell-material interface is a complex and dynamic
environment. The cell and the material interact with one another and dictate their
fate. The cells remodel the scaffold and the material through its properties
(stiffness, adhesivity, degradability, porosity, permeability etc.) affects the cells’
fate. Hard polymers are a suitable scaffold for specialised tissues such as skin,
tendons or bone and softer scaffolds and hydrogels are good for softer tissues
like brain, [66, 70]. For example, mesenchymal stem cells (MSCs) are known to
be extremely sensitive to substrate stiffness. MSCs were neurogenic on soft
matrices but myogenic on matrices with muscle stiffness and osteogenic on rigid

matrices that mimic collagenous bone [55].

Organ-on-a-chip (OaC) are another 3D culture model currently used in

bioengineering and drug discovery where artificial models of human organs are
created using microfluidic cell culture chips [75]. The microfluidic chips have really
well-defined structures, patterns or scaffolds that are generated using
microfabrication techniques like soft lithography, photolithography and contact
printing [74]. OaC is designed to mimic the key structural environment and
complexity of organs at a smaller scale where the position, shape, chemical and
physical environment of the cells in culture can be controlled to reproduce key
organ functions and physiology using microfluidics [76]. These can contain an
array of channels, valves and pumps that offer precise control over fluid flow [75,
81]. The key functions and structure of major organs such as lung, gut, liver,

kidney and more recently brain are being developed using OaC method [82-86].

OaC are a great tool to explore drug efficacy and toxicity on cell and are the
perfect next step after having a 3D structure and cell population to test on.

However, while they are starting to become commercially available, OaC are not
easily accessible to all researchers as they require specialised knowledge and
equipment. They are technically challenging and time consuming to create.
Furthermore, they are also expensive to develop and maintain given the
specialised equipment and materials required. Additionally, while some platforms

are being designed for high-scale, overall, they can have limited scalability and
12



protocols need to be further validated and standardised [75, 76]. Amirifar et al.
2022 has written an in depth review about organ-on-a-chip models for neural

studies and the nervous system [87].

With all this information in mind, the current research project will be using
scaffold-based 3D techniques. The cells and matrix of choice to develop the

model will be further discussed in the following sections.

1.4. Stem Cells used for nervous system modelling.

Stem cells have been widely used for research purposes as they have
considerable capacity to be of clinical benefit. In research, stem cells can be used
for two main types of research: as a research model to further understand disease
processes, disease modelling, cell metabolism, differentiation potential, drug
testing among others, or to develop therapeutic treatments like transplants and
transfusions. [88]. Stem cells are the backbone of regenerative medicine, the field
that merges tissue engineering and cell therapies with the aim to harness and
improve the human body’s self-healing capacity, to heal and restore damage

caused by age, disease, trauma, or congenital disorders [89-92].

Stem cells have two main characteristics: they self-renew (i.e. they have the
ability to divide and form another stem cell), and they can differentiate into
different cell types and give rise to different tissues [93]. Depending on their origin
and potency, stem cells can be classified into two main types: embryonic stem
cells (ESCs) and adult stem cells [94, 95]. ESCs are pluripotent stem cells that
originate from the blastocyst of an embryo and they were first isolated from
humans in 1998 [96]. They can self-renew and can differentiate into every
somatic tissue, however these have ethical concerns given the embryo death
during cell isolation [97]. Adult stem cells, also known as somatic stem cells or
non-embryonic stem cells, are multipotent cells and can be isolated from many
different adult tissues including blood, bone, and adipose tissue, among others

[98]. They can self-renew but their differentiation potential is limited when
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compared to ESCs however, they do not have the same ethical concerns as
ESCs and do not have the same immune rejection concerns as ESCs if returned

to the host they were isolated from [95].

The CNS is composed of neurons, astrocytes, and oligodendrocytes as well as
other non-neural cells. Neurons process the information entering and leaving the
CNS; astrocytes are the support cells [99] and oligodendrocytes are responsible
for myelinating axons [100]. In the adult human brain, neurogenesis occurs in two
regions: the ventricular-subventricular zone (V-SVZ) and the subgranular zone
(SGZ) in the hippocampus. These are the only regions where neural stem cells
(NSCs) and neural progenitor cells (NPCs) can be found in the adult brain.
Oligodendrocyte progenitor cells (OPCs) on the other hand, can be found in the
corpus callosum where oligodendrogenesis occurs in in the adult brain. [18, 101,
102].

Neural tissue culture models of the nervous system have been established using
an array of different stem cells ranging from animal cells to human cells and
immortalised cell lines. Table 3 summarises the advantages and disadvantages

of the different cell types that will be discussed.

Table 3 Stem cells used for nervous system regeneration. Advantages and disadvantages.
ESCs = Embryonic stem cells; NSCs = Neural stem cells; iPSCs = induced pluripotent stem cells; MSCs = Mesenchymal stem cells

ESCs NSCs Immortalised iPSCs MSCs
cells

Differentiation Very good Good Low Very good  Good
capacity
Harvest/access Controversial Difficult NA Easy Easy
Tumorigenicity High Low High High Low
Suitability for stem Moderate Moderate No Low Moderate
cell therapy
Immune High High NA Moderate Low

complications

Neural stem cells (NSCs) and Neural progenitor cells (NPCs) are commonly used

primary cells for the study of the nervous system. While they can be obtained
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from both human and animal origin, human cells are difficult to source and most
of these studies are done in neural primary cells from animal origin [103, 104].
While these cells offer important insight into the disease mechanisms and drug
responses, they suffer from some of the same limitations as animal models, like
costs, ethical implications, and obvious inter-species differences as they do not
always reflect the cellular interactions and responses comparable to human cells.
Additionally, human sourced NSCs and NPCs transplants would be faced with

potential immune rejection.[104-107].

Immortalised cell lines have also been widely used to create nervous system

models [105, 108]. The first immortalised neuronal line was derived from lymph
node, bone marrow and liver tissue that was infiltrated with neuroblastoma cancer
[109]. From this, SK-N-SH neuroblastoma cell line was isolated from metastatic
bone tumour [110] which was then further subcloned to establish the now widely
used SH-SY5Y neuroblastoma cell line [111]. NT2 Is another human neuronally
committed teratocarcinoma immortalised cell line used to create neuronal
cultures [108]. This cell line was originally derived from a malignant pluripotent
embryonal carcinoma isolated from the testicles of a 20-year-old male [112].
While these cells are widely used in in vitro neural models [103] like traumatic
brain injury models [113, 114], cigarette effect models [115], Parkinson disease
models [116] among others, the main concern with the use of these cell lines is
their genetic and metabolic abnormalities as well as their oncogenic nature which
may not represent normal human cell proliferation and interactions accurately
[105, 108, 117] furthermore, these cells are not suitable for potential transplants

and regenerative medicine purposes given their cancerous nature.

ESCs are another commonly used cell source as they are pluripotent cells. They
can be isolated from the blastocyst from an embryo and can differentiate into
neural cells [95]. Motor neurons have been successfully generated from both
rodent [118] and human ESCs [119, 120] and in vitro differentiated ESCs are able
to quite accurately reproduce neuroectoderm formation with structures and

cellular organisation similar to the ventricular and sub-ventricular zones [121-
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124]. While these cells have provided invaluable information in the process of
neural differentiation and neuron formation, these cells have well documented
ethical concerns; ESCs originate from the blastocyst of a 5-day embryo and in
the process of generating the cells, the embryo dies. Furthermore, there are also
concerns around potential immune rejection as well as possible tumorous growth
given their fast uninhibited proliferative nature which can hinder their use in

transplants and regenerative medicine [95, 125].

Induced pluripotent stem cells (iPSCs) are another type of widely used cells for

the study of the nervous system. These cells have been genetically
reprogrammed from adult somatic cells into ESCs-like cells. iPSCs were first
generated in 2006 from mouse fibroblasts by genetically modifying the cells to
pluripotent stem cells [126]. In 2007, the same was achieved for the first time in
human adult fibroblasts [127]. These cells are remarkably similar to ESCs
however they are generated in a completely different way. While ESCs are
isolated from an embryo [95], iIPSCs are adult somatic cells that have been
reprogrammed into an embryonic-like state [127, 128]. iPSCs have shown great
potential as a treatment avenue for neurological disorders, having been
successfully differentiated into oligodendrocytes, glial cells, neurons and
astrocytes [129, 130]. They have served as a source of much information for
disease modelling and have enabled the use of cells from patients with particular
diseases like Parkinson’s disease so that genetic code is in the cells [131].
However, their genetic reprogramming, as well as their high proliferation, are a
concern when applied as stem cell therapies or transplants, as there can be
immunogenic issues, as well as tumorigenic growth and more work, is required
to see if these would become problematic (cancerous or otherwise) [132].
Additionally, iPSCs are notoriously time-consuming to maintain and require

significant optimisation [133].

Mesenchymal stem cells (MSCs) are another cell type that have been researched

in the field of nervous system repair. MSCs are multipotent adult stem cells that

can self-renew and differentiate into tissues from mesenchymal and non-
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mesenchymal origin [134]. These multipotent cells have the capacity to
differentiate into cells from the mesodermal lineage (adipose, chondrogenic and
osteogenic cells) and transdifferentiate into cells from the ectodermal (neurogenic

and epithelial cells) and the endodermal lineages (myogenic cells). [135-143]

While adult stem cells have restricted growth potential when compared to ESCs
they do not have the same ethical concerns. Furthermore, they can be isolated
with minimal complications meaning they are ideal for autologous transplants
reducing the potential immune rejection [144-149]. Additionally, adult stem cells
proliferate at slower rates than pluripotent stem cells and are less prone to
unrestrained proliferation and hence are less tumorigenic [125].

MSCs can be isolated from different tissues such as bone marrow, adipose
tissue, and foetal tissue [150]. Bone Marrow stem cells (BMSCs) are extracted
from the central region of the bone marrow, a process that is painful and has
significant risk of morbidity [151]. Furthermore, the number of MSCs in the bone
marrow is low, meaning that they yield low numbers of stem cells and need to be
expanded in vitro [150]. On the other hand, adipose derived stem cells (ADSCs)
are obtained via tissue liposuction which has low invasiveness and risk and the
number of stem cells obtained from adipose tissue is significantly higher than
those obtained from bone marrow reducing the need to expand in vitro [144-149].
Additionally, there are minimal differences in morphology, immune phenotype,
and differentiation capacity between BMSCs and ADSCs. Lastly, ADSCs can be
maintained in vitro for longer periods with higher proliferation rates and low levels
of senescence when compared to BMSCs [149, 152, 153] making ADSCs a

superior candidate for regenerative medicine and clinical applications.

Given the easy accessibility, differentiation potential, few ethical concerns,
potential for autologous transplants and the low risk of tumorous growth in
transplants, ADSCs were the cells chosen for this research project and will be

further explored in more detail in the following section.
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1.5. Adipose-derived stem cells

ADSCs were first introduced in the early 2000s when Zuk et al [154] characterised
a multipotent, undifferentiated, self-renewing cell population isolated from
adipose tissue that exhibited similar morphology and phenotype to MSCs. These
newly isolated stem cells also displayed similar differentiation capacity and stem
cell marker expression to MSCs [154]. ADSCs can be repeatedly harvested, with
more ease, with higher stem cell yield, quality, and proliferation capacity via a far
less invasive procedure with low morbidity from subcutaneous adipose tissue,
making them a superior alternative cell source for regenerative medicine to
BMSCs [144-149, 152, 153].

ADSCs are commonly isolated from adipose tissue lipoaspirates via collagenase
digestion followed by centrifugal density gradient separation [155]. In vitro the
cells are plastic adherent and can be expanded as monolayers on plastic
displaying spindle-shape morphology and lacking intracellular lipid droplets seen
in adipocytes [155]. Moreover, these cells are further characterised by the
expression of the stem cell-specific surface markers CD90, CD105, CD73, CD44
and CD166 and the lack of hematopoietic markers CD45 and CD34 expression
[156].

ADSCs are a great candidate for regenerative medicine and cell therapy not only
because of their differentiation potential;, ADSCs have been differentiated
towards the mesodermal lineage (adipose, chondrogenic and osteogenic cells)
and transdifferentiated into cells from the ectodermal (neurogenic and epithelial
cells) and the endodermal lineages (myogenic cells) [135-143] but also because
of their self-renewal capacity, their low immunogenicity, their capacity to migrate
to damaged sites, their autocrine and paracrine secretion capacity of a broad
selection of cytokines, chemokines and growth factors, as well as for their anti-
apoptotic, anti-inflammatory, proangiogenic, immunomodulatory and anti-
scarring effects [157-159].
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To date, according to the National Institute of health registry (NIHR), there have
been over 400 human clinical using ADSCs in regenerative medicine for an array
of conditions, including respiratory conditions, arthritis, connective tissue disease,
joint diseases, bone fractures, musculoskeletal diseases, central nervous system
disorders among others [160]. It is important to note, however, that there is a
shortage of easily accessible clinical trial results to assess the success rate of
these experiments[161]. Results of clinical trials are not always reported on the
NIHR website, and there is no easy access database to find them, making it hard
for researchers to track down the results and make solid conclusions to pivot,
adapt and improve bench-based research. Furthermore, there is no regulation or
standardisation for isolation procedures for clinical application which can lead to
inconsistencies [159, 161]. There is also a lack of standardisation for adipose-
derived stem cell nomenclature; there are many different names used to refer to
the same cells in the literature making it difficult to collate all research currently
available [162]. All these issues complicate research as it creates barriers to
faster advancements, highlighting the need to standardise nomenclature and
methods for clinical purposes. All these issues are covered in depth in Koh-Belic
(2020) doctoral dissertation [162].

Nevertheless, the therapeutic potential of ADSCs is vast, and while there is a
need for improved clinical protocols and standardisation, ADSCs hold genuine
potential in the clinic. ADSCs have been used in animals and humans for bone
regeneration [163-166] as well as for cartilage and interverbal disc regeneration
[167-172]. Fat reconstruction is also an area where ADSCs have been
successfully used to treat soft tissue defects in humans [173-176]. The
cardiovascular and myocardial regeneration potential of ADSCs has also been
investigated and has shown positive outcomes by other researchers. ADSCs
have improved regeneration of ischemic myocardium, reduced apoptosis of
cardiomyocytes and improved cardiac function, perfusion and remodelling after
acute myocardial infarction in animal models [177, 178] and in human trials using
autologous ADSCs in patients with ischemic cardiomyopathy ADSCs seemed to

play a role in preserving ventricular function, myocardial perfusion and exercise
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capacity of patients treated [179]. Furthermore, animal models have also

revealed the hepatic regeneration potential of ADSCs [180, 181].

In the context of neural regeneration, there are several clinical trials currently
listed in the NIHR [160], and many animal models using ADSCs for nervous
system regeneration showing promising results, adding to the evidence that
ADSCs could be an ideal candidate to treat neurological diseases such as
Alzheimer’'s disease (AD), amyotrophic lateral sclerosis (ALS), Huntington’s
disease, stroke, Parkinson’s disease among other neurological conditions [182,
183]. Animal models of AD using ADSCs have shown memory deficit restoration,
reduction of AB deposition and restoration of learning and memory functions [184,
185]. ALS rodent models showed that ADSCs treated mouse showed a delay in
motor deterioration and an increase in glial-derived neurotrophic factor and basic
fibroblast growth factor as well as increased number of lumbar motor neurons
[186]. Huntington’s disease models also show significant improvement of lesions,
improved rotarod performance, increased survival, diminished loss of neurons
and reduced huntingtin aggregates suggesting ADSCs slow disease progression
[187, 188]. In Ischemic stroke animal models, ADSCs administration improved
functional recovery, reduced cell death and reduced reactive gliosis [189-193]
and in Parkinson’s rodent model ADSCs also showed to have neurogenic and
anti-inflammatory effects as well as improving cognitive performance after

administration [194].

While there is a need for more research into the use of ADSCs as a treatment for
neuroregeneration, and better standardisation of procedures for clinical studies
and reporting of clinical trials results is required, the potential of these cells as a
therapeutic avenue for neurological disorders and for personalised medicine is

strong, and it is worth pursuing.

In this project, we will be focusing on studying the neural development on ADSCs
in 2D and 3D cell culture models. The 3D model of choice will be further explained

below.
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1.6. Choosing a Scaffold

The brain is a complex and intricate organ made of billions of cells, including
neurons, astrocytes and oligodendrocytes, each with unique functions and spatial
arrangements. The organisation and structure of the brain plays a critical role in
its function as it allows for the formation of complex networks and interactions of
cells for information processing learning, and memory. When selecting scaffolds
to create a nervous system model, the brain structure needs to be taken into
consideration. Other tissues with simpler arrangements or different tissue

stiffness will require a different scaffold with different properties.

Three main requirements need to be taken into consideration when selecting a
scaffold for tissue engineering; the physical properties of the scaffold (stiffness,
pore size and degradation rate); the biochemical properties (biological activity
and toxicity) and practicality (cost and reproducibility) [10]. A balance is required

between competing constraints and limiting factors.

Scaffolds need to be designed and customised for each tissue of interest and by
the desired end use of the model (i.e. for clinical applications or drug testing). The
brain and brain cells have a low elastic modulus (stiffness) ranging from 0.1 kPa
to 1.6 kPa [195, 196] (Figure 3) whereas the spinal cord, surprisingly, has a high
elastic modulus that ranges from 100-1000 kPa [197-200]. Brain and spinal cord
are naturally softer than bone (108- 107 kPa)[201]. Therefore, a softer and more
porous material is required for neural tissue engineering, whereas for the growth
of bone tissue, a stiffer more compact scaffold may be more realistic [61].
Consequently, the scaffold of choice for a 3D model of the brain should ideally

have an elastic modulus of <2 kPa, resembling the softness of the brain tissue.
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Figure 3 Stiffness of different tissues. Reproduced from Liu et al. 2015 [202]

Stem cell growth and differentiation to differing lineages can be influenced by
different factors including physical, chemical, and biological signals, such as the
use of growth factors to drive neural stem cell differentiation [203-212]. ADSCs
have been previously differentiated towards osteogenic, chondrogenic and neural
lineages using different chemical and biological factors [135-137, 155, 213-219].
Physical signals seem play an important role in stem cell differentiation, such as
MSCs undergoing osteogenesis when placed in stiffer substrates [220-222], and
there is increasing evidence that MSCs differentiate towards neural lineages
when placed in softer matrices [55, 57]. Her et al., (2013) demonstrated that
MSCs fate could be manipulated towards the neuronal lineage when placed in a
soft matrix (~1 kPa) and towards a glial lineage when placed in a stiffer substrate
(~10 kPa) [57], showing that substrate stiffness can direct neural stem cell
attachment, survival, growth and differentiation [57]. It has also been previously
shown that substrates with an elastic modulus closer to brain tissue positively
affects and supports neuronal attachment, growth, and expansion [58, 223].
When neurons are placed in soft hydrogels, they present typical neuron
morphology, penetrating the hydrogel and forming a neurite meshwork,
expressing neuronal markers like B-tubulin Il [58, 223-225]. Neural stem cell
(NSC) proliferation has been previously observed in soft (1kPa) hydrogels with
neuronal differentiation being favoured [226, 227] while harder gels (>7kPa)

seem to promote glial cultures [226, 227].

1.7. Hydrogels

Hydrogels have become of great interest for 3D tissue-engineered constructs due
to their tuneable chemical and mechanical properties, their biocompatibility and
they how they mimic the ECM [58, 228] and thus are an ideal candidate for CNS
3D modelling. Hydrogels are solid gels of cross-linked polymer networks that
expand when immersed in aqueous solutions, allowing them to easily transport
oxygen, nutrients, waste and biological factors [229] and are currently used in

biomedical scenarios such as contact lenses and wound dressings [230]. They
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are simple to use, non-toxic, non-immunogenic, have a high degree of
biocompatibility, and are biodegradable, being able to be tuned to have a low
degradation rate, which makes them ideal for long-term use [231]. Furthermore,
the stiffness of the hydrogel can be adjusted to match the original tissue by
controlling the mechanical properties [231]. Hydrogels have been successfully
characterized and used in medical applications for bone and cartilage
reconstruction, heart tissue regeneration, angiogenesis and drug delivery [232-
235] and to a certain extent in developing 3D neural models with different stem
cell types [129, 236-240]

1.7.1. Selected hydrogels: GelMa and PEG

Two types of hydrogels that are currently on the market and are considered highly
used hydrogels for developing neural 3D models using different types of stem
cells are gelatin-methacrylate (GelMa) and Polyethylene glycol (PEG) based
hydrogels [239, 241-252]. GelMa and PEG will be the focus of this study and are

discussed further below.

GELMA

GelMa hydrogels have suitable biological properties for tissue engineering and
are highly biocompatible, biodegradable, non-cytotoxic, non-immunogenic,
inexpensive and a cell-responsive biomaterial [253, 254]. GelMa hydrogels have
been previously used in muscle [255, 256], epidermal [257], cardiovascular [258]
and cartilage [259, 260] tissue engineering. However, neural tissue engineering
models using GelMa hydrogels are still in early stages of development [253, 254].
GelMa hydrogels are reported to have versatile physical characteristics that
closely mimic properties of the ECM; Gelatin contains many RGD (arginine-
glycine-aspartic acid) sequences found in ECM proteins that allow for attachment
of cells [256]. It also contains matrix metalloproteinases that aid in cell
remodelling [261], allowing cells to attach, proliferate and spread within the
scaffold [253, 254]. GelMa hydrogels also covalently crosslink when exposed to
UV light (365-405nm) in the presence of a photo-initiator, and its physical and
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mechanical properties can be tuned by varying its synthesis process, making it
reportedly one of the most versatile hydrogels for a 3D culture that is currently
being used [262-264].

Stiffness can be controlled by the degree of methacrylate substitution [262-264]
where the number of methacrylate groups bound to an individual gelatin molecule
proportionally controls the number of inter-gelatin crosslinks, and therefore, the
stiffness of the hydrogel [253]. GelMa stiffness can also be tailored by selecting
higher gelatin concentrations leading to higher stiffness and should be selected

based on the desired tissue of interest [241, 265].

Studies have shown GelMa hydrogels are a suitable candidate for human ADSC
growth in several models [263, 266-268]; with cells expanding to higher yields at
lower stiffness (50% degrees of substitution) while stiffer substrates reduced the
cell spreading and viability [263]. This could be attributed to the smaller hydrogel

pore size in stiffer gels [263].

GelMa hydrogels have been reported as a promising hydrogel for neural cell
culture models. NSCs have been shown to differentiate towards neuronal lineage
expressing B-tubulin 1ll and extending neurites when GelMa stiffness and
concentration was low [241]. Furthermore, low GelMa stiffness and concentration
has also allowed for neural cell growth, adhesion, proliferation and phenotype
stability [242]. In contrast, if stiffness increases, neuronal outgrowth, viability,
spreading and neurite length decrease [243]. GelMa has also been successfully
used with other polymer composites for nerve tissue engineering [244] and for in
vivo testing in traumatic brain injury models and Spinal Cord Injury (SCI), models

showing no immune reaction or inflammation when implanted [242, 245].

PEG
PEG is highly biocompatible, non-immunogenic and resistant to protein
adsorption. Its chemical structure is versatile and can be chemically modified,

enabling it to form a hydrogel and bind to biomolecules, with its degradation rate
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able to be controlled [269]. PEG hydrogels are made using photo-polymerisation
that uses UV light (365-405nm) to convert a liquid PEG macromer solution into a
solid gel at physiological temperature and pH allowing the hydrogel fabrication to
occur in situ with spatial and temporal control and encapsulation of cells and
biological agents. PEG alone is not bioactive, and therefore it requires other cell-
adhesive molecules like diacrylate to form Polyethylene Glycol Diacrylate
(PEGDA), or GelMa to form a PEG-GelMa composites. This process is important
to obtain cell-attachment onto the hydrogel [269, 270].

PEG-based hydrogels have previously been used to differentiate MSCs into bone
[271, 272], cartilage [273] and culture human organoids [274, 275]. When neural
cells have been encapsulated in a PEG-based 3D polymer network, they created
their own microenvironment for survival, proliferation and differentiation, forming
electro-physiologically responsive neurons and glia [246]. Furthermore, by
varying the degradation rate of the polymer, the time-scale over which neural
cells extend their processes can be regulated [246]. Additionally, cross-linked
PEG-based hydrogels have been shown to promote neuronal survival and axon
outgrowth via cell-ECM interactions and allowed neurons to remodel their
extracellular environment [239], demonstrating that PEG-based hydrogels permit
cell survival for over a week and allow for strong motor axon extensions [239].
Compared to 2D cultures, cells grown in 3D PEG hydrogels cultures are reported
to demonstrate higher metabolic activity, lower apoptotic activity and higher cell
proliferation [247]. Furthermore, PEG hydrogels maintain increased neural
progenitor cell (NPC) numbers and a decreased number of glial cells compared
to monolayer cultures [248] and enhance NSC survival, proliferation and
differentiation [252].

This information in a rapidly growing new field shows that hydrogels, with GelMa
and PEG-based hydrogels, are a promising avenue for supporting neural
regeneration and should be further explored using ADSCs and considering the

endpoint applications.
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For this project, I hypothesise that ADSCs will show enhanced neural
differentiation in 3D environments that mimic neural tissue stiffness and that
differentiation will be enhanced by the addition of neural growth supplements in
the 3D environments. The supplements that will be used will be the commercially
available B27, CultureOne (C1) and N2 from Gibco (Life Technologies). C1 is a
supplement designed to support the differentiation of NSCs to neurons [276],

while B27 and N2 are designed to support mature neural cells [277, 278].

The aims of this thesis are to:
1. Differentiate of ADSCs towards neural cells under 2D conditions using the
neural supplements B27, C1 and N2. (Chapter Two)
2. Culture undifferentiated ADSCs in a 3D environment that mimics brain
stiffness using
a. GelMa (Chapter Three)
b. PEG-based hydrogels (Chapter Four)
3. Differentiate of the ADSCs towards a neural lineage under the optimised
3D conditions (PEG-based hydrogels) using neural growth supplements
B27, C1 and N2 (Chapter 5)
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Background: Adipose-derived stem cells (ADSCs) are increasingly utilised in the field of neural
regeneration due to their high accessibility and capacity for differentiation into neural like cells. Culturing
ADSCs in the presence of various growth factors, small molecules and combinations thereof have shown
promise in this regard; however, these protocols are generally complex, time-consuming and costly. The
need for commercially available and chemically defined growth media/supplements is required to facilitate
further developments in this area.

Methods: In this study, we have examined the neural differentiation and proliferation potential of the
commercially available supplements B27, CultureOne (C1) and N2 on human ADSCs (hADSCs). Through
a combination of immunocytochemistry, cytokine analysis, and CNPase enzymatic assays, we provide novel
insight into the neural differentiation effects of B27, C1 and N2 on hADSCs.

Results: The study found that C1 and N2 supplements initiated neural differentiation of the cells, with C1
pushing differentiation towards an oligodendrocytic lineage and N2 initiating neuronal differentiation. This
suggests that C1 and N2 supplements can be used to drive neural differentiation in hRADSCs. However, B27
did not show significant differentiation in the time frame in which the experiments took place and therefore
is unsuitable for this purpose.

Conclusions: These findings highlight the utility of commercially available supplements in the neural
differentiation of ADSCs and may assist in establishing simpler, more affordable differentiation protocols.
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Introduction myogenic, and neurogenic like cell lineages (7-10), making

Adipose-derived stem cells (ADSCs), a mesenchymal them suitable for many applications. Additionally, ADSCs

stem cell (MSC) type, are of particular interest given that have also been found to express b-III tubulin and NeuN

they are multipotent iz vitro and are easily obtained via
subcutaneous adipose tissue liposuction. This is a less
invasive procedure compared to other common stem cell
collection methods like bone marrow aspirates but still
yields high cell numbers (1-6). ADSCs have the potential
to differentiate into adipogenic, chondrogenic, osteogenic,

© Stem Cell Investigation. All rights reserved.

in their undifferentiated state, two well-known markers
of neuronal differentiation, hinting at their potential to
become neural-like cells (11).

The differentiation of ADSCs into neural-like cells
challenges the dogma that adult stem cells are multipotent

and are restricted to differentiating into cell types derived
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from the same embryonic germ layer; ADSCs are derived
from the mesoderm while neural cells are derived from the
ectoderm (12,13). Stem cell phenotypic signatures can be
mapped out through several analytical techniques. These
result in the identification of molecular and cellular markers,
including surface makers, secreted proteins, and cytokines.
These types of analyses highlight aspects of the cells’
differentiation potential, while others suggest functions of
specific molecules during the various differentiation states. To
date, several different growth factors and chemicals have been
explored to induce neural differentiation in ADSCs; rodent
ADSCs have been successfully differentiated into neural stem
cells (NSCs) and dopaminergic neurons following a two-
step protocol of overnight pre-induction with basic fibroblast
growth factor (bFGF), butylated hydroxyanisole (BHA), and
B27 supplement followed by a 14-day treatment with sonic
hedgehog (SHH), fibroblast growth factor 8 (FGF8) and B27
supplement over 14 days (14).

Human ADSCs (hADSCs) have been successfully
differentiated towards neuronal lineages and into
neurospheres by using a mixture of B27 supplement, bFGF
and human epidermal growth factor (hEGF) for a week
and then further differentiated into neuron-like cells by
following treatment with a mixture of by L-glutamine, non-
essential amino acids, N2 supplement and B27 supplement
for another week (15). hADSCs have also been differentiated
into dopamine-secreting cells using a growth factor cocktail
composed of SHH, bFGF, FGF8, and brain derived
neurotrophic factor (BDNF) in low-serum conditions (16)
and in B27 supplemented serum-free conditions (17).
Neural differentiation in hADSCs has also been induced
with valproic acid (18) and isobutylmethyl xanthine
(IBMX) (19). MSCs have also shown to differentiate
towards neural stem cells (NSCs) and neurons and increase
the secretion of BDNF and nerve growth factor (NGF)
when co-cultured with NSCs (20). Additionally, ADSC
transplants with or without prior differentiation have been
reported to be beneficial in animal models of neuronal
disorders such as Parkinson’s disease, (21) peripheral nerve
injury (22), epilepsy (23) and stroke (24), indicating their
neuroregenerative potential.

A great variety of growth factors and chemicals are being
studied alone or in combination as potential protocols for
hADSC:s differentiation into neural-like cells. Here, we
will explore three readily available media supplements in
isolation to distinguish the effects of the supplements on the
hADSC differentiation process. In this current study, the
potential of B27, CultureOne (C1) and N2 will be examined

© Stem Cell Investigation. All rights reserved.

Stem Cell Investigation, 2023

for neural differentiation of hADSCs in vitro using
microscopic analysis to track morphological changes and
cell numbers, immunocytochemistry to detect changes in
neural marker expression and Bioplex analysis to investigate
the changes in cytokine and chemokine secretion levels by
the cells. Cytokines and chemokines investigation provides
valuable insight into the secreted cytokines and their role in
activating differentiation pathways in cells (25). As per the
manufacturer’s descriptions, these are commercially available
neural differentiation and proliferation supplements and
have been used for maintenance, maturation, proliferation
and differentiation of neuronal stem cells (26,27).

Methods
Cell culture

Maintenance

hADSCs from a single donor were isolated and expanded
as previously described (28) with approval from the
UTS Human Research Ethics Committee (Ethics No.
2013000437). The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). Written
informed consent was acquired for donor lipoaspirate
release for research purposes only. After isolation, hADSCs
were maintained in control media [Dulbecco’s Modified
Eagle medium (DMEM)/F12 + Glutamax media] (Gibco,
Life Technologies, Carlsbad, CA, USA) with 10%
heat inactivated foetal bovine serum (FBS, Gibco, Life
Technologies, Carlsbad, CA, USA) and 1% Antibiotics/
Antimycotics (ABAM, Gibco, Life Technologies, Carlsbad,
CA, USA) and incubated at 37 °C at 5% CO,. hADSCs were
passaged five to seven times post isolation by stripping cells
with TrypLE Express (12604 Gibco, Life Technologies,
Roskilde, Denmark) before being cryostored by storing the
cells in 90% FBS/10% DMSO v/v at -80 °C.

Differentiation
Cells were revived from cryostorage under sterile conditions
at passage 7 into control media DMEM/F12 + Glutamax
media with 10% FBS and incubated at 37 °C with 5% CO,.
Cells were expanded until passage 9, and when they reached
80% confluency, they were seeded into either 6 well plates
at 40,000 cells/mL or 24-well plates at 20,000 cells/mL
for molecular or imaging analysis, respectively. Once cells
reached 95%=2% confluence, treatment commenced.
There were 3 biological replicates.

hADSCs were treated under sterile conditions at all

Stem Cell Investig 2023;10:7 | https://dx.doi.org/10.21037/sci-2022-015

47



Stem Cell Investigation, 2023

‘Table 1 Treatment groups

Page 3 of 15

Treatment Cell type Base media Supplement

B27 hADSC Neurobasal media B27 supplement (50x) #17504-001
(Gibco, Life Technologies)

N2 hADSC Neurobasal media N2 supplement (100x) #17502-048
(Gibco, Life Technologies)

CultureOne hADSC Neurobasal media CultureOne (C1) supplement (100x)

DMEM (undifferentiated control) hADSC

Staining controls SHSY-5Y (NBCs) or

UB7MG (GBCs)

#A33202-01 (Gibco, Life Technologies)

DMEM/F12 + Glutamax—control media 10% FBS (Gibco, Life Technologies)
DMEM/F12 + Glutamax—control media 10% FBS (Gibco, Life Technologies)

DMEM, Dulbecco’s Modified Eagle medium; hADSC, human adipose-derived stem cell; FBS, foetal bovine serum; NBC, neuroblastoma

cell; GBC, glioblastoma cell.

times, and media were changed every 84 hours for 7 days.
All cells were treated with either control media DMEM
(DMEM/F12 + Glutamax + 10% FBS) (Gibco, Life
Technologies, Carlsbad, CA, USA) or with Neurobasal
media (Gibco, Life Technologies, Carlsbad, CA, USA)
with 1% abam [antibiotic-antimycotic (100x) #15240-062
Invitrogen, CA, USA] and the addition of supplements
shown in Table 1. The treatments used are commercially
available media supplements for the purpose of neuronal
cell maintenance, survival and differentiation in vitro.
During treatment, at every media change, conditioned
media were collected for further testing, and phase images
at 10x magnification were taken of each treatment condition
on the same marked area using the EVOS XL Core
microscope (Thermofisher, Massachusetts, USA).

After 7 days of treatment, cells were either fixed for
immunocytochemistry with 10% formalin for 30 min at
room temperature, or they were harvested using a cell
scraper and frozen at -80 °C for further testing.

Cytokine analysis

Bioplex
The Bioplex assay is a commercially available immunoassay
kit (Bio-plex Pro human cytokine 27-plex, M50-0KCAF0Y
BioRad Laboratories, Hercules, CA, USA) for investigating
and quantitating cytokine concentration changes relative
to the baseline levels of up to 27 cytokines across multiple
sample types simultaneously.

During treatment, 500 pL aliquots of conditioned media
from each treatment group were collected at time 0 h and
after every 84 h and stored at -80 °C until the assay was

© Stem Cell Investigation. All rights reserved.

conducted. Concentrations of 27 cytokines consisting of
interlukins IL-1b, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17A, Eotaxin,
fibroblast growth factor (FGF) basic, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), interferon (IFN)-g,
interferon gamma induced protein-10 (IP-10), monocyte
chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein-1la (MIP-1a), platelet derived growth
factor-bb (PDGF-bb), macrophage inflammatory protein-
1b (MIP-1b), RANTES, tumor necrosis factor (TNF)-a
and vascular endothelial growth factor (VEGF)] were
simultaneously assessed using the Bioplex kit. Assays were
performed according to the manufacturer’s instructions.

Protein analysis

Immunocytochemistry

After a primary wash with phosphate-buffered saline (PBS
0.01 M), fixed cells underwent a second wash step for
15 minutes in phosphate buffered saline triton-x (PBST)
[0.01 M PBS and 0.1% Triton X-100 (BDH #30632) at pH
7.4]. They were then blocked in 5% normal goat serum
(NGS) (Sigma-Aldrich #G9023) in PBST for 30 minutes.
Primary antibodies were diluted in PBG [0.1 M PBS, pH
7.4, 0.1% Triton-X, 2% NGS, 1% bovine serum albumin
(BSA) (Sigma-Aldrich #A9647)] and were added to the
relevant wells and incubated overnight at room temperature
with gentle agitation. Primary antibodies were rabbit
anti-glial fibrillary acidic protein (GFAP) (1:1,000, Dako,
Denmark #20334) as an astrocyte marker; rabbit anti-p-
III tubulin (1:500, Abcam, Cambridge, UK #ab18207) as an

Stem Cell Investig 2023;10:7 | https://dx.doi.org/10.21037/sci-2022-015

48



Page 4 of 15

early neuronal marker; mouse anti-CNPase (1:200 Abcam,
#ab6319-100) as an oligodendrocyte marker; rabbit anti-
Ki67 (1/50 Abcam, #ab833) as a proliferation marker; and
rabbit anti-DoubleCortin (1:1,000 Abcam, #ab18723) as a
neuron developing maker. Cells were then washed with three
changes of PBST and incubated with goat anti-mouse AF488
(1:200, Invitrogen, #A11001) or goat anti-rabbit AF488
(1:200, Invitrogen, #A11008) secondary antibodies in PBG
for two hours at room temperature with gentle agitation.
Following an additional wash with PBST, and counterstained
with Hoechst (1:5,000 Invitrogen) for 30 minutes to stain
the nuclei and finally washed twice with PBST. Plates
were imaged using an IN Cell Analyzer 2200 high-content
cellular analysis system (GE Healthcare Life Sciences, UK).
Positive staining control cells were included in all staining
runs. Glioblastoma U87MG cells were used for GFAP, 2',3'
cyclic-nucleotide 3" phosphodiesterase (CNPase), and Ki67
positive staining controls. Neuroblastoma SHSY-5Y cells
were used for B-IIT tubulin positive staining controls. Both
U87MG and SHSY-5Y cells were grown in separate plates
from the experimental cells; however, the cells were stained
in parallel with the experimental plates for each antibody and
were fixed and stained following the same protocol as the
experimental cells. U87MG and SHSY-5Y cells were grown
in a 24-well plate with DMEM/F12 + Glutamax media
(Gibco, MA, USA) enriched with 10% heat-inactivated FBS
(Sigma-Aldrich, MO, USA) until confluent.

Image analysis

For each stained plate, 10 randomised immunofluorescent
images of each well were taken with a 20x objective using
the GE Healthcare Life Sciences-IN Cell analyser 2200
high-content cellular analysis system. ImageJ 1.52p software
was used for automated unbiased image analysis to count
stained nuclei and positive stained area using threshold and
analyse particles functions in a macro and create a ratio of
stained area to number of nuclei. False positives and low-
quality images (e.g., out of field, out of focus) were manually
excluded from the analysis. Cell counts at each treatment
were conducted using the same automated image analysis to
count for cell nuclei for 20 fields of view at 20x.

Enzyme analysis

Protein extraction

Cell protein extraction protocol was adapted from Santos
et al. 2017 (28). Cells were harvested by decanting culture
media, rinsed twice in sterile 1x PBS and detached using
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a cell scraper and 1x PBS. The detached cells were then
collected and centrifuged at 1,000 relative centrifugal force
(ref) for 5 minutes. The supernatant was decanted, and
the cell pellet was frozen at -80 °C until ready for testing.
Samples were defrosted on ice and resuspended in 10 pL
of 1.5 M tris-HCL (hydrochloric acid) buffer. They were
then pipette lysed on ice following 1min sonication in the
sonicator bath.

Dot blots

CNPase plays an important role in myelin formation
and oligodendrocyte development (29,30). To detect
the presence of CNPase enzymes in the conditioned
media, circles of 2 mm in diameter were drawn on the
polyvinylidene difluoride (PVDF) membrane with graphite
pencil, and the membrane was activated by wetting in
methanol. It was then rinsed twice with 0.5 M Tris and then
air dried. Subsequently, 2 pL of sample were added to the
marked area and left to bind to the PVDF membrane. Once
dry, it was rinsed in Tris-buffered saline, pH 7 (TBS) and
blocked by washing 3 times, for 5-10 min each wash, in a
solution of skim milk powder and MilliQ water (0.1% w/v).
Then 2 pL of mouse anti-CNPase (1/200 Abcam, #ab6319)
and rabbit anti-Glutaminase (1:1,000 Abcam, # ab156876)
primary antibodies diluted in PBS was added to the
respective marked areas and incubated at room temperature
until absorbed. After, PVDF was rinsed 3 times for 5-10
min each wash with TBS; 2 pL of secondary antibody anti-
mouse immunoglobulin G (IgG) alkaline phosphatase
(1:30,000 A4312 Sigma-Aldrich) and Anti-rabbit IgG
peroxidase (1:6,000 A6154 Sigma-Aldrich) was added
to the marked areas and incubated at room temperature
until absorbed. The PVDF was then collected and rinsed
3 times for 5-10 min each wash with TBS. The blot was
then developed appropriately with 3',3-Diaminobenzidine
tablets for developing peroxidase (D4293 Sigma-Aldrich)
and BCIP/NBT for alkaline phosphatase (B5655 Sigma-
Aldrich) and the blot was imaged.

CNPase enzyme assay

CNPase catalyses the hydrolysis of 2'3'-cAMP to 2'AMP
(30,31). This reaction can be used to test for the presence or
absence of functional CNPase enzyme secreted by the cells
(Figure I).

The methodology used was adapted from Dreiling and
Mattson [1980], where CNPase + 2'3'-cAMP + Water +
phenol red = 2’AMP + H* causing a decrease in pH that
can be detected using a colourimetric assay (32). When
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2'3'cAMP + H,0

Adenosine-2',3'-cyclic phosphate H,O

Page 5 of 15

CNPase o 31 AMP+ H*

Adenosine 2'-phosphate H*

HO

Figure 1 Chemical reaction used to detect the presence of functional CNPase. 2'3' cAMP and water in the presence of CNPase will be

hydrolised to 2' AMP and hydrogen. AMP, adenosine 2'-phosphate.

CNPase activity increases, pH will decrease (32), and when
measuring that pH change with phenol red at 560 nm, it
will result in a drop in absorbance (33).

Cells were first lysed on ice by adding equal parts by
volume of buffer (1.5 M tris-HCL buffer at pH 8.8) and cells
with gentle pipetting. Following a subsequent sonication,
5 pL of cells were loaded into a 96 well plate with 5 pL.
of Phenol red at 1 mM in NaOH pH 8.4 with 40 pL
of 2'3'-cAMP (Sigma-Aldrich) 15 mM in MiliQ water.
Test samples consisted of cells treated with either B27, N2,
CI or DMEM and of conditioned media following 84 hrs
incubation of ADSC with either B27, N2, C1, or DMEM.
Absorbance was measured at 560 nm for 90 min with
30 min interval reads and then during a further overnight
incubation with reads every hour in the TECAN Infinity
200 plate reader. The blanks included consisted of Phenol
red at pH 8.4 + substrate for the cell blanks and of Phenol
red at pH 8.4 + substrate + clean media (B27, N2, Cl1,
DMEM). A colourimetric result indicates the presence
of CNPase secreted by the ADSC. An increase from
the baseline DMEM sample indicates that the cells are
differentiating towards an oligodendrocytic cell lineage in
the presence of a growth factor.

Statistical analysis

Data analysis for the raw imaging data was conducted using
GraphPad Prism 8 using One-way analysis of variance
(ANOVA), with a P value of <0.05 being considered
statistically significant. Data analysis for Bioplex results
was completed in R studio (version 1.3.959), where a single
tail dendrogram heatmap was generated using Euclidean
hierarchical clustering using R software for grouping
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cytokines trends over the different time points within each
treatment.

Results
Cell culture

Cell morphology and survival

Morphological changes were observed between the
treatments and the DMEM (undifferentiated control)
(Figure 2) on both days 3.5 and 7. Individual cell
morphology in the treatment groups becomes more
polarised, and cells align more with each other in parallel
bundles compared to the undifferentiated control cell
organisation, specifically for B27 and N2 treatments. Cell
counts did not significantly change between the treatments
and the undifferentiated control DMEM (Figure 2I).

Immunocytochemistry and cellular differentiation

CNPase was not detected in undifferentiated cells and was
expressed in all treatment groups (Figures 3,4), with the
highest expression levels seen in the C1 group (Figure 44)
(P<0.0001) and N2 group (Figure 4B) (P<0.01). Doublecortin
expression was absent in the undifferentiated ADSCs
(Figure 3B1, Figure 4B) and only seen at low levels in the
B27 and Cl1 treatment groups and significantly increased in
the N2 treatment group (Figure 3B3, Figure 4B) (P<0.0001).
GFAP was absent in the undifferentiated ADSCs (Figure 3C1,
Figure 4C), and GFAP levels were significantly increased in
all treatment groups compared to the undifferentiated control
(Figure 3C2-C4, Figure 4C) (P<0.0001); however, these levels
were lower than CNPase and Doublecortin expression
levels in each treatment. b-III tubulin was expressed in the
undifferentiated ADSCs (Figure 3EI) and did not significantly
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Figure 2 Cell morphology and nuclei analysis (A-H) phase images 10x at day 3.5 and day 7 of treatment with either; (A,B) B27; (C,D) N2;
(E,F) CI; (G,H) DMEM (undifferentiated control). Representative of the 3 biological replicates. (I) Nuclei counts/field of view for each
treatment group and DMEM (undifferentiated control) at D7 after treatment completion of the 3 biological triplicates. DMEM, Dulbecco’s

Modified Eagle medium.

increase following differentiation with any treatment
(Figure 3E2-F4, Figure 4D) (P>0.05). Undifferentiated cells
expressed high levels of Ki67 and are undergoing proliferation
(Figure 3D1). This was similar to the proliferation
levels seen in all treatment groups (Figure 3D1-D4,
Figure 4F). Overall, immunocytochemistry results (Figure 4)
show that while all treatments co-express all markers, C1
is the treatment that shows the highest levels of CNPase,
followed by N2 with CNPase expression and the highest
levels of Doublecortin.

Cytokine analysis

Bioplex
Bioplex assay was utilised to simultaneously investigate

© Stem Cell Investigation. All rights reserved.

relative quantitative changes of 27 human cytokines across
the different treatments and time points (Figure 5). The
hierarchical clustering groups the cytokines with similar
concentration trends over the treatment time points. Changes
in cytokine levels for each treatment are shown as heatmaps in
Figure 4. The heatmap provides an overview of all cytokines
in relation to each other for each specific treatment over the
two time points, day 3 and day 7, within each treatment.

The changes within each treatment can be observed
on the heat maps (Figure 5). Overall, we find that IL-6,
VEGEF, and IL-8 cytokines continued to be the highest
expressed cytokines regardless of treatment and IL-5
remained the cytokine with the lowest concentration across
all treatments. However, when we look at differences
between treatments on day 7 (Figure 6), it can be observed
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Figure 3 Immunocytochemistry staining for (A) CNPase, (B) DoubleCortin, (C) GFAP, (D) Ki67 and (E) B-III tubulin, and following 7-day
differentiation using B27, N2, C1 vs. DMEM (undifferentiated control). Scale bars =100 pm. GFAP, glial fibrillary acidic protein; DMEM,

Dulbecco’s Modified Eagle medium.

that while the cytokines that were originally secreted in the
highest concentrations in DMEM undifferentiated control
stayed the highest secreted cytokine within each treatment
when comparing treatments, C1 treatment had the lowest
concentration of those cytokines. Cl1 treatment also showed
a decrease in all cytokines compared to DMEM except
in MCP-1, IL-8 G-CSF and GM-CSF cytokines, which
showed an increase compared to DMEM. N2 treatment
showed a similar cytokine expression pattern with several
upregulated cytokines compared to undifferentiated
hADSCs. N2 expressed increased GM-CSF, IL-8, GM-
CSF, MCP-1, IL-7, IP-10, PDGF-BB, IL-17A, VEGF,

© Stem Cell Investigation. All rights reserved.

MIP-1b, IL-2 and FGF basic.

The cytokines secreted in untreated ADSCs (DMEM
control) stayed the highest within each treatment; however,
the treatment that secreted the least of those cytokines
was C1. Cytokines in C1 treatment decreased to those
compared in DMEM. Additionally, when looking at the
cytokine secretion trends, C1 and N2 treatments have
a similar pattern, whereas B27 has an entirely different
pattern of secretions.

In summary, a clear trend can be seen, with C1 being the
treatment with an overall decrease in cytokine concentration
over the 7-day treatment compared to DMEM.
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Figure 4 Immunocytochemistry marker expression by treatments DMEM, B27, N2, C1 following 7 days of treatment for (A) CNPase

immunocytochemistry marker. All treatments showed increased CNPase compared to DMEM. However, only N2 and C1 showed to
be significantly increased with **, P<0.01 for N2 and ****, P<0.0001. Overall, C1 treatment had the highest expression of CNPase (****,
P<0.0001 between C1 and b27, C1 and DMEM and **, P<0.01 for C1 and N2). (B) Doublecortin immunocytochemistry maker. N2
treatment showed a significant increase of Doublecortin compared to all other treatments (****, P<0.0001) (C) GFAP immunocytochemistry

marker. All treatments showed significant increase in GFAP compared to DMEM (***, P<0.0001) (D) B-III tubulin immunocytochemistry

marker. There was no significant change between treatments. (E) Ki67 marker. There was no significant change between treatments.

No statistical significance P>0.05; statistical significance *, P<0.05; statistical significance **, P<0.01; statistical significance ***, P<0.001;
statistical significance ****, P<0.0001. DMEM, Dulbecco’s Modified Eagle medium; GFAP, glial fibrillary acidic protein.

Enzyme analysis

Dot blot

The dot blot was used to detect any CNPase present in the
media after treatment, indicative of CNPase secretion. Figure 6
shows that there was little difference in CNPase secretion
between all treatments. Day 3 (Figure 7) shows all treatments
had higher CNPase secretion than DMEM undifferentiated
control, whereas on day 7 (Figure 8), B27 and N2 CNPase
secretion increased and C1 decreased by half.

CNPase assay

CNPase assay was conducted to detect the functionality
of the CNPase enzyme present inside the cells as well as
the CNPase enzyme secreted by the cells. When CNPase
activity increases, it results in more H+ and, therefore, a
drop in pH. The pH decrease changes phenol red from
fuchsia to yellow, and that results in a descending gradient
on the graphs (Figure §).

In Figure 6, CNPase activity can be observed in both
intercellular CNPase (Figure 8A4) as well as extracellular
CNPase (Figure 8B). C1 treatment shows the highest activity
of CNPase over time intracellularly, while DMEM shows
the highest activity of CNPase over time extracellularly.

Discussion

This study’s hypothesis was that MSCs would commence
differentiation towards neuronal-like lineage in all three
treatments, given that B27, N2 and C1 are commercially

© Stem Cell Investigation. All rights reserved.

available supplements used for neuronal differentiation
and maintenance in neural cultures. However, when using
these treatments on hADSCs, the results indicate that
the cells may be differentiating towards different neural
cell types under different growth conditions. Following
treatment of hADSCs with B27, N2 and to a lesser extent
Cl1, cells became polarised and aligned with one another;
morphological changes indicative of neural differentiation.
Additionally, cells survived and continued to proliferate as
all cells were found to express Ki67 proliferation marker.
Furthermore, immunocytochemistry results showed that
cells in all treatments expressed some level of CNPase, a
well-known oligodendrocyte marker, with C1 treatment
expressing the highest levels of CNPase and all treatments
increased GFAP to a lesser extent. N2 treated cells also
expressed the neuronal marker doublecortin. Additionally,
all cells, including undifferentiated hADSCs, expressed
B-tubulin marker, a well-known early neuronal marker;
however, the levels between undifferentiated cells and
treated cells did not increase significantly. Cytokine levels
following C1 treatment were reduced compared to the
DMEM undifferentiated control in all cases but four: GM-
CSF, IL-8, G-CSF and MCP-1. N2 showed a similar but
reduced change compared to Cl except for FGF basic and
IL-8. On the other hand, B27 presented a distinct cytokine
expression pattern whereby most cytokines are upregulated
except for RANTES, IL-12, 1L-13, IFN-g, IL-1ra, IL-10
and Eotaxin and where the upregulation or downregulation
compared to DMEM undifferentiated control is not as
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Figure 5 Hierarchical correlation and grouping of up/down regulated cytokines and interleukins from ADSCs temporal differentiation
with B27, N2, C1 and DMEM (undifferentiated control). Cytokine concentration values were transformed to common logarithm values to
normalize the data distribution. Values shown are Log [cytokine]. Cytokine expression trends were clustered using Hierarchical clustering
by Euclidean test. Red: expression above median indicative of high cytokine concentration; blue: expression below the median indicative of
lower cytokine concentration; yellow: median expression across all samples indicative of no change. All three relative to each other within
that treatment. (A) Heatmap collecting Log10 of cytokine concentration and cytokine trends in B27. (B) Heatmap collecting Log10 of
cytokine concentration and cytokine trends in N2. (C) Heatmap collecting Log10 of cytokine concentration and cytokine trends in C1. (D)
Heatmap collecting Log10 of cytokine concentration and cytokine trends in DMEM (undifferentiated control). ADSCs, adipose-derived
stem cell; IL, interlukine; VEGF vascular endothelial growth factor; MCP-1, monocyte chemoattractant protein-1; IFN-g, interferon
gamma; G-CSE, granulocyte colony-stimulating factor; TNF-a, tumour necrosis factor alpha; IP-10, interferon gamma induced protein-10;
PDGEF, platelet-derived growth factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; MIP, macrophage inflammatory
protein; FGF basic, fibroblast growth factor basic; DMEM, Dulbecco’s Modified Eagle medium.

notable as C1. The most notable finding of this study was CNPase expression is increased in hbADSCs following C1,

the presence of high intracellular and extracellular levels of N2 and B27 treatment

functional CNPase after a 7-day treatment with C1 and N2, Intracellular and extracellular functional CNPase was
and to a notable but lesser extent with B27. detected in all three treatments, with C1 having the
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Figure 7 CNPase expression in treatment media supernatant. (A) CNPase expression in media supernatant at day 3.5 compared to DMEM
undifferentiated control, a positive control, and a negative control (B) CNPase expression in media supernatant at day 7 compared to

DMEM undifferentiated control, a positive control and a negative control. DMEM, Dulbecco’s Modified Eagle medium.
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Figure 8 CNPase assay activity (A) CNPase activity in cells over 25 h. (B) CNPase activity in media over 25 h. Time intervals were first
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highest expression of CNPase. Immunocytochemistry
(Figures 2,3) showed that all treatments being investigated
expressed markers indicative of commencement of neural
differentiation. As seen in Figures 2,3, this change is most
pronounced in C1, with the highest expression of CNPase
and low levels of any other marker. Additionally, CNPase
enzymatic assay results (Figure 7) showed that the cells
expressed intracellular and secreted extracellular functional
CNPase. CNPase is a well-established oligodendrocyte
marker (29,30) that is mainly expressed in glial cells, with
oligodendrocytes having the highest expression of this
enzyme of the four major CNS cell types. This enzyme is
necessary for oligodendrocyte development and branching
and plays a critical role in early myelin formation (29) and
neuronal health more generally (34). CNPase deficiency
in the brain has been associated with multiple neurological
diseases (31), including Down syndrome, Alzheimer’s
disease (35), and Multiple Sclerosis (36). Furthermore, it
is a key component of the 2'3'-cAMP-Adenosine pathway
responsible for the production of adenosine (30). Adenosine
is a neuromodulator that increases significantly following
injury and plays a role in neuroprotection post CNS injury
(30,37-40). In the 2'3'-cAMP-Adenosine pathway, this
occurs largely via CNPase present in the oligodendrocytes
suggesting that oligodendrocytes have a role protecting
the axons making CNPase a necessary enzyme for
sustained function of the axon-myelin unit and for long-
term axonal health (30). Furthermore, CNPase expression
in MSCs has been previously seen in rodent cells. Rat
ADSCs expressed CNPase marker after being treated with

© Stem Cell Investigation. All rights reserved.

isobutylmethylxanthine (IBMX) induction (41). IBMX is a
small molecule chemical that has since been successfully used
in hADSC:s neurodifferentiation inductions (19). Additionally,
it has been observed that human foetal MSCs upregulate
CNPase expression after exposure to oligodendrocyte
differentiation medium (42) and that rat MSCs have a
strong oligodendrogenic effect on rat neural progenitor cells
(NPCs) (43). hADSCs have also shown increased CNPase
expression after 2 week neural differentiation treatment
with bFGF and forskolin (8), suggestive of the capacity for
hADSC:s to express CNPase marker as a sign of neuronal
differentiation and supporting the idea that CNPase
expression in hADSCs following treatment with B27, Cl1
and N2 is indicative of neural like differentiations especially
oligodendrocytic lineage following C1 treatment.

CNPase expression is influenced by the presence of different
cytokines

Cytokine changes are commonly seen following ADSC
differentiation in a number of conditions (18,44,45). CNPase
expression can also be influenced by the presence of different
cytokines. Both IL-1b and TNF-a have been shown to inhibit
the expression of CNPase in human oligodendrocytes (46).
These two cytokines have been downregulated in C1 and
N2, while they were upregulated in B27, consistent with
the different levels of CNPase expression in the different
treatments, with C1 having the highest expression and B27
having the least CNPase expression (Figure 3). Additionally,
IL-8 has been shown to increase mouse oligodendrocyte
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precursor proliferation as well as stimulate myelin basic
protein iz vitro (47), and this cytokine was upregulated in
all treatments but particularly in C1 and N2 (Figure 5).
G-CSF is another cytokine that was also found to be
upregulated in all three treatments. Normally considered
a growth factor for haematopoietic progenitor cells and
neutrophils, it can also potentally be used for neural injury
treatment such as spinal cord injury (48). G-CSF has been
shown to protect oligodendrocytes from SCI-induced death
by attenuating white matter loss and promoting functional
recovery (49). G-CSF also has been shown to suppress
the expression of pro-inflammatory cytokines IL-1b and
TNF-a both in vitro (50,51) and in vivo (49,52); Therefore,
G-CSF may have a role in upregulating CNPase expression
indirectly through suppressing IL-1b and TNF-a given IL-
1b, and TNF-a have been linked to CNPase expression
suppression in human oligodendrocytes (46). Another
cytokine that was upregulated in C1 and N2 is GM-CSF,
generally associated with macrophage and eosinophil
proliferation and maturation. This cytokine has also been
shown to have neuroprotective effects in CNS diseases
(53,54) and plays a role in NPC activation both 7z vitro and
in vivo (55). Eotaxin-1 was found to be downregulated in
all three treatments, with the most notable decrease in Cl;
Eotaxin is usually an immune modulator associated with the
recruitment of eosinophils into inflammatory sites and is
high in conditions such as asthma (56). It has recently been
found to influence NPCs and microglia and can be secreted
by several central nervous system cells (57). It is increased
in neurodegenerative conditions such as schizophrenia and
Alzheimer’s disease (57,58) but appears to be active during
accelerated aging and is stimulated by IL-4 and IL-13 (58),
both of which are also downregulated in C1 and N2 treated
ADSCs.

bADSC:s differentiation differs following C1, N2 and B27
treatment

In the current experiments, the analysis showed that CI-
treated hADSCs had the highest levels of functional
intracellular CNPase, suggesting that they were actually
differentiating towards the oligodendrocytic lineage.
However, according to the manufacturer, Cl is reported
to inhibit glial cell proliferation in primary neural cell
cultures. hADSCs are of mesenchymal cell origin rather
than nervous system origin. When treated with CI, they
appear to downregulate common haemopoietic cytokines
that are normally present in mesenchymal cell lines (as

© Stem Cell Investigation. All rights reserved.
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seen by a downregulation from the untreated cells in
Figure 6), suggesting that the cells may be reverting from
the mesenchymal to a less differentiated or neural-like
lineage.

hADSCs treated with B27 presented the lowest
expression of all immunocytochemistry markers (Figures 2,3)
as well as the least CNPase activity in the CNPase
enzymatic assay (Figure 7), indicative of the least neural
differentiation. B27 is a very commonly used neural
supplement; however, it is generally used for the long-
term survival of neurons rather than initial commitment
and differentiation (26,27). The hADSC treated with B27
did not express significantly higher levels of CNPase and
doublecortin than the undifferentiated control cells and
may not have developed expression of neural cell markers
(CNPase and doublecortin) at these early time points.
In contrast, N2 treatment showed mixed levels of neural
differentiation, with similar levels of both CNPase and
doublecortin. Doublecortin is a well-established marker
for immature neurons and for neurogenesis (59-61). It is
possible that N2 is showing a mixed population of cells given
the expression of both CNPase and doublecortin markers
or that the cells are co-expressing both markers; however,
the co-expression of both CNPase and doublecortin has not
been reported before. There were small increases of GFAP
following incubation with all three supplements compared
to the non-differentiated ADSCs. GFAP is typically used
to identify mature astrocytes but in this short time frame
and in the absence of large fold change it is unclear whether
there is a robust differentation pathway towards astrocytic
lineage. However, GFAP expression even at low levels, in
these mesenchymal ADSC does indicate an early neural
differentiation, possible towards a more glial lineage (62).

Conclusions

Neural differentiation of hRADSC can be successfully initiated
using commonly available neuronal cell supplements C1
and N2. Although each supplement is usually used for
neuronal differentiation and maintenance, we have shown
that neural differentiation of hADSC can be initiated
by these supplements with C1 pushing cells towards an
oligodendrocytic lineage (increased CNPase) and N2
supporting neuronal differentiation (increased Doublecortin).
B27 does not have a strong differentiating effect on hRADSC
at these early time points. Future work may investigate
longer time intervals with further supplementation to further
elucidate hADSC neural differentiation and would need to be
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demonstrated in additional patient samples.
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The worked published in the article included in this chapter only comprised of the
first 7 days of the experiment. The experiment was initially designed, and cell
culture was completed for 42 days and had 4 time points (D7, D14, D28 and D42)
at which the differentiation of the cells was going to be assessed. One of the key
problems that was encountered was the significant amount of cell detachment
that occurred during the differentiations, which led to cell loss. Additionally, the
cells also started to form sheets/aggregates that lifted when we attempted to fix
the cells in formalin at the endpoint times. That increased as the treatments
proceeded, and by day 42, the cells were not able to be fixed to the plate, and
staining could not be performed in a way that was able to be quantified. Different
ways to try to mitigate those problems were tried. Gelatine was added on top of
the remaining cells in the wells after fixing to try to keep them in place; however,
that interfered with the staining protocol and the diffusion of the antibodies to
reach the cells at the bottom of the plate. The staining protocol was not able to
be optimised to image the cells in the environment they were in, and only week 1
of the experiments was suitable for performing downstream analysis. This led to
the design of the following experiments presented in this thesis, looking at

creating a suitable 3D model for neural differentiation of ADSCs.
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Chapter Three: ADSCs in 3D GelMa matrices

3.1. Introduction

In this work, Gelatin Methacrylate (GelMa) was the first hydrogel selected for
exploring neural differentiation of ADSCs in 3D matrices. GelMa was chosen as
it is a highly desirable biomaterial for tissue engineering and 3D cell culture, given
it is reported to be a highly biocompatible, biodegradable, non-cytotoxic, non-
immunogenic, inexpensive, and a cell-responsive biomaterial [1, 2]. Additionally,
GelMa has versatile physical and chemical characteristics that are reported as
being tuneable to closely resemble the properties of the extracellular matrix
(ECM) [1-4]. GelMa contains many RGD (arginine-glycine-aspartic acid)
sequences found in ECM proteins that allow for cell attachment and contains
matrix metalloproteinases that aid in cell remodelling [1, 3, 4]; these allow cells to
attach, proliferate and spread within the scaffold [1-4]. Modification of gelatin with
methacrylate to create GelMa allows it to be covalently crosslinked via UV light
(365-400nm) exposure with the addition of a photo-initiator. Some commonly
used photoinitiators are Irgacure 2959 and lithium acylphosphinate (LAP) [5].
Furthermore, GelMa’s physical and mechanical properties can be modified by
varying its synthesis process, making it a tuneable hydrogel for a 3D culture [6-
8]. Stiffness can be controlled by changing the degree of the methacrylate
substitution [6-8], where the number of methacrylate groups bound to an
individual gelatin molecule proportionally controls the number of inter-gelatin
crosslinks, and therefore, the stiffness of the hydrogel [1]. GelMa stiffness can
also be tailored by selecting higher gelatin concentrations, leading to higher
stiffness allowing the parameters to be modified based on the desired outcome
and based on the mechanical properties of the tissue that is being studied [9, 10].
In the case of this project, brain stiffness will be mimicked by creating <2kPa

hydrogels [11].

GelMa has been reported to be successfully used in creating muscle [3, 12],
epidermal [13], cardiovascular [14] and cartilage [15, 16] tissue models. While
neural tissue engineering models using GelMa hydrogels may be a promising
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avenue for neural cell culture models, these models remain in the early stages of
development [1, 2]. Neural stem cells (NSCs) have been shown to differentiate
towards neuronal lineage expressing B-tubulin Ill and extending neurites when
GelMa stiffness and concentration were low [10]. Furthermore, low GelMa
stiffness and concentration have also allowed for neural cell growth, adhesion,
proliferation and phenotype stability [17]. In contrast, if stiffness increases,
neuronal outgrowth, viability, spreading, and neurite length decrease [18]. GelMa
has also been successfully used with other polymer composites for nerve tissue
engineering [19] and for in vivo testing in traumatic brain injury models and Spinal
Cord Injury (SCI), with models showing no immune reaction or inflammation when
implanted [17, 20].

Additionally, studies have also shown that similar to NSCs, ADSCs expand to
higher yields at lower stiffness (50% degrees of substitution (DoS)) while stiffer
substrates reduce the cell spreading and viability [7]. This could be attributed to
the smaller hydrogel pore size in stiffer gels [7]. With ADSCs having been
successfully grown in GelMa in the past, [7, 21-23] and its tuneable
characteristics, GelMa seemed a promising material for the development of a 3D

model for neural differentiation of ADSCs.

The following chapter will detail the approaches used to cast low-stiffness GelMa
hydrogels based on the hypothesis that GelMa hydrogels can be optimised to

develop a 3D neural model for neural differentiation of hADSCs.

GelMa hydrogels have not been used in this context previously, and the goal is
to explore and change different parameters in order to create a suitable low-
stiffness 3D matrix in which to grow and differentiate hADSC.

3.2. Materials, Methods

3.2.1. GelMa synthesis

GelMa synthesis was performed using the protocol for GelMa type A from Lee et

al. (2016). In brief, 10% (w/v) gelatin solution of type A (porcine, Bloom strength
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175, Sigma-Aldrich) or gelatin solution of type A (porcine, Bloom strength 300,
Sigma-Aldrich) was dissolved under stirring in 0.1 M carbonate-bicarbonate
buffer pH 9 at 60°C. The derivatisation of gelatin proteins was performed by the
addition of methacrylic anhydride (MAA) at 50°C with rigorous stirring at 500 rpm.
MAA was added in sequential steps, giving a total MAA amount equal to the

defined ratio in each recipe (x mL MAA/g gel,). (Table 4).

Table 4 Table showing the different amounts of MMA added for each recipe.

Product Gelatin Type Ratio (MMA CB-Buffer | pH control DoS (%) Name
(ml/gel (g))
GelMA A1 A 0.05 0.1M Sequential 71.2 A70
GelMA A2 A 0.0375 0.1M Sequential 45.3 A50
GelMA A3 A 0.025 0.1M Sequential 39.7 A40

The pH was adjusted back to 9 after each methacrylate addition and the reaction
was carried out for 60 min and terminated by pH adjustment to 7.4. After
completion, the reaction mixture was filtered using standard paper filters
(Whatman™, 90 mm diameter) and dialyzed with a 14 kDa molecular-weight-cut-
off (MWCO) membrane at 40°C for 36 h against ultrapure water. GelMA solution
after dialysis was frozen and lyophilized before being used for GelMa hydrogel

casting.

GelMa hydrogels were cast using 2.5% and 5% w/v GelMa and 0.5% of the
photoinitiator Irgacure 2959 and crosslinked under 360nm UV for 1min and
1.5min. This protocol was repeated using the same ingredients and two different
gelatin bloom strengths, 175 and 300. Bloom is a measure of gelatin strength and
stiffness [24]

3.2.2. Commercially available GelMa hydrogels casting

3.2.2.1.
GelMa (300 bloom 60% degrees of substitution; Sigma- Aldrich #900622) was

mixed with 0.5% Irgacure 2959 photoinitiator in PBS at different concentrations
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and crosslinked using 365nm UV light for different time lengths. All parameters
were tested in triplicate. All parameters tested can be found below in Table 5.
Irgacure concentration and gelatin setting time parameters were left unchanged
at 0.5% wl/v for Irgacure and 20 minutes at 5°C setting time for GelMa. Irgacure
concentration was not changed as it is known to be toxic to cells and to
significantly decrease cell viability when used above 0.5% w/v concentration [5,
25].
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Table 5 Variables tested to cast commercially available GelMa hydrogels.

Percentage UV exposure time Crosslinking check
3% 30sec 1hrat 37°C
5% 30sec 1hrat 37°C
10% 30sec 1hrat 37°C
3% 60sec 1hrat37°C
5% 60sec 1hrat 37°C
10% 60sec 1hrat 37°C
3% 90sec 1hrat 37°C
5% 90sec 1hrat 37°C
10% 90sec 1hrat 37°C
3% 5min 1hrat 37°C
5% 5min 1hr at 37°C
10% 5min 1hrat37°C
3% 10min 1hr at 37°C*
5% 10min 1hrat 37°C
10% 10min 1hr at 37°C

*Parameters used for subsequent experiments

After GelMa crosslinking optimisation, 3% GelMa (300 bloom 60% degrees of
substitution Sigma- Aldrich #900622) with 0.5% Irgacure 2959 crosslinked for
10min at 365nm UV light was the selected parameters to use with cells. See
Table 6 in results section 3.3.2 for results on GelMa crosslinking optimisation and

why those were the selected parameters.
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3.2.2.2. Cell culture

150uL of GelMa at 3% GelMa (300 bloom 60% degrees of substitution Sigma-
Aldrich #900622) with 0.5% Irgacure 2959 was crosslinked in a 24 well plate for
10min at 365nm UV light. Once GelMa discs were crosslinked, given that the
GelMa only cross-linked at high exposure to UV light (see results table 3), the
cells were seeded on top of the gels to avoid prolonged UV exposure as it is
known to cause cell damage [26, 27]. Previous studies using mesenchymal stem
cells showed that higher UV light exposure and increased Irgacure concentration

were linked to reduced cell viability [25].

ADSCs, Glioblastoma cells (GBCs) U87MGs and neuroblastoma cells (NBCs)
SHSY5Y cells were seeded at 30,000 cells/mL on top of the GelMa discs in a 24-
well plate. A control plate was also set up where cells grew on plastic. Cells were
maintained in media mixture containing DMEM/F12 + Glutamax media (Gibco,
Life Technologies, Carlsbad, CA, USA) with 10% heat inactivated FBS (Gibco,
Life Technologies, Carlsbad, CA, USA) and incubated at 37°C at 5% CO2 for 10

days with media changes every 84hrs.

3.2.2.3. Cell viability & proliferation: Alamar blue

Alamar blue cell viability assay was performed at the endpoint time at day 10 on
both plates. Alamar blue is a non-toxic cell viability assay that detects
metabolically active cells. When Alamar blue is added to cells, the main active
ingredient is reduced by metabolically active cells, and the solution becomes red
in colour and highly fluorescent.

Alamar blue was added to the same media mixture described above to yield a
10% concentration of alamar blue to media ratio. The Alamar blue and media
mixture was added to the cells and left to incubate for 16hrs to allow enough time
to penetrate through the 3D matrices. To minimise variability between treatments,
the same was done on the 2D cells. Negative control wells were included,
containing alamar blue and media mixture only. After the incubation period, the
alamar blue and media mixture was transferred to a different 24-well plate to keep

the cellular growth environment as undisturbed as possible from outside factors
67



and new fresh media was added to remaining cells before terminating
experiments. The collected Alamar blue media was then measured using the
fluorescence bottom-up mode in a Tecan M200Plate Reader using 530-560nm
excitation and 590nm emission wavelengths. The results were averaged for both
test samples and negative controls and compared to each other. The data were

analysed as absolute fluorescence values.

3.2.2.4. Phase Imaging
Phase images at 10x magnification were taken of each cell type at every media
change, D3.5, D7 and D10 on the same marked area using the EVOS XL Core

microscope (Thermofisher, Massachusetts, USA).

3.2.2.5. Bioprinting — CELLINK

A CELLINK bioprinter (BIO X pneumatically driven extrusion 3D bioprinter
CELLINK Life Sciences, Boston, MA, USA) was also used to cast GelMa
hydrogels. The CELLINK GelMa casting protocol was followed [28]. In brief,
GelMa at 300 bloom and 60% degrees of substitution (Sigma- Aldrich #900622)
was mixed with Irgacure 2959 in PBS to obtain a final concentration of 7% GelMa
and 0.5% Irgacure 2959. After, 9 million U87MG cells/mL were added to the
GelMa mixture before bioprinting. Once the cells were evenly suspended in the
GelMa solution, it was transferred to the bioprinter, and bioprinting commenced
on a 24-well plate. The following parameter combinations were tested for GelMa

bioprinting:

1. Bed base plate temperature 10°C; Pinter head temperature 24°C; printing
pressure 25kPa, extrusion time: 1s, needle gage 25G. UV exposure time
30s.

2. Bed base plate temperature 10°C; Pinter head temperature 24°C; printing
pressure 25kPa, extrusion time: 1s, needle gage 25G. UV exposure time

2min.
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3. Bed base plate temperature 10°C; Pinter head temperature: 7°C; printing
pressure 55kPa, extrusion time: 1s, needle gage 25G. UV exposure time
1.5min

4. Bed base plate temperature 10°C; Pinter head temperature 27°C; printing
pressure 55kPa, extrusion time: 1s, needle gage 25G. UV exposure time

2min.

After the gels were bioprinted, they were checked under the microscope to
assess hydrogel structure and cell spread. After, the cells were maintained in
DMEM/F12 + Glutamax media (Gibco, Life Technologies, Carlsbad, CA, USA)
with 10% heat inactivated FBS (Gibco, Life Technologies, Carlsbad, CA, USA)
and incubated at 37°C at 5% CO2 overnight. The following day, the 3D constructs

were checked under the microscope, and the media was removed.

3.3. Results
3.3.1. GelMa synthesis

On all occasions, after crosslinking the GelMa at different percentages and for
different amounts of time, the GelMa mixture was placed at 37°C to assess its
crosslinking. GelMa went back into solution every time, indicating a lack of
crosslinking by the methacrylate, making the synthesised GelMa unsuitable to
use for tissue culture. This could be due to a lack of derivatisation of the gelatin
with the methacrylate, but this was not able to be investigated with the resources

and expertise available.

3.3.2. GelMa hydrogel manual casting

In order to reduce variability in the gels and assess if the synthesised GelMa was
not crosslinking due to synthesis methodology or due to crosslinking
methodology, commercially available GelMa was also tested. Manual casting of
the GelMa hydrogel using commercially available GelMa mixture only worked for
GelMa exposed to UV light for 10 minutes, suggesting that the crosslinking

methodology was not robust enough. Different 360nm UV light sources were
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tested, and a new Irgacure 2959 reagent was also purchased to investigate the
reason for failed crosslinking however, the results remained the same. All results
of the different parameters tested can be found in Table 6. The lowest stiffness
matrix that crosslinked was 3% commercially available GelMa exposed to 10min

of UV. That was the selected matrix to test with cells.

Table 6 Results for each set of parameters tested using commercially available GelMa.

Percentage UV exposure time Crosslinking check Crosslinking
3% 30sec 1hrat 37°C No
5% 30sec 1hrat 37°C No
10% 30sec 1hrat 37°C No
3% 60sec 1hrat 37°C No
5% 60sec 1hrat 37°C No
10% 60sec 1hr at 37°C No
3% 90sec 1hrat 37°C No
5% 90sec 1hr at 37°C No
10% 90sec 1hrat 37°C No

Partial crosslinking

o, H o

3% Smin Thr at 37°C Meniscus formation

5% 5min Thr at 37°C Partial crosslinking
Meniscus formation

10% 5min 1hr at 37°C Part'lal crossllnklpg
Meniscus formation

3% 10min 1hr at 37°C Yes*

5% 10min 1hr at 37°C Yes

10% 10min 1hrat 37°C Yes

*Parameters used for subsequent experiments
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3.3.2.1. Cell viability & proliferation: Alamar blue

Alamar blue results (Figure 4) showed that after 10 days in culture, ADSCs,
GBCs and NBCs viability decreased significantly (p-value <0.001) compared to
the respective 2D-grown control cells. ADSCs had a viability 2/3 lower than their

2D control counterparts and NBCs being 'z lower than the control cells.
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Figure 4 Alamar blue results at day 10 comparing GelMa grown cells vs. 2D grown cells.

3.3.2.2. Phase Imaging

Phase imaging revealed noteworthy variability in the gel construct appearance
between replicates and between cell lines (Figure 5). Broken pieces of hydrogel
can be observed in many of the 3D constructs (Figure 5). Additionally, cell
numbers appear much lower compared to the 2D controls. When doing media
changes and assessing the cells visually under the microscope, many cells were
observed floating and therefore, are likely lost during media changes.

Furthermore, the integrity of the gel can be seen to deteriorate over time.
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ADSCs 2D

ADSCs GelMa

GBCs GelMa

(m) (n) (0)

NBCs GelMa

Figure 5 Phase imaging at 10x magnification for cells grown in either GelMa or 2D conditions
over time at time points D3.5, D7 and D10. (a-c): ADSCs grown in 2D conditions; (d-f) ADSCs
grown on GelMa; (g-i) GBCs grown in 2D conditions; (j-1) GBCs grown on GelMa; (m-0) NBCs
grown in 2D conditions; (p-r) NBCs grown on GelMa. Scale bar 100um.
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3.3.3. GelMa hydrogel bioprinting

To further reduce GelMa variability and optimise structural gel integrity, GelMa
was tested using the CELLINK bioprinter. In all instances tested, when the 3D
constructs were checked under the microscope 24 hours after bioprinting, the
cells were in suspension in the media, and the GelMa had dissolved, meaning

the GelMa hydrogels were not crosslinked correctly.

Figure 6 schematic summarises the methodology used for all experiments and

outcomes in all instances.
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3.4. Discussion

GelMa was the hydrogel of choice to test with ADSCs due to its reported success
with other cell types [3, 12-16]. Unfortunately, a 3D environment with the
characteristics desired to create a 3D ADSCs neural differentiation model was
not able to be created. Throughout the experiment stages, attempts to reduce
variables as much as possible were made by purchasing commercially available
synthesised GelMa, using different UV lamps, purchasing new reagents, and
using a bioprinter to reduce manual casting gel variability. Nevertheless, the key
issue remained the same: the GelMa crosslinking did not work to the required
standards to encapsulate cells in a low stiffness (1kPa) matrix that mimicked the

brain.

A possible reason for the crosslinking problems could be due to UV light’s tissue
and hydrogel penetration limits [29] however, negative results are not well
documented or communicated in the literature, making it hard to conclude what
the problem in crosslinking has been. Furthermore, the caveats and difficulties
encountered while attempting to make the hydrogel work in a reproducible
manner were more than anticipated. It was found that the reproducibility of a
GelMa protocol was low, likely due to the number of variables influencing the
process of casting GelMa hydrogels, especially when bioprinting GelMa. It was
found that to cast GelMa hydrogels and keep them at the required stiffness, there
are many variables that need to be accounted for that are not always clearly listed
in published protocols: Gelatin bloom will impact gel stiffness, as it is a measure
of gelatin strength and stiffness [24], gelatin’s degrees of substitution with
methacrylate will affect gel stiffness, the photoinitiator type used will affect gel
structure and crosslinking; Irgacure 2959 uses a different UV wavelength
compared to LAP and Irgacure 2959 has been reported to generate GelMa gels
that have larger pore size and faster degradation rate than those crosslinked with
LAP [5]), The photoinitiator amount will impact GelMa stiffness and the gels’
ability to fully crosslink. However too high amounts can cause toxicity for the cells
[25]); GelMa concentration, UV wavelength, UV intensity and UV exposure time

will also impact gel stiffness and crosslinking [30]. GelMa distance from the UV
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source will impact UV intensity which in turn affects crosslinking and stiffness.
Furthermore, we also found that GelMa polymerisation prior to crosslinking, and
the temperature at which the GelMa is polymerised prior to crosslinking will also
affect crosslinking [30]. These are the major variables that need to be accounted
for when creating GelMa hydrogels. Additionally, when manually casting gels,
manual pipetting adds variability from gel to gel.

For GelMa bioprinting, the variables increase. In addition to those listed above,
when bioprinting one needs to also account for bed base plate temperature,
printer head temperature, printing pressure, extrusion time and needle gauge. It
was observed when using the bioprinter that, due to the nature of the machine
and where the UV lamp is located relative to the 24-well plate, the UV exposure
varied between wells; the ones right below the lamp would get higher, more direct
exposure to UV than those in the edges of the plate meaning all variables were
not kept stable for all wells. Additionally, plate height could not be automatically
set to a particular height which meant that one had to manually adjust the
distance each time, adding human error and bringing more variability between

runs.

In conclusion, we were unable to optimize a robust enough protocol to create the
neural model to study the cells' neural development potential. Through this
research, it has become apparent that 3D culturing with GelMa requires
substantial expertise due to the high variability in products. Additionally, the
current methodologies found in the literature differ significantly from one another.
For example, some methodologies using Irgacure 2959 photoinitiator, crosslink
the gels using 365nm UV light exposure for 1minute and 30 seconds [31] while

others use 15minutes of UV light exposure to crosslink the gels [32].

Further advice was sought from the engineering department at the University of
Technology Sydney to improve the quality and reproducibility of the GelMa
casting; however, we were unable to optimise a viable and robust method within
a reasonable timeframe. The testing of different GelMa crosslinking

methodologies using different photoinitiation systems like LAP, Ribofablin,
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carboxylated camphorquinone, Eosin Y [29, 33-35] would have been the next
best option. However, the time and costs involved in acquiring the necessary
reagents and technical expertise (i.e., paid labour from biomaterials experts), as
well as the additional equipment required for precision engineering of GelMa
casts, were excessive. To ensure the timeliness of project progression, we
identified a more user-friendly and streamlined approach to casting hydrogels
using a RASTRUM bioprinter (Inventia, Sydney, Australia) which removed all
variability in the hydrogel casting side and allowed for the focus to be solely on
the biology. Rastrum provided ready-to-go optimised mixtures to create PEG-
based hydrogels at the stiffness required, as well as ongoing support for
troubleshooting at no extra cost. That work will comprise the remaining chapters

of this thesis.
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Abstract: Neurological diseases are among the leading causes of disability and death worldwide
and remain difficult to treat. Tissue engineering offers avenues to test potential treatments; how-
ever, the development of biologically accurate models of brain tissues remains challenging. Given
their neurogenic potential and availability, adipose-derived stem cells (ADSCs) are of interest for
creating neural models. While progress has been made in differentiating ADSCs into neural cells,
their differentiation in 3D environments, which are more representative of the in vivo physiological
conditions of the nervous system, is crucial. This can be achieved by modulating the 3D matrix
composition and stiffness. Human ADSCs were cultured for 14 days in a 1.1 kPa polyethylene
glycol-based 3D hydrogel matrix to assess effects on cell morphology, cell viability, proteome changes
and spontaneous neural differentiation. Results showed that cells continued to proliferate over the
14-day period and presented a different morphology to 2D cultures, with the cells elongating and
aligning with one another. The proteome analysis revealed 439 proteins changed in abundance by
>1.5 fold. Cyclic nucleotide 3'-phosphodiesterase (CNPase) markers were identified using immuno-
cytochemistry and confirmed with proteomics. Findings indicate that ADSCs spontaneously increase
neural marker expression when grown in an environment with similar mechanical properties to the
central nervous system.

Keywords: tissue engineering; bioprinting; polyethylene glycol; PEG; neural differentiation; adipose-
derived stem cells; hydrogels; immunocytochemistry; CNPase; proteomics

1. Introduction

Neurological disorders affect the body’s peripheral and central nervous systems [1]
and are among the leading causes of disability and death worldwide [2]. For most nervous
system disorders, such as spinal cord injury, traumatic brain injury, stroke, multiple sclerosis
and Alzheimer’s disease, cures are unavailable, and treatment remains complex and can
result in morbidity as well as significant social and economic impact [1-3].

Significant effort has been made to further understand and treat these and other
neurological disorders; however, the gold standard in such research involves animal
models, ex vivo samples or 2D cell culture models. Results from such studies typically
translate poorly from animal models to the clinic, which has been attributed to the lack of
accurate in vitro models of the nervous system [4-6].

The human brain is one of the most complex biological systems and, as such, is poorly
replicated in animal models as well as in in vitro systems. Contrary to other simpler
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organs, the cellular organisation and structure of the brain contains a high density of
many cell types with diverse synaptic connections and interactions forming large and
complex neural circuits. It is composed of cells like neurons, oligodendrocytes, glial cells,
astrocytes, and other support cells, as well as an extracellular matrix (ECM). The brain ECM
represents 20-30% of the brain occupying the space between neural cells and mainly formed
of glycosaminoglycans like hyaluronic acid, proteoglycans like neurocan, glycoproteins
like tenascin-R and fibrous proteins like collagen and fibronectin (Figure 1) [4,5,7-10].
The ECM is a physical barrier that assists in diffusion within the brain and has a role in
neural development, including neurite outgrowth, synaptogenesis and plasticity [11-13].
Additionally, the brain is the softest tissue in the body, with an elastic modulus that ranges
from 0.1 kPa to 1.6 kPa [14,15], making it even more challenging to replicate in vitro.
Figure 1 shows a visual representation of the differences between brain structure compared
to the epithelial tissue that lines different organs like lungs.

Epithelial tissue
(b)

Figure 1. Diagrams showing the complex 3D brain structure versus squamous epithelium that might
be modelled by 2D cell culture. (a) Brain structure and composition showing different cell types
including glia, neurons, astrocytes, microglia, oligodendrocytes and other support cells. It also
depicts the ECM and the different components of brain ECM like laminins, proteoglycans, collagen
and hyaluronic acid. (b) Structure and composition of simple epithelial tissue with epithelial cells
and basal membrane. Created with BioRender.com, accessed 23 June 2023.

There are considerable challenges in sourcing healthy human brain tissue or cells for
experimental research due to the physical inaccessibility and high risk of damage, which
makes it difficult to investigate the normal properties and behaviours of these cells in vitro.
Without a complete understanding of the pathophysiology of neurological conditions, it is
challenging to identify and validate potential therapeutic targets [5].

Adipose-derived stem cells (ADSCs) are an ideal candidate to develop disease models,
as well as investigating potential treatment avenues due to their neurogenic potential,
abundance and accessibility [16,17]. Not only are they highly abundant in the human body,
they are also relatively easily accessible through subcutaneous adipose tissue liposuction,
minimizing potential collection complications from more invasive cell collection methods
like bone marrow aspirates [18]. Additionally, significant progress has been made in differ-
entiating ADSCs toward neural cells; however, the most common method of differentiation
is with 2D chemical inductions, which are not always stable [19-26]. Ahmadi et al. [27]
compared the stability of ADSCs neural differentiation between a 2D chemical induction
protocol and a sphere formation protocol. The results showed that while treated ADSCs
from both protocols had large expression of neural-specific markers, and 2D chemical
induction showed a rapid differentiation, it also led to further cell death and the neural-like
state appeared to be reversible. On the other hand, the neurosphere formation protocol
was slower, it had better cell viability and the neural-like state was more stable [27]. Dif-
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ferentiation in 3D matrices that are more representative of the natural physiology of the
nervous system may present benefits and yield higher translation to the clinic.

Tissue engineering offers a potential avenue to create a more accurate/ representative
in vitro model and take into consideration the effects of environmental and mechanical
cues on cell differentiation [28,29].

There is increasing evidence that cells grown in 3D conformations show responses
more comparable to in vivo behaviours while varying considerably both morphologically
and physiologically from cells grown in 2D monolayers. In 3D culture models, cells replicate
the shape and organization found in tissue as cells are allowed to grow in aggregates or
spheroids containing multiple layers [28,30-34]. Additionally, cell exposure to nutrients
and waste is also closer to in vivo conditions, where nutrients and growth factors/drug
treatments are not equally distributed among all cells, which means cells are often more
resistant to drug treatments and have higher rates of resistance to drug-induced apoptosis
providing a more accurate prediction of in vivo drug response [28,33,35-39], Furthermore,
cell proliferation is also more realistic in 3D cultures compared to the unnatural rapid pace
at which cells grow in 2D [34-36,40], while gene expression and protein abundance better
resemble levels observed in in vivo tissues [33,34,40]. Cells also respond more accurately
to the mechanical stimuli of the 3D environment, where cell differentiation can be induced
by the mechanical pressures and composition of the scaffold that mimics the natural
interactions of the cells with the ECM [41-45]. It is known that the ECM plays a critical role
in determining cellular phenotype not only through mechanical cues but also by the direct
interaction of proteins with the cell surface receptors [41—44,46]. For example, human-
derived Mesenchymal Stem Cells (hMSCs) have been shown to differentiate towards a
neural lineage when grown in scaffolds of a stiffness of ~1 kPa [44].

One way to achieve this is by modulating the 3D matrix composition and stiffness
that the cells are grown in to resemble the tissue of origin better. In this study, we looked at
the neuro-differentiation effects of PEG-based hydrogels at 1.1 kPa on ADSCs for 14 days
with the added adhesion motifs such as arginylglycylaspartic acid, the peptide trimer RGD
found in collagen, laminin and fibronectin, which mediates the adhesion of many cells
including neurons [47], and laminin-derived (YIGSR) peptide, which promotes neuronal
cell binding [48].

2. Results
2.1. Cell Proliferation, Viability and Morphology
2.1.1. ADSCs Proliferated in Both 2D and 3D Culture Conditions

Alamar blue viability assay showed that ADSCs remained viable and continued to
proliferate in both 2D and 3D cultures for both the imaging plug (Figure 2a) and the large
plug (Figure 2b), with 3D cultures showing higher proliferation rates in 3D than in 2D
(Figure 2b). The imaging plug and large plug differences are further explained in the
methods Section 4.1, but in brief, the imaging plug is the small version of the 3D construct,
while the large plug is for proteome analysis. The concentration of cells was kept the same;
however, the total number of cells differs depending on the size of the construct.

Live cell imaging analysis demonstrated that the staining control cells, US7MG glioblas-
toma cells (GBCs) and SHY5Y neuroblastoma cells (NBCs), proliferated over the 14-day
period in both 2D (Figure 3a) and 3D (Figure 3b) conditions. There was a modest increase
in ADSC numbers over 14 days in the 2D construct and a significant increase was seen
in the 3D culture conditions, with a greater proliferation observed in the 3D construct at
14 days (Figure 3b,c).

Additionally, when looking at confluence data (Figure 3), an increase in total area
covered by cells can be seen. 3D cells increased in area covered significantly over time
between D1 and D14 in 3D (p < 0.01) while the increase in 2D is not significant (Figure 3c).

83



Int. |. Mol. Sci. 2023, 24, 12139

40f23

Total Area [um?fimage]

Imaging plug Large plug
whokk
| 1
Ak s | . 3D
1
3 e . *onk ns ns I 20
T T
. o n |
E’ 2 ! = 2o ‘ ‘
o
2 1 1
w
0 04
1 T T T T T T T 1 T T T T T T T T
35 35 T 7 105 105 14 14 35 35 7 T 105 105 14 14
Time point (days) Time point (days)
(a) (b)

Figure 2. Fold change in cell activity over time relative to day 3.5 measured using alamar blue assay.
Log2 scale has been used where the initial measurement obtained on day 3.5 equals zero, and the
increase or decrease in measured parameters falls on the respective side of the x-axis. (a) Imaging
plug; (b) large plug. Statistical significance defined as * = p < 0.05, ** = p < 0.01, ** = p < 0.001 and
**** = p < 0.0001, ns: not significant.
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Figure 3. Graph showing the proliferation of cells over time as measured by total cell area for staining
control cells GBC and NBC and for the ADSCs in (a) 2D and (b) 3D cultures (large plug). Error bars
represent standard deviation. Green triangles—NBCs, pink circles—GBCs, and blue circles—ADSCs.
(c) Graph showing the proliferation changes of ADSCs measured as total cell area comparing D1 and
D14 when grown in 2D and 3D cultures (large plug). Statistical significance defined as ** = p < 0.01,
ns: not significant.
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2D

Day 1 Day 7

2.1.2. ADSCs Cell Morphology Changed in 3D Conditions

Cell morphology is an important aspect to consider in cell culture, particularly when
comparing a 2D growth environment to a 3D one. Clear morphological changes can be
seen from Day 1 where ADSCs in 2D cell culture had an irregular fibroblastic-like structure,
appearing as large, flattened cells with obvious centrally located nuclei (Figure 4a—c,g).
In contrast, ADSCs grown in 3D constructs displayed changes in the membrane giving
the cells a narrower appearance. The cells looked more spindly, with elongated profiles
and cytoplasm less spread out, darker in colour, and overall taking up less area in the XY
plane. Clear networks and branching out can also be seen between cells (Figure 4d-f,h).
Additionally, in 2D, as the cells become more confluent, it becomes harder to distinguish
morphologically individual cells, and instead, cells become a homogenous monolayer,
while in 3D, the cells expand but retain their respective individual morphology.

Day 14

2D cells 3D cells

(@) )

Figure 4. (a—f) Representative live cell images at time points D1, D7 and D14. Blue arrows indicate
different cells and show differences between 2D and 3D; orange arrows show artefacts present in
the images. The white blurry artefacts are glares and reflections, and the black round artefacts are
bubbles; (g,h) Graphical representation of cell morphology changes between 2D and 3D cells. These
were manually drawn by tracing the cell shapes on a digital tablet. Scale bar 800 um.
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2.2. Cell Characterisation
2.2.1. Immunocytochemistry

Immunocytochemistry imaging (Figure 5) showed expression of the CNPase marker
only in the 3D-grown ADSCs. All other markers remained negative.
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Figure 5. (a-i) Representative maximum intensity projection confocal microscopy images of immuno-
cytochemistry staining of ADSCs in 3D with respective positive and negative staining controls for
each antibody marker CNPase, NF200 and GFAP. Cells were imaged with a Nikon A1R inverted
microscope using a S Plan Fluor LWD 20x 0.7NA objective. Fluorescence was captured with a
laser at 405 nm excitation and PMT detector (425-475 nm) for DAPI (blue), and 488 nm excita-
tion and GaAsP detector (500-550 nm) for AlexaFluor488-conjugated secondary antibodies (green).
Scale bar = 100 um. Please note that control cells are smaller than ADSCs; (j-1) immunocytochemistry
marker expression for 3D cells. Marker expression was measured from sum intensity projections
of wide-field fluorescence images of the whole 3D plug and is displayed as the fraction of the per-
centage area of FITC (AlexaFluor488-conugated secondary antibody) over the percentage area of
DAPI-labelled nuclei. No statistical significance p > 0.05; statistical significance *, p < 0.05; statistical
significance **, p < 0.01; statistical significance ***, p < 0.001; statistical significance, ns: not significant.
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2.2.2, Proteomics

Proteomic analysis using MaxQuant and LFQ Analyst revealed clear proteome changes
between ADSCs grown in 2D vs. 3D environments.

A total of 2878 proteins were identified, with 218 proteins only present in 2D sam-
ples and absent in 3D samples, and 93 present in 3D samples but absent in 2D samples
(Figure 6a). Additionally, of the total 2878 proteins identified, 2291 proteins changed in
abundance with 439 proteins changed in abundance by >1.5-fold with p-value < 0.05 mean-
ing 15% of all proteins detected significantly changed in abundance by at least 1.5-fold
(Figure 6b).

Supplementary 51 (Table S1) includes all 439 proteins that changed in abundance with
respective log2 fold changes and p-values.

While functional enrichment analysis of all 439 significant proteins using StringDB
revealed quite broad changes, changes in actin, ribosomal and neural-related functions
are notable (Supplementary S2). The heatmap displayed in Figure 7a shows the different
functional enrichments of the proteins detected relating to actin, ribosome and neural
processes and their respective log2 fold change, and Figure 7b shows in more detail the
number of proteins detected involved in each function.

A total of 67 proteins with changed abundance are related to actin; of these 67, 45 are
related to both actin and neural processes, of which 36 proteins increased in abundance,
and 9 decreased in abundance (Supplementary S2).

Supplementary 52 includes a table with all the proteins and functions included in
Figure 7 heatmap and graph (Table S2), the permalink to the StringDB network analysis
results and an additional heatmap of all functional enrichment processes detected using
StringDB with log2 fold change in all proteins (Figure S1).
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Figure 6. (a) Venn diagram showing total number of proteins detected in both 2D and 3D sample
groups as well as the total number of proteins that were detectable in 2D sample group and were notin
the 3D sample group and all proteins that were detectable in 3D sample group that were not detected
in the 2D sample group; (b) Volcano plot showing total number of proteins detected with increase or
decrease in abundance in 3D samples compared to 2D samples. Blue dots represent proteins that
have increased in abundance by >1.5 fold with a p-value of <0.05 in 3D samples compared to 2D
samples; red dots proteins that have decreased in abundance > 1.5 fold with a p-value of <0.05 in 3D
samples compared to 2D samples. Gray are all non-significant detected proteins.
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Figure 7. (a) Heatmap showing all proteins involved in neural, actin and ribosomal processes with
respective fold change. Hierarchical clustering and further division into similarity groups was
conducted. Blue indicates increase in abundance, red decrease in abundance, purple neural functions,
green ribosomal functions and yellow actin functions. (b) Number of proteins identified with roles in
neural functions revealed during functional and network analysis.
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3. Discussion

The aim of this study was to examine ADSCs’ cellular and molecular differences when
grown in 2D or 3D environments where the 3D environment is designed to mimic the
density and elasticity of brain tissue. It was hypothesised that there would be biological
differences at the cellular level in growth patterns and morphology as well as complemen-
tary changes in the analysed proteome. The data confirmed the hypothesis that the 3D
environment did indeed have a significant effect on the ADSCs morphology and protein
abundances when compared to 2D-grown ADSCs.

Cell viability was unchanged between the 2D and the 3D gels, and cells exhibited
increased proliferation as shown by an increase in alamar blue fluorescence and by an
increase in the area covered by cells in the 3D-grown cells (Figures 2 and 3) compared to
the cells in the 2D environment. Furthermore, morphological changes in the cells were
clearly seen in the 3D environment compared to the ones in 2D. In the 3D environment,
cells became spindle-like and aligned with one another, showing elongation, branching out
and a low nuclei-to-cytoplasm ratio, which are key morphological characteristics of neural
cells, implying that these cells are differentiating down a neural lineage by just being in a
3D environment.

Immunocytochemistry analysis showed that ADSCs started to express CNPase, a
well-known oligodendrocyte marker, in the 3D environment. Structural and neural changes
were further confirmed by the proteomics analysis, which showed significant proteome
changes between cells grown in 2D and 3D environments. There were over 2870 proteins
identified and 439 significantly changing in abundance, with the most striking changes
were observed in proteins annotated as being involved in neural, actin and ribosomal
processes.

3.1. ADSCs in 3D Matrices Show Increased Cell Viability and Morphological Changes Indicative of
Neural Differentiation

It has been previously reported that neural precursor cells grown in PEG-based matri-
ces have a higher metabolic activity, lower apoptotic activity and higher cell proliferation
rates [49], as well as enhancing neural stem cell (NSCs) survival, proliferation and differen-
tiation compared to those grown in 2D environments [50]. The alamar blue assay, a widely
used viability and proliferation test, showed that the cells remained viable and continued
to proliferate over the 14-day period in our study, with the cells grown in 3D conditions
having higher proliferation rates than those in 2D conditions (Figure 2). Additionally, cell
area coverage analysis showed an increase in coverage over time, with 3D cells having a
significantly increased cell coverage between day 1 and day 14 (Figure 3), showing that the
cells are thriving in the 3D environment.

It is also widely known that the cell environment plays a key role in many cell functions
and influences proliferation, differentiation, migration and morphology [51]. When cells
are grown in 2D conditions, they are forced flat onto a hard surface where they are only
attached to the XY plane and have no interactions or pressures from the Z plane; therefore,
they do not have anything “on top of them” and are forced to extend their cytoplasm
in order to have more attachment points [52]. On the other hand, when cells are grown
inside a matrix in a 3D conformation, cells start to interact with the matrix in an XYZ
axis, having cues all around them. In 3D conditions, the cells are suspended within the
matrix, where they can move and migrate and interact with other cells, rather than being
forced to attach to a 2D surface that cannot be modified by the cells [52]. Furthermore, the
stiffness of polystyrene or glass surfaces used to grow monolayer cultures is multiple orders
of magnitude greater than any soft tissues found in the human body. This environment
provides atypical stimuli that affect cellular development [53]. This is especially important
in the context of neural development, as brain tissue represents one of the softest tissues in
the body [54].

3D matrices are known to mimic better in vivo conditions, and cells are known to adopt
morphologies more resemblant to those occurring in the body as well as responding to the
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mechanical cues of the matrix [36]. The ADSCs grown in the 3D matrices have also shown
notable morphological changes, with cells going from large, flat, “fried-egg” like shapes
with centrally located nuclei and large cytoplasm-to-nuclei ratio to thin, elongated, spindle-
shaped cells with low cytoplasm-to-nuclei ratio and branching out creating networks
between cells (Figure 4), which are morphological features usually seen in neural cells.
In addition, mechanical cues play an important role in stem cell differentiation. It has
been previously shown that substrate stiffness can direct attachment, survival, growth and
differentiation of MSCs [44]. For example, MSCs can undergo osteogenesis when placed
in stiffer substrates [55-57] and differentiate towards neural lineage when placed in softer
matrices [41,44], with MSCs going towards neuronal lineage in ~1 kPa stiffness matrix and
towards glial lineage when in ~10 kPa matrices [44]. These results suggest that these cells
may be differentiating down a neural lineage by the PEG-based matrices.

3.2. Immunocytochemistry and Proteome Changes of ADSCs in 3D Matrices Are Indicative of
Neural Differentiation

CNPase is a myelin-associated protein that is expressed in pre-oligodendrocytes and
oligodendrocytes and is widely used as a marker for early oligodendrocyte differentiation
and myelin formation [58-60]. Furthermore, CNPase has been previously detected in
ADSCs undergoing chemical differentiation in 2D environments [61]. In the current study,
CNPase was detected in the immunocytochemistry results for the ADSCs grown in 3D only
(Figure 5), and it was found to be slightly increased (0.9 log2 fold change) in the proteome
findings in the 3D-grown cells suggesting that perhaps the cells are starting to differentiate
towards oligodendrocytes or that there may be myelin formation occurring. GFAP and
NF-200 immunocytochemistry did not show increases in the ADSCs grown in 3D. However,
it should be noted that these are both mature structural cell markers, and the ADSCs may
not be at that stage of differentiation yet, given how long neural cells take to differentiate,
with cortical neurogenesis taking around 108 embryonic days to complete [62].

3.3. Structural Proteins Expression Involved in Neural Differentiation

The proteome analysis showed protein abundance changes related to neural, actin
and ribosomal functions. Interestingly, network analysis detected over 250 proteins with
statistically significant changes in abundance relating to the nervous system and nervous
system processes (Figure 7), of which 45 proteins are also involved in actin-related functions
(Supplementary S2 Table S2). Actin is an essential component of cell cytoskeleton; it has an
important role in cell survival, morphology and movement. Actin filaments, in conjunction
with other proteins, provide mechanical support, assist in sensing environmental cues and
tracking the movement of intracellular materials, such as internalised membrane vesicles,
and assist in cell migration and division [63]. More specifically, in the neural context,
microtubules, neurofilaments and F-actin are the main filaments of the neuronal cytoskele-
ton. Actin, in particular, is involved in neuronal outgrowth, morphology and synaptic
function, playing a key role in establishing and maintaining neuronal polarity with many
actin-regulating proteins influencing neuronal morphology and plasticity [64,65]. Neurons’
polarised morphology is instrumental to their ability to process and transfer information
between dendrites and axons. These are long and highly branched structures extending
from the neuronal cell’s body and reaching up to hundreds of microns in length, form-
ing a widespread and complex arbour [64,66,67]. Additionally, the growth cones within
neurons detect and interpret extracellular signals that guide the growth and elongation
of neurons [68]. These findings, supported by the observed neural-like morphological
changes in the ADSCs grown in 3D PEG-based matrices (Figure 4), suggest that the cells
are going through structural and shape changes indicative of neural differentiation.

Of particular interest is CSRP1 protein, also known as CSP1, it was the protein most
increased in abundance detected in the whole dataset. It increased by 7.3 log2 fold change
(Figure 6b) in 3D-grown cells. CSRP1 has diverse roles in cellular development, from
suppressing cell proliferation, protecting cells from stress-induced death, regulating cell
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movement [69,70] and playing a role in actin dynamics by interacting with actin to regulate
actin filament bundling [71,72]. In the nervous system context, CRP1 is the only protein of
the CRP protein family to be found in the CNS [73]. It colocalizes with actin in growth cone
filopodia in neurons playing a role in its formation; increased CRP1 expression has been
found to increase filopodia formation and dendritic growth in neurons, and its absence has
been found to cause the opposite, with the deletion of CSRP1 gene causing inhibition of
filopodia formation and dendritic growth in neurons [73].

Another protein group of interest is the ADF/Cofilin proteins that are well-known
regulators of actin dynamics and are highly expressed in growth cones [74,75]. They
are involved in growth cone motility, axon growth and neurite extension during early
neural development [76-79]. ADF/Cofilin proteins have also been recently recognised
as promising target proteins to regenerate axons in the adult nervous system, given their
critical role in F-actin binding, severing and depolymerising activities during early neuronal
development [80]. Furthermore, cofilin knockdown models resulted in neuron polarity
defects [75] and ADF/Cofilin are known to regulate synaptic function through their effect
on dendritic spines [81]. Interestingly, our results showed that ADF (labelled as DSTN) was
one of our top six proteins increased in abundance in the 3D-grown cells with a log2 fold
change of 4.72. Cofilin (labelled as CFL1) was also found to be increased by 2.02 log2 fold.

Another interesting finding is the high increase in the actin-binding protein Cortactin
(labelled as CTTN). In our dataset, Cortactin was increased by a log?2 fold change of 4.23,
making it one of the top 12 most increased proteins in the dataset. CTTN is an actin-binding
protein that regulates actin cytoskeletal networks and is essential for endocytosis, cell
migration, adhesion, synaptic organisation and cell morphogenesis [82]. It is found in the
dendritic spines [83] and more specifically plays an important role in pre- and postsynaptic
structures and in neuron-specific functions like axon guidance, synaptogenesis and growth
cone formation as well as in functional and structural synaptic plasticity [84-88]. CTTN
loss is also associated with a reduction in dendritic spine numbers [83], and it is enriched
in both axonal and dendritic growth cones of young neurons [89]. Studies have also found
that CTTN is enriched in the central region of all neurite growth cones prior to neurons
developing into axons [90].

Several other actin-binding proteins, which are involved in similar pathways, are also
increased in abundance in this proteomic data, which further supports our findings. CAP2
increased by 3.16 log?2 fold in 3D-grown cells, and it is expressed in growth cones, dendrites
and postsynaptic terminals. It is also involved in dendrite morphology regulation, spine
development and synaptic plasticity in neurons [91-93]. ADDI1, increased by 2.65 log2
fold, is an actin-binding protein of the subcortical neuronal cytoskeleton and plays a role
in axonal diameter maintenance [94] and synaptic plasticity [95]. DBN1, also known as
drebrin, was increased by 1.59 log2 fold in the 3D-grown cells and has a role in neuron
growth and brain development. It is present in the dendritic spines of excitatory synapses,
and it is mainly found during early brain development in the dendritic spines of immature
neurons [96-98].

Lastly, p3-Tubulin (TUBB3) was found to have increased by 1.51 log2 fold in the
3D-treated cells. TUBB3 is a major component of the neuronal cytoskeleton, and it is highly
expressed in microtubule during neural development, playing a critical role in maintenance,
maturation and proper axon guidance, and it has been long used as a neuronal marker
in [99-103].

These proteome changes, together with the observed morphological changes in
Figure 4, suggest that the cells” cytoskeleton is significantly rearranging in response to
its environment, and the cells may be differentiating towards neural cells forming axons
and dendrites.

3.4. Ribosomal Protein Involvement in Neural Differentiation

The proteomics findings also clearly indicate considerable changes in the abundance of
proteins involved in ribosome and translational processes (Figure 7a). Ribosome biogenesis
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and regulation of protein synthesis are known to be of major importance when it comes
to the modulation of cell behaviour [104]. It is well known that stem cells possess the
ability to self-renew and differentiate. However, the self-renewal potential diminishes
once the cells start differentiating towards a more specific lineage. The same applies to
proliferative capacity. The balance between molecular processes responsible for maintaining
pluripotency and directing cell fate rapidly shifts to accommodate these changes [105]. The
most striking decrease in abundance out of all proteins in our dataset can be observed in
the basic transcription factor 3 (referred to as BTF3). It sustained a —6.61 log2 fold change
in proteome of cells grown in 3D environment. BTF3 has been found to be responsible for
maintaining stem-like characteristics, and its lowered presence has been linked to loss of
self-renewal capacity in differentiating stem cells [106,107]. Additionally, several proteins
associated with formation of cytoplasmic ribonucleoprotein granule have been shown to
increase in abundance in the 3D environment. One of them was the far upstream element-
binding protein 2 (here referred to as KHSRP), which increased by 3.09 log2 fold. Itisa
KH-type splicing regulatory protein, responsible for RNA binding and the resulting decay
of mRNAs with AU-rich elements found in the 3’ untranslated region (UTR) [108]. KHRSP
has been shown to be highly expressed in the brain tissue. It plays an important role in
neuronal development by regulating axonal branching and elongation, while its deficits
were linked to impaired neuronal development [109,110].

Proteome analysis also demonstrated decrease in abundance of several proteins that
are known to be components of small and large ribosomal subunits. This indicates that the
ribosome biogenesis levels are not what is expected of fully differentiated cells. The 14-day
incubation period, without neural induction media or supplements, was not sufficient
for the ADSCs to become entirely committed. This was confirmed using the viability
(Figure 2) and proliferation (Figure 3) assessments, where slow increase in the parameters
are still visible at the time of final measurements for both 2D and 3D cells. If the cells
were at a further stage in their differentiation, higher abundance of ribosomal proteins and
higher translational efficiency would be expected [105]. Interaction analysis, performed
using StringDB, revealed strong associations between the ribosomal subunit proteins and
the before-mentioned BTF3 protein. Therefore, the decrease in ribosome biogenesis can
be linked to the reduction in BTF3 synthesis, which subsequently can result in lower
global biogenesis levels. At the same time, some proteins from the group of eukaryotic
translation initiation factors (elFs), such as EIF4H, EIF3E, EIF3F, and EIF3M, have increased
significantly in abundance with log2 fold changes ranging from 1.73 to 3.32 depending
on the factor. Translation is highly coordinated by the assembly of elFs at the 5" end of
mRNAs. The EIF-3 complex has been shown to play a crucial role in regulation of mRNA
translation by controlling various steps of protein synthesis including initiation, elongation
and termination [111]. The function of EIF4H in protein synthesis is executed by enhancing
helicase activity, which facilitates mMRNA recruitment process in the ribosome [112]. Increase
in abundance of proteins responsible for initiating translation shows that even after the
short 14-day incubation time, some alterations in the cellular mechanisms of ADSCs are
present. As much as the exact direction of these changes cannot be established with
certainty, the 3D environment is most definitely making an impact on the cells.

In summary, this study has shown that ADSCs grown in a PEG-based matrix mimick-
ing brain stiffness underwent significant cytoskeletal changes. Cells started to rearrange,
and the formation of dendrites and axons is suspected, given the morphological and pro-
teome changes. Furthermore, early oligodendrocyte marker expression also suggests that
the cells are starting to differentiate towards the oligodendrocyte lineage. It is possible
that the cells are starting to differentiate into multiple populations of cells rather than just
one type of cell, given the multicellular nature of the brain. These findings are promising
and set a precedent to explore this area further. The addition of chemical differentiation
mixtures as well as longer time periods would be the logical next steps.
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4. Materials and Methods
ADSCs from a single donor were isolated and expanded as previously described [113]

with approval from the UTS Human Research Ethics Committee (Ethics number 2013000437).

Written informed consent was acquired for donor lipoaspirate release for research purposes
only. After isolation, and prior to experiments, the cells were maintained in DMEM /F12+
Glutamax media (Gibco, Life Technologies, Carlsbad, CA, USA) with 10% heat inactivated
FBS (Gibco, Life Technologies, Carlsbad, CA, USA) and incubated at 37 °C at 5% CO,. Cells
used for these experiments were between passage ten and twelve.

At passage 10-12, cells were lifted from the tissue culture flasks using TrypLE express
(12604 Gibco, Life Technologies, Roskilde, Denmark) and either re-plated into 96-well plates
(2D) or prepared for bioprinting (3D) following manufacturer’s instructions.

Once the cells were re-plated in 2D or bioprinted, they were maintained in similar
conditions as above with the addition of 1% antibiotics/antimycotics (ABAM, Gibco life
technologies, Carlsbad, CA, USA) to the media; media was changed every 84 h using the
same maintenance media and incubated at 37 °C at 5% CO,.

4.1. 3D Bioprinting of ADSCs in PEG-Based Hydrogels

ADSCs were 3D printed in a PEG-based hydrogel using a RASTRUM bioprinter
(Inventia, Sydney, Australia). The cell plugs were printed into 96-well plates following the
manufacturer’s instructions.

In brief, a large plug and imaging plug were printed at ~1.1 kPa containing RGD and
YIGSR peptides (matrix code PX02.21P). RGD and YIGSR were included in the system
given that the peptide trimer RGD is found in collagen, laminin and fibronectin, which
mediates the adhesion of many cells including neurons [47], and laminin-derived (YIGSR)
peptide is known to promote neuronal cell binding [48].

Cells were seeded at a concentration of 10 million/mL. The imaging plug consisted of
a small volume of hydrogel with embedded cells in the centre of the well measuring 0.5 mm
in height and 2.2 mm in diameter (Figure 8a). The large plug occupied the well completely,
measuring 0.5 mm in height and 5 mm in diameter (Figure 8b). Negative controls were
included as 2D-seeded cells. Cells were lifted from the tissue culture flasks using TrypLE
express (12604 Gibco, Life Technologies, Roskilde, Denmark) and re-plated into 96-well
plates in 2D conditions at 10 million/mL, the same concentration as 3D cells. These were
grown in parallel and treated the same way. The only difference was the 3D construct vs.
2D environment.
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Figure 8. Visual representation and dimensions of the different constructs provided by Rastrum.
(a) Smaller sized plug, referred to as imaging plug used for immunocytochemistry; (b) Larger size
plug, referred to as large plug (used for viability assays, live cell imaging and proteomics). Diagrams
adapted with permission from Inventia Life Science.
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Positive controls for immunocytochemistry were included and printed in parallel to
the ADSCs following the same method. These are further explained in the immunocyto-
chemistry Section 4.4.1.

4.2. Cell Morphology: Incucyte Imaging

Live images of the same Z plane were taken daily using the organoid program in the
Incucyte® S3 Live-Cell Analysis Instrument for 14 days, and morphological changes were
visually assessed.

Cell confluence was assessed as the area covered by cells in each image (um? /image).
This was conducted using the instrument inbuilt analysis software. The parameters used to
assess ADSCs confluence were the following: Radius 200; Sensitivity 70; Edge sensitivity
0; Hole fill (um?) 500; Adjust size (pixels) 0. After the initial analysis was finalised by the
instrument, all images in all time points were manually checked for artifacts that would
not accurately represent the confluence. Common artifacts found in the images were glare
(Figure 4C) and bubbles (Figure 4D), which prevented the camera from taking an accurate
photo of the cell coverage. Further analysis and graphing were performed using the data
exported from the Incucyte® proprietary software version 2022B Rev1. Averages of total
area for wells of each cell type and per time point, with associated standard deviations
for both for 2D and 3D models, were plotted. The dataset was assessed for normality
using Shapiro-Wilk test and statistical significance was subsequently determined using
parametric two-way ANOVA with Tukey’s multiple comparisons. GraphPad PRISM
software version 9.5.0 was used for data visualisation (Figure 4).

4.3. Cell Viability and Proliferation: Alamar Blue

Cell viability assay was performed at four different time points: D3.5, D7, D10.5 and
D14 using an Alamar blue assay. Alamar blue is a non-toxic cell viability assay that detects
metabolically active cells. When Alamar blue is added to cells, if cells are metabolically
active, the main active ingredient resazurin is reduced to resorufin, and the solution
becomes red in colour and highly fluorescent.

Alamar blue (10% in media) was added to the cells and left to incubate for 16 h to
allow enough time to penetrate through the 3D matrices. To keep variables to a minimum,
the same was performed on the 2D cells. Negative control wells were included; these only
contained the alamar blue and media mixture. After the incubation period, the alamar
blue and media mixture was transferred to a different 96-well plate to keep cellular growth
environment as undisturbed as possible from outside factors. The collected alamar blue
media was then measured using the fluorescence bottom-up mode in a Tecan M200 Plate
Reader using 530-560 nm excitation and 590 nm emission wavelengths. The results were
averaged across the 96-wells, and data was normalised to the negative controls. The data
was analysed as fold change ratio values from D3.5 to standardize and allow for comparison.
The dataset was assessed for normality using Shapiro-Wilk test and, due to the assumption
not being met, non-parametric Kruskal-Wallis test was performed to determine significance.
GraphPad PRISM software version 9.5.0 was used for data visualisation (Figure 2).

4.4. Cell Characterization
4.4.1. Immunocytochemistry

Cells from the imaging plug were fixed using 10% formalin for 30 min prior to washing
and storing in PBST + 0.1%w /v sodium azide at 4 °C.

For staining, cells were first placed in PBST (0.01M PBS and 0.1% Triton X-100 (BDH
#30632) at pH 7.4) for 1 h at room temperature. Primary antibodies were diluted in PBG
(0.1IM PBS, pH 7.4, 0.1% Triton-X, 2% NGS, 1% BSA (Sigma-Aldrich, St. Louis, MO, USA,
#A9647)) and were added to the relevant wells and incubated at 4 °C for 3 days. Primary
antibodies were rabbit anti-glial fibrillary acidic protein (GFAP) (1/500, Dako, Glostrup,
Denmark #Z0334) as an astrocyte marker; mouse anti-2',3’ cyclic-nucleotide 3’ phosphodi-
esterase (CNPase), (1/100 Abcam, Cambridge, UK, #ab6319-100) as an oligodendrocyte
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marker; and mouse anti-Neurofilament 200 (1/50, biosensis CM998100) as a mature neuron
marker.

After primary antibody incubation was completed, cells were then washed with
three changes of PBST for 30 min and incubated with goat anti-mouse AF488 (1/200,
Invitrogen, Carlsbad, CA, USA #A11001) or goat anti-rabbit AF488 (1/ 200, Invitrogen,
Carlsbad, CA, USA #A11008) secondary antibodies in PBG for another 3 days at 4 °C.
Following an additional two 20 min washes with PBST, cells were incubated with Hoechst
(1/5000 Invitrogen, Carlsbad, CA, USA) for 30 min to stain the nuclei and finally washed
three times with PBST for another 30 min each and stored in antifade /glycerol at 4 °C until
imaged.

Positive staining control cells at 10 million/mL conc were included in all staining
runs. Glioblastoma U87MG cells were used for GFAP- and CNPase-positive staining
controls. Neuroblastoma SHSY-5Y cells were used for NF200-positive staining controls.
Both US7MG and SHSY-5Y cells were grown in separate plates to the experimental cells;
however, the cells were grown and stained in parallel with the experimental plates for each
antibody and were fixed and stained following the same protocol as the experimental cells.
In both as 2D and 3D environment, US7MG and SHSY-5Y cells were grown in a 96-well
plate with DMEM /F12+Glutamax media (Gibco, Waltham, MA, USA) enriched with 10%
heat-inactivated FBS (Sigma-Aldrich, St. Louis, MO, USA) until confluent.

Brightfield and wide-field fluorescence microscopy was performed using a Nikon Ti
inverted microscope with a 10x 0.3 numerical aperture Plan Fluor objective, NIS Elements
acquisition software (version 5.30.06) with a solid state Lumencor illumination source and
a Nikon DS-Qi2 CMOS camera. Six 1024 x 1024 field of views were captured covering the
area of each imaging plug and stitched using the NIS Elements acquisition software with
default overlap settings. Series of images were captured through the z dimension using a
step size of 5.6 um.

Wide-field fluorescence images were processed using Clarify.ai and Denoise.ai al-
gorithms using the NIS Elements acquisition software. FIJI (FIJT is just Image]) version
1.53t [114] was used for image analysis. Where appropriate, z-stacks were corrected for
axial drift using the Linear Registration with SIFT plugin with an expected translation
transformation. Sum intensity projections for FITC and DAPI channels were thresholded
using the default algorithm to create a binary mask and area fraction was measured. For
immunolabelled images (FITC channel), binary masks were processed using Smooth and
Fill Holes before area fraction was measured. To eliminate non-specific secondary antibody
aggregates from measurements, only particles with a pixel size of larger than 100 pixels?
and a circularity of 0-0.8 were quantified. Marker expression was measured from sum in-
tensity projections of wide-field fluorescence images of the whole 3D plug and is displayed
as the fraction of percentage area of FITC (AlexaFluor488-conugated secondary antibody)
over the percentage area of DAPI-labelled nuclei. One-way ANOVA with multiple compar-
ison was conducted using Bonferroni’s multiple comparison test. No statistical significance
p > 0.05; statistical significance *, p < 0.05; statistical significance **, p < 0.01; statistical
significance ***, p < 0.001; statistical significance ****, p < 0.0001.

Representative images were captured using a Nikon A1R inverted confocal microscope
with a 20x 0.7 numerical aperture LWD S Plan Fluor objective and NIS Elements acquisition
software. DAPI was imaged with an excitation of 405 nm and emission detected with
a PMT detector at 425-475 nm. AF488 was imaged with an excitation of 488 nm and
emission detected with a GaAsP detector at 500-550 nm. To account for differences in
labelling intensity in these qualitative images, each expression marker was imaged using
the following settings: CNPase samples were captured with a 488 nm laser intensity of 4.16,
gain of 44 and offset of —3 and a 405 nm laser intensity of 18.95, gain of 150 and offset of —5;
NF200 samples were captured with a 488 nm laser intensity of 6.71, gain of 44 and offset of
—3 and a 405 nm laser intensity of 13.22, gain of 150 and offset of —2; GFAP samples were
captured with a 488 nm laser intensity of 1.75, gain of 39 and offset of —3, and a 405 nm
laser intensity of 18.95, gain of 150 and offset of —2. Z-stacks were acquired with a step
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size of 3 um. Fluorescence images were processed using the Denoise.ai algorithm using the
NIS Elements acquisition software, and Maximum Intensity Projections were created. In
Figure 5, the displayed dynamic range for FITC for 3D samples is 0-550, whilst for positive
controls the displayed dynamic range for FITC is 0-1000.

4.4.2. Proteomics
Protein Extraction

Cells were released from the 3D large plugs using Rastrum cell retrieval protocol
provided by the company. In brief, media from printed 3D cell models was discarded,
cells were washed with PBS and cell retrieval solution was added to the wells. The wells
were then incubated at 37 °C for 30 min. Cells were then collected by pipetting up and
down in each well and then were transferred to the collection tubes. The wells were then
further washed with PBS and remaining cells were combined in the tubes. Cells were then
centrifuged, and supernatant was removed. The cell pellets were then frozen until ready to
be used for proteomics. Six wells were pooled to make one proteomics sample.

Once ready, samples were defrosted and resuspended in 1% SDC, 5 mM TCEP, 10 mM
TAA, 100 mM HEPES pH 8.5, heated to 95 °C for 5 min and incubated for an hour at room
temperature. After the incubation, 0.1 pg of trypsin was added to 10 ug of sample and
incubated at 37 °C overnight. The peptides were then recovered using SDB-RPS-based
stage tip column method, which is a modified protocol from Rappsilber et al., 2007. The
digested cell were centrifuged at maximum speed for 5 min to digest any insoluble material,
and 10x the volume of digest was the volume of SPE load buffer added (90% acetonitrile,
1% trifluoroacetic acid). The sample was mixed by pipetting up and down and was then
added to the stage tip column that contained one disc of SDB-RPS cut with an 18-gauge
blunt end needle. The liquid was centrifuged through the disc at 5000 rpm until all liquid
moved through. Following this, two washing steps were performed to help wash any
contaminants and salts from the column and bound peptides. Firstly, 100 uL of SPE load
buffer were passed through at 5000 rpm until all liquid moved through followed by second
wash using 100 uL of SPE wash buffer (10% acetonitrile, 0.1% trifluoroacetic acid). After,
the peptides were eluted directly into the injection vials by washing the column with 50 pL
of SPE elution buffer (71 pL of 1M ammonia solution, 800 pL of 100% acetonitrile, 129 pL of
water) and centrifuging at 5000 rpm until all liquid passed through the column into the vials.
The vials containing the peptides were then placed into the vacuum centrifuge (Savant
DNA 120, Speed Vac Concentrator, Thermo Scientific, Carlsbad, CA, USA) to evaporate all
liquid. Once samples were dry, the peptides were resuspended using 25 puL of MS loading
solvent (2% acetonitrile, 0.2% trifluoroacetic Acid) and samples were ready to be analysed
using LC-MS/MS.

LC-MS/MS Analysis

Using an Acquity M-class nanoLC system (Waters, Milford, MA, USA), 5 uL of the
sample was loaded at 15 uL/min for 3 min onto a nanoEase Symmetry C18 trapping column
(180 um x 20 mm) before being washed onto a PicoFrit column (75 pm ID x 350 mm; New
Objective, Woburn, MA, USA) packed with SP-120-1.7-ODS-BIO resin (1.7 pm, Osaka
Soda Co., Tokyo, Japan) heated to 45 °C at 300 nL/min. Peptides were eluted from the
column and into the source of a Q Exactive Plus mass spectrometer (Thermo Scientific,
Carlsbad, CA, USA) using the following program: 5-30% MS buffer B (98% acetonitrile +
0.2% formic acid) over 90 min, 30-80% MS buffer B over 3 min, 80% MS buffer B for 2 min,
80-5% for 3 min. The eluting peptides were ionised at 2400 V. A data-dependant MS/MS
(dd-MS2) experiment was performed, with a survey scan of 350-1500 Da performed at
70,000 resolution for peptides of charge state 2+ or higher with an AGC target of 3 x 10°
and maximum injection time of 50 ms. The top 12 peptides were selected fragmented
in the HCD cell using an isolation window of 1.4 m/z, an AGC target of 1 x 10° and
maximum injection time of 100 ms. Fragments were scanned in the Orbitrap analyser at
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17,500 resolution, and the product ion fragment were masses measured over a mass range
of 120-2000 Da. The mass of the precursor peptide was then excluded for 30 s.

Data Processing and Analysis

The MS/MS data files were searched using MaxQuant (version 2.0.3.0) hosted on the
Galaxy Australia platform against the UniProt Homo sapiens database (downloaded on
23 March 2023) using the following specific parameters settings. Min. peptide length: 7;
Max. peptide mass (Da): 4600; Min. unique peptides: 0; Calculate peak properties: false;
Match between runs: True; Match time window (min): 0.7; Match Ion Mobility Window:
0.05; Alignment time window (min): 20; Alignment ion mobility: 1; Match unidentified
features: False; Include contaminants: True; Decoy mode: Revert; PSM FDR: 0.01; Protein
FDR: 0.01; Min. peptide length for unspecific searches: 8; Max. peptide length for unspecific
searches: 25; Peptides for quantification: Unique + razor; Use only unmodified peptides:
True; Separate LFQ in parameter groups: false; Stabilize large LFQ ratios: True; Require
MS/MS for LFQ comparisons: True; Missed cleavages: 2; Fixed modifications: nothing
selected; Variable modifications: Oxidation (M) Carbamidomethyl (C) Deamination (NQ);
Enzyme: Trypsin/P; Digestion mode: Semi-specific; Quantitation methods: LFQ; LFQ min.
ratio count: 2; LFQ min. number of neighbours: 3; LFQ average number of neighbours: 6;
Normalization type: Classic.

The Protein Groups file from the MaxQuant search was then input in LFQ Analyst
(Dev.) (https://bioinformatics.erc.monash.edu/apps/LFQ-Analyst/, accessed 10 June
2023 [115]) for further analysis. LFQ analyst was set to 0.05 p-value cutoff, 1.5 log2 fold
change cut off with Perseus-type imputation, no normalization and Benjamini-Hochberg
FDR correction.

StringDB analysis was conducted using String V.11 using the following analysis pa-
rameters: Network type: Full string network; Meaning of network edges: evidence; Active
interaction sources: Textmining, experiments, databases, co-expression, neighbourhood,
gene fusion, co-occurrence; Minimum required interaction score: medium confidence
(0.400); Max number of interactors to show: 1st shell—non/query proteins only. 2nd
shell—none; Network display mode: interactive svg; and Network display options: disable
3D bubble design and disable structure previews inside network bubbles.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms241512139 /s1.
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Supplementary 1

Table S1 All proteins detected with significant change in abundance between treatments, including gene
name, protein IDs, p-value and log fold change. Significant p-value < 0.05. The background colors refer to
the change in abundance of each protein in the 3D culture as compared to the 2D culture. Increase in
abundance was marked by blue, while decrease by red. The intensity of the color is proportional to the
magnitude of each change (i.e. the darker the color the larger the fold change). Log2 scale was used.

Gene Name Protein IDs
CSRP1 P21291
TIPRL 075663
GLS.1 094925-3
SCAMP2 015127
ENPP1 P22413
DSTN P60981
CD63 F8VNT9
NEK7 Q8TDX7
PRNP P04156
MCFD2 Q8NI22
CTIN Q14247
FAF2 Q96CS3
PDAP1 Q13442
LIMCH1 QIUPQO
IAH1 H7C5G1
DAB2 P98082-3
AKR7A2 043488
MARCKS P29966
AGFG1 P52594-2
FAS Q59FUS
HMGA1 P17096
ERLIN2 094905
LMO7 Q8WWI1-3
TAX1BP3 014907
SOD1 PO0441
HMOX2 AODA087WT44
PHPT1 QINRX4
BST1 A6NC48
GRPEL1 QIHAV7
corzz2 Q9r299
ALYREF E9PB61
CDH2 C9J126

2D vs 3D Log2 fold change

2D vs 3D p.value

2.04E-10
2.70E-08
1.01E-09
3.40E-08
3.84E-05
0.000125
1.23E-06
8.38E-08
6.89E-06
5.10E-06
8.12E-07
0.000782
1.09E-05
2.20E-07
147E-07
7.33E-07
9.47E-08
8.22E-06
2.09E-08
7.85E-06
8.89E-08
0.000133
2.49E-07
1.94E-06
0.000134
5.84E-06
5.60E-07
0.000386
2.73E-06
4.13E-06

0.00177
2.00E-05
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PIEZO1
NUTF2
COL1A2
EIF4H
SORBS3
CARHSP1
COL1A1
LPXN
ABR
KLC1
SH3GLB1
DFFA
PSMD4
CAP2
EIF3E
OSTF1
GDI1
UFC1
KHSRP
TMEM119
ANXA6
MAP4K4
RABIA
TIMM9
RAPH1
PDHB
ACP2

CALM2
DDXeé
GRAMD3
ATP2B1
TAGLN
UBQLN2
PDLIM2
CERCAM
AKAP12
RAI4
TRIP6
TSNAX

Q92508
P&1970
P08123
ADATI2VAE4
060504-2
QoY2v2
P02452
060711
ADADG2]Q41
G3V3H3
ADADSTWWA40
Q00273
Q5VWC4
P40123
P60228
Q92882
P31150
QoY3C8
MOROC6
Q4VIL6
E5RK69
E7ENQ1
P62820
Q9Y5]7
Cof164
P11177-2
E9PQY3
Q13308-4
PODP25
P26196
Q96HHY-4
P20020-1
Q01995
QOUHD9
B3KPUO
Q5T4B2
Q02952-3
QIPOK7-4
Q15654
Q99598

1.30E-08
1.51E-05
7.96E-05
2.24E-05
5.08E-05

0.00373
5.09E-05
8.69E-06
8.23E-06
9.30E-05
6.71E-07
1.56E-06
2.76E-05
1.77E-06
0.00143
1.68E-05
1.85E-06
0.000964
2.25E-06
3.64E-07
2.27E-06
1.22F-06
6.81E-06
1.53E-05
2 85E-06

0.00117
0.000178
3.47E-07
3.70E-06
0.000504
2.03E-05
413E-05
6.39E-07
431E-05

0.00217
0.000336
4.90E-05
0.000177
2.86E-05
2.89E-05
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VAMP3
AHNAK2
SERPINB1
IFITM3
DYNLT1
PAFAH1B2
LIMA1
HN1
SCUBE3
ATP5H
C2lorf33
ADD1
ZMPSTE24
CLTA
PCBP1
PICALM
CAPNS1
CACYBP
SLC30A1
TPD52L2
BAG2
RPL24
DLG1
GCC1
ITGA2
FUBP3
HERC4
Clorf198
CTBP1
HSPB1
ETFA
STAT3
TOLLIP
SLK

ADA7I2YQS7
P40261
QU7812-5
P17813
Q13501
P28300
Q15836
QS8IVE2
P30740
E9PS44
P63172
P68402
QUUHB6
J3KT51

0.00354
0.000381
0.00221
1.45E-06
0.00264
9.00E-04
0.00274
1.82E-05
0.000122
2.02E-05
0.000569
3.57E-05
1.65E-05
0.000494
0.00155
0.000542
0.000689
2.70E-05
0.0116
0.000208
0.000337
0.000993
0.000467
0.0012
0.000293
0.00142
7.84E-05
0.00102
4.64E-05
0.000677
0.0034
0.00157
0.000138
9.23E-06
6.96E-05
2.72E-05
0.00338
8.69E-05
0.00157
0.00527
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HSPB6
PPP1R14B
PSMD5
SCYL1
SORBS2

HADHA
PTRHD1
STX4

PRRC1
ZNF207
FKBP1A
LNP
CTNND1
DCTD
HSPE1
SPAGY
ACAA1
CMPK1
IGBP1
AP2A1
FTL
PDLIM7
TBC1D2
BANF1
CTPS1
HIBADH
STK38L
DDX42
SLC12A4
RAB5C
SYNPO2
S55CA1
Clorf123
TBCD
AP2M1
GSS
CAPZA2

014558
Q96C90
Q16401-2
E9PS17
094875-11
076094
ADA499FJE1
HOYFD6
Q6GMV3
Q12846
Q13155
Qo6M27
J3QRS9
P62942
QYCOES-2
060716
P32321
P61604
060271-4
P09110
P30085
P78318
Q95782-2
P02792
QONRI12
QIBYX2-3
075531
ADA3B3IRI2
P31937
QUY2H1
QB6XP3
QUUP95
P51148
HOY9Y3
G3V1B8
QONWV4
ADAS04HLF8
ADASBISKWD3
ADA2R8Y430
P47755

0.000245
0.000211
0.000855
0.000139
0.000366
0.00289
0.00231
2.77E-05
0.00957
9.44E-05
0.00208
0.000461
0.00142
7.70E-05
0.00744
0.000223
0.000254
0.000215
0.00078
0.000599
5.52E-05
0.000239
0.00024
7.59E-05
6.25E-05
1.98E-05
0.000285
0.00158
0.00562
0.000483
9.12E-06
0.00167
6.60E-05
0.00291
0.00407
0.00355
0.000931
0.00072
0.0034
1.83E-06
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COPS4
PPP1R9B
RIC8A
UBAP2L
EMC8
PDXDC1
PHLDBI1
UBE2Z
NUDC
MYL9
RPS10
TGM2
API5
YKT6
CAV1
SNX1
CIRBP
COMMD4
HSD17B10
RBM3
TNS1
TTLL12
AK4
APPL2
CCDC22
CUL4B
ARFGAP2
EEF1B2
ZYX
APOOL
cors3
MAVS
SEC24A
GLS
PPMI1F
TBL2
ECHI1
DCTN2
PO5
RAB31

QUBT78
QU6SB3
QINPQ8-4
Q14157-1
MOR1B0
H3BND4
Q86UU1-3
Q9H832
QYY266
P24844
P46783
P21980
QUBZZ5-2
ADA7I2VALG
Q03135
Q1359%-2
Q14011
ADAOB4J287
Q99714
P98179
ADABO4HI61
Q14166
P27144
QSNEUS
060826
ADA7POTI54
Q8N6H7
P24534
Q15942
Q6UXV4
QYUNS2-2
Q77434
095486
094925
P49593-2
E9PF19
Q13011
Q13561
000410
Q13636

221
221
221
2.21

22

22

22

22
219
2.18
2.18
2.18
217
216
2.15
215
2.14
2.14
2.14
214
213
2.12
211
211
2

21
2.09
209
209
208
2.08
2.08
208
207
207
207
206
2.04
204
204

0.000208
0.000252
0.000118
7.86E-05
0.00126
1.10E-05
0.000192
0.00103
0.0154
9.36E-06
0.00175
3.36E-05
0.0125
0.000595
0.00094
0.00243
0.00104
0.00628
0.00243
0.0083
0.000109
0.00127
0.000339
0.000262
3.89E-05
5.03E-05
0.00218
2.67E-05
0.000193
0.000161
0.00041
0.00287
0.00284
6.80E-06
0.000203
0.00245
0.0041
0.0105
2.42E-05
0.00134
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CAPZA1
PURA
CFL1
IMMT.1
YBX3.1
EHD1
EXOC2
B3GALTL
YAP1
MXRA7
TMPO
EXOC1
SH3BGRL3
SNAP23
CYBRD1
SCAMP1
SMS
Cl4orfl66
CACNA2D1
MRPL50
TMEM214
UBXN6
PAWR
Cl12orf75
EIF3F
PPME1
CD81
CUL4A
FXR2
ALCAM
PDCD5
PFDN2
LAMTOR3
ZC3HAV1
CARS
PRPSAP1
STRN
IMMT
M6PR
PRKCDBP

P52907
Q00577
E9PK25
Q16891-4
P16989-2
ADA024R571
QI6KP1
Q6Y288
P46937-5
P84157-2
P42167
QINV70-2
Q9H299
000161
Q53TN4-3
ADADSTWXBO
P52788
Q9Y224
P54289-4
Q8NS5N7
Q6NUQ4
QIBZV1-2
Q96170
F8VQD4
HOYDTé6
QIY570
E9PIK1
Q13619
P51116
Q13740
014737
QIUHV9
QIUHA4L-2
Q77Z2W4
P49589
Q14558
043815-2
Q16891-2
HOYGT2
Q969G5

2.03
203
202
2.01
2.01

1.99
1.99
1.98
1.98
1.95
1.95
185
1.94
1.94
194
1.93
1.93
1.93
193
1.92
191

59

19
1.89
1.88
1.88
1.88
1.87
1.87
1.87
1.86
1.86
1.85
1.85
1.84
1.83
1.83
1.83

2.33E-05
0.0132
0.00278
0.0111
0.00642
4.49E-05
0.000534
0.000237
0.00271
0.0046
9.51E-05
0.000637
9.83E-05
0.00287
0.00369
0.00277
0.0114
7.27E-05
0.00105
0.00123
0.00558
0.00628
0.000362
0.000997
0.00022
0.00147
8.02E-05
0.00215
3.08E-05
0.000546
0.00585
0.00142
0.00626
0.00783
0.000213
0.00261
0.000332
7.60E-05
0.00831
0.000896
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GSK3B
UNC45A
LAMTOR1
WDR44
DBNL
GALKI1
SFXN1
ATP6V1C1
MT-CO2
EEF1D
ERGIC1
CCDC80
EIF3M
PAICS
PEAI15
AAK1
ARSB
SPATS2L
PDIA6
ASAP2
PNN
SEC16A
GYG1
HSPB2
TAGLN2
UQCRC1
BAG3
TUBB4A
COROIC
NPM1
UAP1
NEU1
PLIN3
CKAP5
STXBP1
BSG
CLTB
CNN2
PGM1
ARHGEF10

P49841
ADATW2PNXS
Q6IAA8
Q5JSH3-4
QoUJUG
P51570
QYHI9B4
P21283
PO0403
P29692-2
QUEIX5-2
Q76M96-2
Q7L2H7
P22234
Q15121
ADA096LP25
P15848
B8ZZZ7
Q15084-3
043150
Q9H307
ADASISKPG1
P46976-2
Q16082
P37802
P31930
095817
P04350
Q9ULV4-3
PO6748
Q162223
Q99519
060664
Q14008-2
AODATBOGWEF2
P35613-2
P09497-2
B4DDF4
ADA3B3ITK?
HOYANS

1.82
1.82

18
1.78
177
1.77
1.77
176
176
1.75
1.75
1.74
173
173
173
1.72
1.72
1.72
171

1.7

17

1.7
1.69
1.69
1.69
1.69
1.68
1.68
1.67
1.67
1.67
1.66
1.66
1.65
1.63
1.62
1.62
1.62
1.62
1.61

0.000612
0.0039
0.00102
0.00393
0.000856
0.00291
0.000734
0.000381
9.58E-05
0.000316
0.000905
0.000206
0.00746
0.000102
0.000334
0.000274
0.00134
3.33E-05
0.000393
0.00287
0.00329
0.00186
6.50E-05
0.00704
0.00025
0.00166
0.00106
0.0106
0.00221
0.00415
0.000117
0.00266
0.00336
0.00796
0.00113
0.000908
0.000672
0.000675
0.00317
0.00596
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IFI16
PPM1G
STAT1
UBA1
THY1
TWE2
CCT2
DBN1
EPB41L2
HNRNPM
LAMP2
CSRP2
HDGFRP2
DNAJBI
ENDOD1
S100A10
CCTeA
DDX19A
NDRG1
PPP3CA
SH3KBP1
COL5A2
ARL6IP5
PPPIR18
CMAS
MYL12B
CYorf89
SEMA7A
TUBB3
HIST1H3A
PSPH
ASMTL
CCAR1
CRLF1
HSD17B12
SARIA
PSMB5
UBTF
NAA25
SYNE3

Q16666-3
015355
P42224
P22314-2
E9PIM6
Q6IBSO
P78371
Q16643
043491
ADADS7X0X3
P13473-2
Q16527
Q7Z4V5-2
MOQXKO
094919
P60903
P40227
I3LOHS
Q92597
Q08209-3
Q5JPT2
P05997
075915
ADA0G2JHC2
Q8NFWS
014950
QUELW7-2
075326
Q13509
P68431
C9JBI3
095671-3
Q8IX12-2
075462
Q53GQ0
QUNR31
P28074
E9PKP7
Q14CX7-2
Q6ZMZ3-2

161
1.61
1.61
1.61
1.6
1.6
159
1.59
1.59
1.59
159
1.58
1.58
1.57
1.57
1.57.
1.56
1.56
156
1.56
156
1.54
1.53
153
152
152
1.51
151
1.51
-1.55
-1.55
-1.57
-1.57
-1.57
-1.59
-1.59
-1.63
-1.64
-1.66
-1.66

0.00684
0.0136
0.000129
0.000278
0.00011
0.000602
0.00029
0.00025
0.00107
0.000119
0.00949
0.000413
0.00308
0.000299
0.00077
0.000783
0.00286
0.0013
0.00143
0.015
0.013
0.00646
0.00165
0.00208
0.0118
0.000426
0.00294
0.00074
0.000672
0.0144
0.00195
0.00237
0.00879
0.00251
0.000201
0.000988
0.00166
0.00808
0.011
0.00151
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NDUFA9
RRAGD
Jup
SUN2
FXR1
TUBB8
TPM4
ARPC5L
PRKGI
RPS4X
SERBP1
COG2
UQCRFS1
PSATI
RPL23A
TMEDI10
HIST1H4A
PRMT5
EIF4B
NDUFC2
BLMH
COL6A3
BASP1
FKBP9
NQOI1
RPS5
SRSF3
PTGES3L-AARSD1
PWP1
RECQL
TMED4
DCPS
FKBP7
LMNB1
Tr1
CDH13
CCDC47
SNX18
SCPEP1
YWHAE

Q16795
QUNQL2-2
P14923
BOQY64
E7EUS5
Q3ZCM7
P67936
QIBPX5
Q13976
P62701
QBNC51
B7Z2Y2
P47985
QoY617
P62750
P49755
P62805
014744-2
E7EX17
095298-2
Q13867
P12111-2
P80723
095302
P15559-2
MOROFO
P84103
C9J5N1
Q13610
P46063
Q7Z7H5-3
Q96C86
QYY680-3
P20700
ADAOG2INH2
P55290
QU6A33
QY6RF0-2
QOHB40
P62258

-1.67
-1.69
-1.71
~1.71
-1.72
1.72
-1.73
-1.76
-1.76
-1.76
=1.77
-1.7%9
~1.79

-1.8

-1.8

-1.8
-1.81
-1.81
-1.84
-1.85
-1.86
-1.86
-1.87
-1.87
-1.89
-1.89
-1.89
-1.92
-1.92
-1.92
-1.93
-1.94
-1.94
-1.94
-1.96
-1.99
-2.02
-2.02
-2.03
-2.03

0.00323
0.00311
0.00756
0.000302
0.000139
0.00576
0.000104
0.0146
0.00216
0.0123
0.009
0.00576
0.00218
0.000223
0.00177
0.000361
0.000599
0.00406
0.000388
0.00288
0.000498
0.000102
0.00297
0.00153
0.000525
0.00413
0.00113
4.92E-05
0.0033
0.00262
0.000142
0.00128
0.00123
9.98E-05
0.00135
0.000522
0.00808
0.000751
6.86E-05
0.00024
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SF1
DHX29
RASA4B
RSLID1
BZW1

PSMA7
RPL15

EIF1AX
SLC16A3
LRRFIP2
SZRD1
ACSL3
ENAH
SNRPD1
UBE2K
CRYZ
RANBP1
IDE
MAGOHB
MAN2A1
PRKAGI1
HISTIHIE
ILVBL
RPS11
FAU
COL15A1
HTRA1
MTX1
PSMB6
HSDL2
MGST3

QUBXP5-5
ADA7POTIU7
Q77478
FEW6LO
13QsV6
CI1Z80
P0O7711-3
014818
ADA2RS8YEM3
Q8WVY7
P47813
J13QQv2
QY6084
Q774222
ADA7POTA76
QBNE8S7-3
J3QLI9
P61086
Q08257
P43487-2
ADA7I2V3E3
F5H6N1
Q16706
P54619-3
P10412
ATLOTO
P62280
E9PR30
ADADS7XOKO
Q92743
Q13505-3
P28072
Q6YN16-2
014880
Q5TD07
ADA2C9F2P4
ADA2RSY5S7
P62753
P43308
HOYNS1

0.0051
0.00103
0.000199
0.00161
0.000383
0.00918
8.41E-05
0.000164
0.00263
0.000385
5.91E-06
5.39E-05
0.00242
5.74E-05
0.00529
0.00426
0.00488
0.00305
0.00464
0.000726
6.96E-05
0.0104
0.000289
0.00763
2.28E-05
0.00474
0.00247
0.000207
0.00404
0.0109
6.25E-06
2.09E-05
6.62E-05
0.0146
0.00577
0.000345
7.07E-05
2.51E-05
0.00891
6.06E-05
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RPA1
UBE21
AKRI1C2
RPL35
NIPSNAP3A
LGMN
NACA
MTHED2
PSMA2
LUM
EWSR1
NOP56
PEX11B
CD151
SEC61A1
GAP43
SRP68
PSMA3
GSTM3
DDX21
SELM
RPL13a
H2AFV
ALDH3A2
RBBP7
ACAT2
COMP
TMSB10
SDCBP
RPL26
RPS15
XXYLT1
B2M
ATP5D
PPIC
CD276
RPLP1
ARF5
MAPILC3B
HIST2H3PS2

P27694
H3BQQY
P52895
P42766
Q9UFNO
Q99538-3
F8WOW4
ADA7I2V2U6
ADAD24RA52
P51884
BOQYKO
Q00567
Q96011
K4DIA7
B4DR61
P17677
QYUHBY-4
P25788-2
P21266
ADASISKNP3
Q8WWX9
Q8Jo15
Q71UI9
P51648-2
E9PC52
Q9BWD1
G3XAP6
P63313
Q00560-3
P61254
K7ELC2
ADA140T9DO0
P61769
P30049
P45877
ADAOC4DGHO
P05386
P84085
H3BTL1
Q5TEC6

7.03E-05
0.0115
3.39E-05
6.63E-05
1.20E-05
0.000155
0.000127
0.00146
0.0101
0.00128
0.000228
7.79E-06
2.05E-06
0.000345
9.06E-07
6.30E-06
8.62E-05
3.11E-05
0.00448
6.13E-06
0.000812
5.71E-05
0.00389
1.02E-05
1.11E-05
2.43E-05
0.00399
0.000222
0.000492
1.58E-06
2.00E-05
0.00101
4.93E-06
2.16E-06
1.54E-05
1.31E-06
0.000912
4.50E-07
7.26E-08
0.00262
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RBBP4
EIF6
KRT6B
RSU1
UBE2D3
TMSB4X
BTF3

Q09028-4
P56537
CON_P04259
Q15404
P61077-2
P62328
P20290-2

2.51E-07
0.000345

0.00328
5.52E-08
3.52E-07
2.63E-08
6.64E-08
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Supplementary S2

Table S2. All proteins involved in processes and functions of actin, ribosomal and neural. including fold change.
With blue representing an increase in abundance in 3D compared to 2D and red representing a decrease in
abundance in 3D compared to 2D.

Protein

Log2 Fold
change

Functions

Involvement

DAB2
TAXIBP3

BST1
LPXN
TAGLN

PDLIM2

TRIP6

STK38L

SYNPO2

ZYX

CAPZA1

3.79
3.57

3.52
3.26
2.96

2.91

285

229

227

213

2.09

2.03

Actin cytoskeleton

Actin cytoskeleton, Actin cytoskeleton

Regulation of actin filament-based process, Regulation of actin
cytoskeleton organization

Actin cytoskeleton, Actin cytoskeleton

Actin binding, Actin filament binding, Actin-binding

Actin cytoskeleton organization, Actin filament-based process,
Actin binding, Actin cytoskeleton, Actin filament bundle, Mixed,
incl. actin filament organization, and filamentous actin

Actin cytoskeleton, Actin filament bundle, Actin cytoskeleton,
Actin filament bundle

Actin binding, Actin cytoskeleton, Actin cytoskeleton, Actin-
binding

Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Actin binding, Actin cytoskeleton, Actin filament
bundle, Actin cytoskeleton, Actin filament bundle, Actin-binding

Actin binding, Mixed, incl. actin filament organization, and
filamentous actin, Mixed, incl. regulation of actin polymerization
or depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization, Actin-binding

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Actin cytoskeleton, Actin filament
bundle, Mixed, incl. actin filament organization, and filamentous
actin, Mixed, incl. regulation of actin polymerization or
depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization, Actin cytoskeleton, Actin filament bundle

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Regulation of actin filament depolymerization,
Regulation of actin polymerization or depolymerization, Barbed-
end actin filament capping, Negative regulation of actin filament
depolymerization, Negative regulation of actin filament
polymerization, Regulation of actin filament polymerization, Actin
binding, Actin filament binding, Actin cytoskeleton, F-actin
capping protein complex, Actin cytoskeleton, F-actin capping
protein complex, Actin-binding

actin

actin

actin
actin
actin

actin

actin

actin

actin

actin

actin

actin
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PAWR
PRKCDBP

TAGLN2

CNN2
CSRP2
PPPIR18
SYNE3
JuP
PRKG1

CSRP1

DSTN

CTIN

1.91
1.83

1.62
1.58
1.53
-1.66
=171
-1.76

4.72

423

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Actin binding, Actin cytoskeleton,
Actin cytoskeleton

Actin cytoskeleton organization, Actin filament-based process
Mixed, incl. actin filament organization, and filamentous actin,
Mixed, incl.  regulation of actin polymerization or
depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Actin binding, Actin
cytoskeleton, Actin filament bundle, Actin cytoskeleton, Actin
filament bundle, Actin-binding

Actin cytoskeleton organization, Actin filament-based process
Actin binding, Actin-binding

Actin binding, Actin filament binding

Regulation of actin filament-based process, Actin cytoskeleton
Actin cytoskeleton organization, Actin filament-based process
Actin cytoskeleton organization, Actin filament-based process,
Nervous system, Central nervous system, Brain, Forebrain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin filament
depolymerization, Regulation of actin polymerization or
depolymerization, Actin filament depolymerization, Actin
polymerization or depolymerization, Actin binding, Actin filament
binding, Actin cytoskeleton, Cortical actin cytoskeleton, Mixed,
incl. actin filament organization, and filamentous actin, Mixed,
incl. regulation of actin polymerization or depolymerization, and
Calponin homology (CH) domain, RHO GTPases Activate WASPs
and WAVEs, and actin filament organization, Actin-binding,
Nervous system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin polymerization
or depolymerization, Actin polymerization or depolymerization,
Regulation of actin filament polymerization, Actin binding, Actin
filament binding, Actin cytoskeleton, Cortical actin cytoskeleton,
Actin cytoskeleton, Positive regulation of axon extension, Neuron
projection, Somatodendritic compartment, Dendrite, Postsynapse
organization, Synapse, Postsynaptic density, Postsynapse

actin

actin

actin

actin
actin
actin
actin
actin

actin

actin, neural

actin, neural

actin, neural
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LIMCH1

MARCKS

PHPTI

SORBS3

ABR

CAP2

ANXA6

PTK?7
RAT14

4.09

3.74

3.53

3.3

3.23

3.16

3.08

3.03
2.87

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Actin binding, Actin cytoskeleton, Actin filament
bundle, Actin cytoskeleton, Actin filament bundle, Nervous
system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Actin binding, Actin filament binding,
Actin cytoskeleton, Actin filament bundle, Actin cytoskeleton,
Actin-binding, Nervous system, Central nervous system, Brain

Regulation of actin filament-based process, Regulation of actin
cytoskeleton organization, Nervous system, Central nervous
system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Nervous system

Actin cytoskeleton organization, Actin filament-based process,
Axon, Neuron projection, Somatodendritic compartment,
Dendrite, ~ Synapse, Postsynaptic  density, Postsynapse,
Glutamatergic synapse, Nervous system, Central nervous system,
Brain, Forebrain, Cerebral cortex

Actin cytoskeleton organization, Actin filament-based process,
Actin  filament  organization, Actin  polymerization or
depolymerization, Actin binding, Actin cytoskeleton, Cortical actin
cytoskeleton, Mixed, incl. actin filament organization, and
filamentous actin, Mixed, incl. regulation of actin polymerization
or depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization, Axon guidance, Synapse, Postsynaptic density,
Postsynapse, Nervous system development, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex,
Amygdala, Basal ganglion, Ganglion

Actin binding, Actin filament binding, Nervous system, Central
nervous system, Brain, Forebrain, Cerebral cortex, Amygdala, Basal
ganglion, Ganglion

Actin cytoskeleton organization, Actin filament-based process,
Wnt signaling pathway, planar cell polarity pathway

Actin binding, Nervous system, Central nervous system, Brain

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural
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LIMA1

ADD1

DLG1

SORBS2

PDLIM7

2.7

2,65

2.56

2.31

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin filament
depolymerization, Regulation of actin polymerization or
depolymerization, Negative regulation of actin filament
depolymerization, Actin binding, Actin filament binding, Actin
cytoskeleton, Actin filament bundle, Actin cytoskeleton, Actin
filament bundle, Actin-binding, Nervous system, Central nervous
system, Brain, Forebrain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin filament
depolymerization, Regulation of actin polymerization or
depolymerization, Barbed-end actin filament capping, Negative
regulation of actin filament depolymerization, Negative regulation
of actin filament polymerization, Regulation of actin filament
polymerization, Actin binding, Actin filament binding, Actin
cytoskeleton, F-actin capping protein complex, Actin cytoskeleton,
F-actin capping protein complex, Actin-binding, Synapse,
Postsynaptic density, Postsynapse, Nervous system, Central
nervous system, Brain, Forebrain, Cerebral cortex

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin polymerization
or depolymerization, Regulation of actin filament polymerization,
Axon, Axon guidance, Neuron projection, Postsynapse
organization, Synapse, Postsynaptic density, Postsynapse,
Glutamatergic synapse, Nervous system development, Nervous
system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin  filament  organization, Actin  cytoskeleton,  Actin
cytoskeleton, Nervous system, Central nervous system, Brain,
Forebrain

Actin cytoskeleton organization, Actin filament-based process,
Actin binding, Actin cytoskeleton, Actin filament bundle, Mixed,
incl. actin filament organization, and filamentous actin, Actin
cytoskeleton, Axon guidance, Nervous system development,
Nervous system, Central nervous system, Brain

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural
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CAPZA2

PPP1R9B

MYL9

CAV1

PPMI1F

DCTN2

CFL1

CACNA2D1

221

221

218

2:15

2.07

2.04

2.02

1.93

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Regulation of actin filament depolymerization,
Regulation of actin polymerization or depolymerization, Barbed-
end actin filament capping, Negative regulation of actin filament
depolymerization, Negative regulation of actin filament
polymerization, Regulation of actin filament polymerization, Actin
binding, Actin filament binding, Actin cytoskeleton, F-actin
capping protein complex, Actin cytoskeleton, F-actin capping
protein complex, Actin-binding, Nervous system, Central nervous
system, Brain, Forebrain, Cerebral cortex, Amygdala, Basal
ganglion, Ganglion

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Actin filament depolymerization,
Actin polymerization or depolymerization, Actin binding, Actin
filament binding, Actin cytoskeleton, Cortical actin cytoskeleton,
Actin-binding, Filopodium, Filopodium, Growth cone, Axon,
Distal axon, Neuron projection, Neuronal cell body,
Somatodendritic compartment, Dendritic spine neck, Dendrite,
Synapse, Postsynaptic density, Postsynapse, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex,
Amygdala, Basal ganglion, Ganglion

Actin cytoskeleton, Actin filament bundle, Actin cytoskeleton,
Axon guidance, Nervous system development

Regulation of actin filament-based process, Nervous system,
Central nervous system, Brain

Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Nervous system, Central nervous system, Brain
Actin cytoskeleton, Actin cytoskeleton, Growth cone, Axon, Distal
axon, Neuron projection, Nervous system, Central nervous system,
Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin filament
depolymerization, Regulation of actin polymerization or
depolymerization, Actin filament depolymerization, Actin
polymerization or depolymerization, Actin binding, Actin filament
binding, Actin cytoskeleton, Cortical actin cytoskeleton, Mixed,
incl. actin filament organization, and filamentous actin, Mixed,
incl. regulation of actin polymerization or depolymerization, and
Calponin homology (CH) domain, Actin cytoskeleton, Actin
filament bundle, Actin-binding, Axon guidance, Nervous system
development, Nervous system, Central nervous system, Brain,
Brain cell line

Actin filament-based process, Nervous system, Central nervous
system, Brain

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural
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DBNL

BAG3

COROIC

ARHGEF10

TWEF2

1.68

1.67

1.61

1.6

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization,  Regulation of actin  polymerization  or
depolymerization, Regulation of actin filament polymerization,
Actin binding, Actin filament binding, Actin cytoskeleton, Cortical
actin cytoskeleton, Actin cytoskeleton, Actin-binding, Positive
regulation of axon extension, Neuron projection, Neuronal cell
body, Somatodendritic compartment, Dendrite, Postsynapse
organization, Synapse, Postsynaptic density, Postsynapse, Nervous
system, Central nervous system, Brain

Actin cytoskeleton, Actin filament bundle, Neuron projection,
Nervous system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Actin binding, Actin filament binding,
Actin cytoskeleton, Mixed, incl. actin filament organization, and
filamentous actin, Mixed, incl. regulation of actin polymerization
or depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization, Actin cytoskeleton, Actin-binding, Synapse, Nervous
system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Regulation of actin
filament  organization, Regulation of actin cytoskeleton
organization, Nervous system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin filament
depolymerization, Regulation of actin polymerization or
depolymerization, Barbed-end actin filament capping, Actin
filament depolymerization, Negative regulation of actin filament
depolymerization, Negative regulation of actin filament
polymerization, Actin polymerization or depolymerization,
Regulation of actin filament polymerization, Actin binding, Actin
filament binding, Actin cytoskeleton, Mixed, incl. actin filament
organization, and filamentous actin, Mixed, incl. regulation of
actin  polymerization or depolymerization, and Calponin
homology (CH) domain, RHO GTPases Activate WASPs and
WAVESs, and actin filament organization, Actin-binding,
Filopodium, Growth cone, Positive regulation of axon extension,
Axon, Distal axon, Neuron projection

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural
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DBN1

EPB41L2

ENDOD1

S100A10

SH3KBP1

MYL12B

SUN2

TPM4

1.59

1.59

157

1.57

-1.73

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytnskeleion organization, Regulaiion of actin polymerization
or depolymerization, Regulation of actin filament polymerization,
Actin binding, Actin filament binding, Actin cytoskeleton, Cortical
actin cytoskeleton, Mixed, incl. actin filament organization, and
filamentous actin, Actin cytoskeleton, Actin-binding, Growth cone,
Positive regulation of axon extension, Axon, Distal axon, Neuron
projection, Somatodendritic compartment, Dendrite, Postsynapse
organization, Synapse, Postsynaptic density, Postsynapse,
Glutamatergic synapse, Nervous system, Central nervous system,
Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin binding, Actin cytoskeleton, Cortical actin cytoskeleton,
Actin cytoskeleton, Actin-binding, Nervous system, Central
nervous system, Brain

Mixed, incl. actin filament organization, and filamentous actin,
Mixed, incl. regulation of actin polymerization or
depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization, Nervous system, Central nervous system, Brain

Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Nervous system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Axon guidance, Neuron projection,
Synapse, Nervous system development

Actin cytoskeleton, Actin filament bundle, Actin cytoskeleton,
Axon guidance, Nervous system development, Nervous system,
Central nervous system, Brain

Actin filament-based process, Nervous system, Central nervous
system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Actin binding, Actin filament binding,
Actin cytoskeleton, Actin filament bundle, Actin cytoskeleton,
Actin filament bundle, Actin-binding, Nervous system, Central
nervous system, Brain

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural
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ARPC5L

TIP1

ENAH

RDX

TMSB10

SDCBP

-1.76

-2.27

-3.59

-3.61

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin polymerization
or depolymerization, Regulation of actin filament polymerization,
Actin binding, Actin filament binding, Actin cytoskeleton, Mixed,
incl. actin filament organization, and filamentous actin, Mixed,
incl. regulation of actin polymerization or depolymerization, and
Calponin homology (CH) domain, RHO GTPases Activate WASPs
and WAVESs, and actin filament organization, Actin cytoskeleton,
Actin-binding, Synapse, Glutamatergic synapse

Actin cytoskeleton organization, Actin filament-based process,
Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Actin cytoskeleton, Actin cytoskeleton, Nervous
system, Central nervous system, Brain

Actin cytoskeleton organization, Actin filament-based process,
Actin  filament  organization, Actin  polymerization or
depolymerization, Actin binding, Mixed, incl. actin filament
organization, and filamentous actin, Mixed, incl. regulation of
actin  polymerization or depolymerization, and Calponin
homology (CH) domain, RHO GTPases Activate WASPs and
WAVESs, and actin filament organization, Actin-binding,
Filopodium, Axon guidance, Synapse, Nervous system
development

Regulation of actin filament-based process, Regulation of actin
filament organization, Regulation of actin cytoskeleton
organization, Regulation of actin filament depolymerization,
Regulation of actin polymerization or depolymerization, Barbed-
end actin filament capping, Negative regulation of actin filament
depolymerization, Negative regulation of actin filament
polymerization, Regulation of actin filament polymerization, Actin
binding, Actin cytoskeleton, Cortical actin cytoskeleton, Actin
cytoskeleton, Actin-binding, Filopodium, Filopodium, Axon
guidance, Neuron projection, Nervous system development,
Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin polymerization
or depolymerization, Negative regulation of actin filament
polymerization, Regulation of actin filament polymerization, Actin
binding, Actin-binding, Nervous system, Central nervous system,
Brain

Actin cytoskeleton organization, Actin filament-based process,
Axon guidance, Synapse, Nervous system development, Nervous
system, Central nervous system, Brain

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural

actin, neural
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TMSB4X
CD63

PRNP
MCFD2
FAF2
AKR7A2
AGFG1
HMGA1
LMO7

50D1
GRPEL1

CDH2
COL1A1
SH3GLB1

PSMD4

Gbn
MAP4K4
RABIA
RAPH1

PDHB
ACP2

CALM2

47

433
417
ST
371
3.69
359

3.56
3.51

341
3.28
3.2

3.18

3.13
3.08
3.08
3.05

3.04
3.03

3.01

Actin cytoskeleton organization, Actin filament-based process,
Actin filament organization, Regulation of actin filament-based
process, Regulation of actin filament organization, Regulation of
actin cytoskeleton organization, Regulation of actin polymerization
or depolymerization, Negative regulation of actin filament
polymerization, Regulation of actin filament polymerization, Actin
binding, Mixed, incl. actin filament organization, and filamentous
actin, Mixed, incl. regulation of actin polymerization or
depolymerization, and Calponin homology (CH) domain, RHO
GTPases Activate WASPs and WAVEs, and actin filament
organization, Actin-binding, Nervous system, Central nervous
system, Brain

Nervous system, Central nervous system, Brain

Axon, Distal axon, Axon guidance, Neuron projection,
Somatodendritic compartment, Dendrite, Postsynapse
organization, Synapse, Postsynaptic density, Postsynapse, Nervous
system development, Nervous system, Central nervous system,
Brain, Forebrain, Cerebral cortex

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Neuronal cell body, Somatodendritic compartment

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon, Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Nervous system, Central nervous system,
Brain, Brain cell line, Forebrain, Cerebral cortex

Nervous system, Central nervous system, Brain

Neuron projection, Postsynapse organization, Synapse,
Postsynaptic density, Postsynapse, Nervous system, Central
nervous system, Brain

Nervous system, Central nervous system, Brain, Brain cell line
Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development, Nervous system,
Central nervous system, Brain, Wnt signaling pathway, planar cell
polarity pathway

Positive regulation of axon extension, Axon, Neuron projection,
Neuronal cell body, Somatodendritic compartment, Nervous
system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Filopodium, Filopodium

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex

Nervous system, Central nervous system, Brain, Forebrain
Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion

actin, neural
neural

neural
neural
neural
neural
neural
neural

neural

neural

neural

neural
neural
neural

neural

neural
neural
neural
neural

neural
neural

neural
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GRAMD3

ATP2B1

UBQLN2
CERCAM

AKAP12

TSNAX
PRKRA
ENG

VAMP3

AHNAK2
IFITM3

DYNLT1
PAFAH1B2
HN1
ATP5H
ZMPSTE24

CLTA

PICALM
CACYBP
SLC30A1
TPD52L2

BAG2
GCC1

ITGA2
HERC4

CTBP1

HSPB1
ETFA

298

2.96

203
2.89

2.88

2.85
2.81
27

278

2107
272

2.71
271
2.69
2.67
2.65

2.64

2.64
26
26
26

2.58
2.56

2.55
2,53

25

2.5
247

Nervous system, Central nervous system, Brain

Neuron projection, Neuronal cell body, Somatodendritic
compartment, Synapse, Glutamatergic synapse, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex
Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Amygdala, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain, Brain cell line
Neuronal cell body, Somatodendritic compartment, Synapse,
Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Neuron projection, Synapse, Nervous system, Central nervous
system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex

Nervous system, Central nervous system, Brain

Growth cone, Axon, Distal axon, Neuron projection, Neuronal cell
body, Somatodendritic compartment, Nervous system, Central
nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon guidance, Synapse, Postsynapse, Presynaptic endocytic zone
membrane, Postsynaptic endocytic zone cytoplasmic component,
Nervous system development, Nervous system, Central nervous
system, Brain, Forebrain, Cerebral cortex

Neuronal cell body, Somatodendritic compartment, Synapse,
Postsynapse, Presynaptic endocytic zone membrane, Nervous
system, Central nervous system, Brain

Neuron projection, Nervous system, Central nervous system, Brain
Synapse, Postsynaptic density, Postsynapse

Nervous system, Central nervous system, Brain

Axon, Neuron projection, Somatodendritic compartment,
Dendrite, Nervous system

Nervous system, Central nervous system

Axon, Distal axon, Axon guidance, Neuron projection, Synapse,
Nervous system development

Nervous system, Central nervous system, Brain

Synapse, Glutamatergic synapse, Nervous system, Central nervous
system, Brain

Axon, Neuron projection, Nervous system, Central nervous
system, Brain

Brain cell line

neural

neural

neural

neural

neural

neural
neural
neural

neural

neural

neural

neural
neural
neural
neural

neural

neural

neural
neural
neural

neural

neural

neural

neural

neural

neural

neural
neural
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STAT3
TOLLIP

PSMD5
SCYL1
BOLA2

HADHA

STX4
PRRC1
ZNF207
FKBP1A
KIAA1715

CTNND1
HSPE1
SPAGY
CMPKI1

AP2A1
FTL
BANF1
SLC12A4
RAB5C
Clorf123
TBCD

AP2M1

GSS
cors4
RICSA
PDXDC1
PHLDB1
UBE2Z
NUDC
TGM2

YKT6
AK4
ARFGAP2

244
244

242
242
24

24

24
2.39
237
235
234

233
2.33
233
232

231
231

23
2.28
227
i
2.24

2.23

223
221
221
22
22
2.2
219
218

2.16
211
2.09

Synapse, Postsynaptic density, Postsynapse, Glutamatergic
synapse, Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development, Wnt signaling
pathway, planar cell polarity pathway

Nervous system, Central nervous system, Brain, Forebrain
Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex

Neuron projection, Somatodendritic compartment, Dendrite,
Synapse, Postsynapse, Glutamatergic synapse

Nervous system, Central nervous system

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Growth cone, Axon, Distal axon, Neuron projection,
Somatodendritic compartment, Dendrite, Synapse, Postsynaptic
density, Postsynapse, Glutamatergic synapse, Nervous system,
Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain
Filopodium, Axon guidance, Nervous system development, Wnt
signaling pathway, planar cell polarity pathway

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Synapse, Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development, Nervous system,
Central nervous system, Brain, Wnt signaling pathway, planar cell
polarity pathway

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion

Synapse, Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Nervous system

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

neural

neural

neural
neural

neural

neural

neural
neural
neural
neural

neural

neural
neural
neural

neural

neural
neural
neural
neural
neural
neural

neural

neural

neural
neural
neural
neural
neural
neural
neural
neural

neural
neural

neural
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EEF1B2

CcOoPs3
MAVS
SEC24A
GLS
ECHI1
IPO5
RAB31

PURA
EHD1
EXOC2

YAPI
TMPO
SNAP23
CYBRD1
SCAMP1
Cl4orfl66

TMEM214

PPMEI
CD81

ALCAM
CARS
PRPSAP1

STRN
IMMT
M6PR

GSK3B
UNC45A
WDR44
GALK1
ATP6V1C1
EEFID
ERGIC1
CCDC80

2.09

2.08
2.08
2.08
2.07
2.06
2.04
2.04

2.03

1.99
1.98
1.95
1.94
1.94
1.93

1.89
1.88

1.87
1.85
1.85

1.84
1.83
1.83

1.82
1.82
1.78
1.77
176
175
175
1.74

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Synapse, Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Synapse, Postsynapse, Glutamatergic
synapse

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system development, Nervous system, Central nervous
system, Brain, Forebrain

Nervous system, Central nervous system, Brain

Neuron projection, Synapse

Nervous system, Central nervous system, Brain

Synapse

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Amygdala, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain

Axon, Axon guidance, Neuron projection, Neuronal cell body,
Somatodendritic compartment, Dendrite, Nervous system
development, Nervous system, Central nervous system, Brain
Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Synapse, Postsynaptic  density,
Postsynapse

Nervous system, Central nervous system, Brain, Brain cell line
Nervous system, Central nervous system, Brain

Axon, Axon guidance, Neuron projection, Somatodendritic
compartment, Dendrite, Synapse, Postsynapse, Glutamatergic
synapse, Nervous system development

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain
Nervous system, Central nervous system, Brain

neural

neural
neural
neural
neural
neural
neural

neural

neural
neural

neural

neural
neural
neural
neural
neural

neural

neural

neural
neural

neural
neural
neural

neural
neural
neural

neural
neural
neural
neural
neural
neural
neural
neural
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PAICS
PEA15

AAK1
SPATS2L

PDIA6
ASAP2
SEC16A
UQCRC1
TUBB4A
NEU1
STXBP1
B5G
CLTB
PGM1
IFT16

PPMI1G

STAT1
UBA1

THY1

CCT2
LAMP2

DNAJB1
CCT6A

NDRG1

173
1.73

1.72
172

171

1.7

17

1.69

168

166

1.63

162

1.62

1.62

1.61

16l

1.61
1.61

1.6

1.59
1.59

1.57
1.56

1.56

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Brain cell line
Axon, Distal axon, Neuron projection, Synapse, Nervous system,
Central nervous system, Brain

Nervous system, Central nervous system, Brain, Ganglion
Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Amygdala, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion

Axon, Axon guidance, Neuron projection, Neuronal cell body,
Somatodendritic compartment, Nervous system development,
Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon, Neuron projection, Synapse, Postsynapse, G]utamatergic
synapse, Nervous system, Central nervous system, Brain,
Forebrain, Cerebral cortex

Axon, Neuron projection, Nervous system, Central nervous
system, Brain

Axon guidance, Synapse, Postsynapse, Presynaptic endocytic zone
membrane, Postsynaptic endocytic zone cytoplasmic component,
Nervous system development

Nervous system, Central nervous system, Brain, Forebrain
Nervous system, Central nervous system, Brain, Forebrain
Nervous system, Central nervous system, Brain

Axon, Neuron projection, Somatodendritic compartment,
Dendrite, Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Growth cone, Axon, Distal axon, Neuron projection, Neuronal cell
body, Somatodendritic compartment, Dendrite, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex,
Amygdala, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain, Brain cell line,
Forebrain, Cerebral cortex, Amygdala, Basal ganglion, Ganglion
Nervous system, Central nervous system, Brain

Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Synapse, Postsynaptic  density,
Postsynapse, Glutamatergic synapse, Nervous system, Central
nervous system, Brain

Nervous system, Central nervous system, Brain

Postsynapse organization, Synapse, Glutamatergic synapse,
Nervous system, Central nervous system, Brain, Brain cell line

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural

neural
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PPP3CA

COL5A2
ARL6IP5

SEMAT7A

TUBB3

HISTIH3A
PSPH
ASMTL
CCAR1
HSD17B12

PSMB5
RRAGD
TUBB8
SERBP1
UQCRFS1
PSATI

TMED10
HIST1H4A
BLMH
COL6A3

BASP1
FKBP9

NQO1
SRSF3

FKBP7
LMNB1

CDH13

1.56

1.54
1.53

1.51

1.51

-1.55
=1.55
-1.57
=1.57
-1.59

-1.63
-1.69
-1.72
-1.77
=179

-1.8

-1.8
-1.81
-1.86
-1.86

-1.87
-1.87

-1.89
-1.89
-1.93
-1.94
-1.94

Neuron projection, Somatodendritic compartment, Dendrite,
Synapse, Postsynapse, Glutamatergic synapse, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex,
Amygdala, Basal ganglion, Ganglion

Axon guidance, Nervous system development, Nervous system,
Central nervous system, Brain

Nervous system, Central nervous system, Brain

Positive regulation of axon extension, Axon guidance, Nervous
system development, Nervous system, Central nervous system,
Brain, Forebrain, Cerebral cortex

Filopodium, Filopodium, Growth cone, Axon, Distal axon, Axon
guidance, Neuron projection, Somatodendritic compartment,
Dendrite, Nervous system development, Brain cell line

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion

Neuron projection

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development, Nervous system,
Central nervous system, Brain, Forebrain, Wnt signaling pathway,
planar cell polarity pathway

Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Amygdala, Basal ganglion, Ganglion

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development

Growth cone, Axon, Distal axon, Neuron projection, Nervous
system, Central nervous system, Brain, Forebrain, Cerebral cortex,
Basal ganglion, Ganglion

Nervous system

Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Synapse, Nervous system, Central
nervous system, Brain, Forebrain, Cerebral cortex, Basal ganglion,
Ganglion

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Brain cell line
Neuron projection, Synapse, Nervous system, Central nervous
system, Brain

neural

neural

neural

neural

neural

neural
neural
neural
neural

neural

neural
neural
neural
neural
neural

neural

neural
neural
neural

neural

neural

neural

neural
neural
neural
neural
neural

neural
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YWHAE
BZW1

PSMA7
UBLCP1

SLC16A3
ACSL3
UBE2K
CRYZ
ILVBL

PSMB6
HSDL2
MGST3
NQO2

PPT1

S5R2

RPA1

UBE2L
NIPSNAP3A
LGMN
NACA
MTHFD2
EWSR1

GAP43

PSMA3
GSTM3
H2AFV

ACAT2
XXYLT1
B2M
ATP5D

-2.03
=215

-2.16
2.2

222
-2.27
-2,28
-2.29

24

-2.49
-2.54
-2.54
-2.54

-2.59
-2.65
=271
=271
2,82
-2.83
-2.83
-2.87
-2.98

-3.08

-31
-3.12
-3.26

=3.71
-3.87
=3.92

Growth cone, Axon, Distal axon, Neuron projection, Synapse,
Glutamatergic synapse, Nervous system, Central nervous system,
Brain, Forebrain, Cerebral cortex, Basal ganglion, Ganglion
Nervous system, Central nervous system, Brain

Axon guidance, Synapse, Postsynapse, Nervous system
development, Nervous system, Central nervous system, Brain, Wnt
signaling pathway, planar cell polarity pathway

Nervous system, Central nervous system, Brain

Synapse, Postsynaptic density, Postsynapse, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex
Nervous system, Central nervous system, Brain

Filopodium, Nervous system, Central nervous system, Brain
Nervous system, Central nervous system, Brain, Forebrain
Nervous system, Central nervous system, Brain

Axon guidance, Nervous system development, Nervous system,
Central nervous system, Brain, Wnt signaling pathway, planar cell
polarity pathway

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Axon, Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Synapse, Nervous system, Central
nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Postsynapse organization

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Filopodium, Filopodium, Growth cone, Axon, Distal axon, Axon
guidance, Neuron projection, Neuronal cell body, Somatodendritic
compartment, Dendrite, Synapse, Postsynaptic density,
Postsynapse, Nervous system development, Nervous system,
Central nervous system, Brain, Forebrain, Cerebral cortex, Basal
ganglion, Ganglion

Axon guidance, Synapse, Nervous system development, Wnt
signaling pathway, planar cell polarity pathway

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Amygdala, Basal ganglion, Ganglion

Nervous system

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

neural

neural

neural

neural

neural
neural
neural
neural

neural

neural
neural
neural

neural

neural
neural
neural
neural
neural
neural
neural
neural

neural

neural

neural
neural

neural

neural
neural
neural
neural
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ARF5
MAPILC3B
RBBP4

RSU1
UBE2D3

EIF4H

CARHSP1

KLC1

EIF3E

KHSRP

SQSTM1

PCBP1

RPL24

UBAP2L

3.32

3.28

321

3.15

3.09

2.79

2.64

2.58

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Brain cell line,
Forebrain

Nervous system, Central nervous system, Brain

Nervous system, Central nervous system, Brain, Ribonucleoprotein
complex, GTP hydrolysis and joining of the 60S ribosomal subunit,
Ribosomal scanning and start codon recognition

Nervous system, Central nervous system, Brain, Cytoplasmic
ribonucleoprotein granule

Growth cone, Axon, Distal axon, Neuron projection, Nervous
system, Central nervous system, Brain, Ribonucleoprotein complex
subunit organization

Nervous system, Central nervous system, Brain, Ribonucleoprotein
complex biogenesis, Ribonucleoprotein  complex  subunit
organization, Ribonucleoprotein complex assembly,
Ribonucleoprotein complex, GTP hydrolysis and joining of the 60S
ribosomal subunit, Ribosomal scanning and start codon
recognition, Ribonucleoprotein complex

Nervous system, Central nervous system, Brain, Brain cell line,
Cytoplasmic ribonucleoprotein granule

Nervous system, Central nervous system, Brain, Forebrain,
Cerebral cortex, Basal ganglion, Ganglion, Cytoplasmic
ribonucleoprotein granule

Nervous system, Central nervous system, Brain, Cytoplasmic
ribonucleoprotein granule, Ribonucleoprotein

Axon guidance, Nervous system development, Ribosome
assembly, Ribonucleoprotein complex biogenesis,
Ribonucleoprotein complex subunit organization,
Ribonucleoprotein  complex assembly, Ribosome biogenesis,
Structural ~ constituent  of ribosome, Cytosolic ribosome,
Ribonucleoprotein  complex, Ribosome, Ribosomal subunit,
Cytosolic large ribosomal subunit, Large ribosomal subunit,
Cytoplasmic ribosomal proteins, Cytoplasmic ribosomal proteins,
Cytoplasmic ribosomal proteins, Ribosome, GTP hydrolysis and
joining of the 60S ribosomal subunit, Cytoplasmic ribosomal
proteins, Cytosolic ribosome, Ribonucleoprotein complex,
Ribosome, Ribosomal subunit, Cytosolic large ribosomal subunit,
Large ribosomal subunit, Ribonucleoprotein, Ribosomal protein
Nervous system, Central nervous system, Brain, Cytoplasmic
ribonucleoprotein granule

neural
neural

neural

neural

neural

neural,
ribosome
neural,
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Figure S1 Heatmap showing all significant proteins, fold change and their correlation with the string
functional network analysis. Blue increase in abundance in 3D samples compared to 2D samples. Red
decrease in abundance in 3D samples compared to 2D samples.
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After successfully creating a 3D model using PEG-based hydrogels where the
cells survived and even showed signs of neural differentiation, the next step
was to introduce the differentiation supplements utilised in Chapter Two.
Chapter Five will explore the combination of supplements used in Chapter Two
together with the 3D model developed in Chapter Four.
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Abstract: Adipose-derived stem cells (ADSCs) have incredible potential as an avenue to better under-
stand and treat neurological disorders. While they have been successfully differentiated into neural
stem cells and neurons, most such protocols involve 2D environments, which are not representative
of in vivo physiology. In this study, human ADSCs were cultured in 1.1 kPa polyethylene-glycol 3D
hydrogels for 10 days with B27, CultureOne (C1), and N2 neural supplements to examine the neural
differentiation potential of ADSCs using both chemical and mechanical cues. Following treatment,
cell viability, proliferation, morphology, and proteome changes were assessed. Results showed that
cell viability was maintained during treatments, and while cells continued to proliferate over time,
proliferation slowed down. Morphological changes between 3D untreated cells and treated cells
were not observed. However, they were observed among 2D treatments, which exhibited cellu-
lar elongation and co-alignment. Proteome analysis showed changes consistent with early neural
differentiation for B27 and C1 but not N2. No significant changes were detected using immuno-
cytochemistry, potentially indicating a greater differentiation period was required. In conclusion,
treatment of 3D-cultured ADSCs in PEG-based hydrogels with B27 and C1 further enhances neural
marker expression, however, this was not observed using supplementation with N2.

Keywords: tissue engineering; bioprinting; neural differentiation; proteomics; 3D tissue culture;
immunocytochemistry; polyethylene glycol; neuroregeneration; neural development; regenerative
medicine

1. Introduction

Adipose-derived stem cells (ADSCs) have been at the forefront of regenerative medicine,
given their potential to differentiate into adipogenic, chondrogenic, osteogenic, myogenic,
and neurogenic-like cell lineages [1-4]. These qualities make them suitable for many
applications, and in the context of neuroregeneration, ADSCs are a desirable source of
cells due to their neurogenic differentiation potential [2-4] and their availability [5,6].
Autologous ADSCs can be easily obtained in high numbers via subcutaneous adipose
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liposuction, which is a significantly less invasive procedure when compared to other
collection methods like bone marrow aspirates [5-7].

ADSCs have been successfully differentiated into neural-like cells using different
growth factors and chemicals [8-14]. Rodent ADSCs have been successfully differenti-
ated into neural stem cells and dopaminergic neurons [8], while human ADSCs (hADSCs)
have also shown neurogenic potential and have been successfully differentiated into neu-
rospheres [9], neuron-like cells [9], and dopamine-secreting cells [10,11]. Furthermore,
transplantation of ADSCs has shown positive effects in animal models of neurological
disorders such as Parkinson’s disease [15], peripheral nerve injury [16], epilepsy [17], and
stroke [18].

These findings are promising and show ADSCs’ potential as a tool to understand
neural development and find potential treatments for neurological disorders. However,
the most common methods of differentiation are usually solely chemically induced, using
multistep protocols with many chemical mixtures, and performed in 2D cell culture envi-
ronments [2,3,8-14,19]. These monolayer cellular models are not representative of human
tissue structure and do not consider any of the crucial 3D interactions that affect stem
cells during differentiation [20,21]. Some of these chemical inductions have proven to be
transient and reversible when conducted in a 2D environment alone; Ahmadi et al. demon-
strated that a neurosphere formation protocol, while slower than chemical inductions, had
better cell viability, and the neural differentiation was more stable than in 2D constructs [9].

In recent years, research has shown that cells grown in a 3D environment that mim-
ics their native tissue are more comparable to in vivo behaviour and present distinctive
morphological changes compared to their 2D-grown counterparts [20-23]. In a 3D envi-
ronment, cells can arrange themselves in more natural conformations. They can aggregate
themselves into multiple layers where cell exposure to nutrients and waste products is
similar to in vitro conditions [21,22,24]. These arrangements provide insights into drug
treatments and cell proliferation rates that are more realistic than those observed in 2D
cultures [25]. Furthermore, it has been shown that cells respond to the mechanical stimuli
of their environment, such as pressure, and interact with ECM proteins and scaffold com-
position, mimicking the natural interactions between the cells and their ECM and directing
cellular differentiation [26-29]. Of particular interest, human-derived mesenchymal stem
cells (hMSCs) have been shown to differentiate towards a neural lineage when grown in
scaffolds resembling a brain stiffness of 1 kPa [28]. Additionally, our previous work showed
that hADSCs spontaneously express neural markers when grown in PEG-based hydrogels
of 1.1 kPa stiffness [30], further highlighting the importance of growth matrices and cell
growth environment when conducting neural differentiation of hADSCs.

This study builds upon our previous work, where we used the readily available media
supplements B27, C1, and N2 for neural induction of ADSCs in 2D matrices [31], and on
our most recent investigation of the effects of mechanical properties of 3D polyethylene
glycol (PEG)-based hydrogels containing RGD and YIGSR peptides to initiate neural
differentiation of hADSCs [30]. This work merges both concepts and explores the effects of
treatment and matrix combined using cost-effective and standardised supplements together
with the reproducibility of commercially available system rastrum bioprinting (Inventia,
Sydney, Australia). This is necessary to progress the development of treatments for a range
of conditions where neuronal tissue is compromised.

2. Results
2.1. Cell Proliferation, Viability, and Morphology
2.1.1. Cell Proliferation and Viability

Cell treatment began on day 3.5, 84 h after the cells were plated. The Alamar blue
measurement on day 3.5 was the last measurement before cells started treatment and
therefore serves as a control. Increases or decreases in fold change and hence cell metabolic
activity were measured from that time point. An increase in fold change is indicative
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of cells showing an increase in cell metabolic activity, while a decrease in fold change is
indicative of a decrease in metabolic activity (Figure 1).
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Figure 1. Alamar blue cell viability. Fold change activity measured over treatment course using
Alamar blue assay. Fold change is relative to day 3.5 prior to cell treatment, marked by the red line. A

Log2 scale has been used where the initial measurement obtained on day 3.5 equals zero, and the

increase or decrease in measured parameters falls on the respective side of the x-axis. (a) Imaging
plug treated with B27, (b) large plug treated with B27, (c) imaging plug treated with C1, (d) large
plug treated with C1, (e) imaging plug treated with N2, (f) large plug treated with N2. No statistical
significance p > 0.05; statistical significance *, p < 0.05; statistical significance **, p < 0.01; statistical
significance ***, p < 0.0001; ns: not significant.

Alamar blue results for cells treated with B27 show very little change in metabolic
activity for both 3D and 2D samples (Figure 1a,b). In the imaging plug, metabolic activity
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decreased in the 3D samples compared to the 2D samples at D10 (Figure 1a) but no
statistically significant changes were detected in the 3D plug (Figure 1b).

For the cells treated with C1, Alamar blue results show that metabolic activity de-
creased in the imaging plug for both 3D and 2D samples from D3 to D10 (Figure 1c),
however, no statistical significance was detected. In the large plug, metabolic activity
increased in both the 3D and the 2D samples compared to the control, with 2D sam-
ples showing significantly lower metabolic activity at D10 compared to the 3D samples
(Figure 1d) (p < 0.05; statistical significance **).

Alamar blue results indicate that N2 treatment causes metabolic activity to increase at
the beginning of treatment and then decrease by day 10 in the imaging and large plugs for
both 3D and 2D samples (Figure le,f), with 3D samples having overall higher metabolic
activity compared to 2D samples (*, p < 0.05; statistical significance **, p < 0.01; statistical
significance for imaging plug, and statistical significance ****, p < 0.0001).

Live cell imaging analysis (Figure 2) shows that the cell confluence in the DMEM
control group for both 3D and 2D steadily increases over time, while treatments cause a
decrease in this variable over the treatment course (Figure 2a,c,e). The 3D samples overall
show higher confluence than the 2D counterparts in all instances, with cell confluence
being significantly higher in the 3D samples than in the 2D samples in all treatments
(Figure 2b,d,f) (parametric two-way ANOVA with Tukey’s multiple comparisons: p < 0.05
for B27, p < 0.05 for CI and ****, p < 0.0001 for N2).

2.1.2. Cell Morphology

Live cell imaging (Figure 3) showed changes in cell morphology and alignment in
all 2D samples, with all treatments showing greater cell alignment compared to the usual
disorganised arrangement of DMEM control cells. The 2D-treated cells became more
polarised and aligned with one another (Figure 3d—fj-1,p-1,s,u,w). Despite the imaging
data for the 2D samples providing insight into alterations in cellular morphology, the
interpretation of the images of the cells grown in 3D culture has proven challenging. No
obvious morphological and cellular arrangement changes can be seen in the 3D samples
(Figure 3a—¢,g—1,m-o,t,v,x,z). The 3D morphology and arrangement changes are harder to
visually assess, given the nature of 3D constructs and images only showing one slice of the
Z plane. Therefore, morphology cannot effectively be visually assessed by imaging in the
same way that morphology changes in the 2D samples can be, highlighting the need for
more robust and accessible protocols.

2.2, Cell Characterisation
2.2.1. Immunocytochemistry

The staining of positive control cells (Figure 4e k,q) showed robust positivity for all an-
tibodies and negative control cells (Figure 4f,1,r) showed no signal as expected. There were
high levels of fluorescent debris in all samples stained in 3D plugs, and these were unable
to be removed despite multiple washing steps. Therefore, ‘speckles” were removed during
analysis based on size and staining intensity. This is further explained in Section 4.4.1.

Immunocytochemistry analysis revealed that incubation of cells with B27, C1, and N2
supplements while suspended in PEG-based 3D matrices did not significantly increase the
specific markers for neurons (NF200), oligodendrocytes (CPNase), or astrocytes (GFAF)
compared to the DMEM controls. C1 was observed to have the greatest increases for
CPNase and GFAP and N2 had the greatest increase in NF200 but these were not statistically
significant.

2.2.2. Proteomics

Proteomics analysis revealed distinct changes between each 3D treatment and the 3D
DMEM control and between the 3D treatments themselves (Figure 5). When compared
to the DMEM control, 18 proteins decreased and 62 proteins increased (Log2 fold change
of +/—1.5) with B27 treatment, 38 decreased and 30 increased with C1 treatment, and 107
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decreased and 28 increased with N2 treatment, with only 6 decreased and 3 increased
proteins common to all treatments (Figure 5).
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Figure 2. Cell confluence and proliferation over treatment course. Dot graphs show cell conflu-

ence and proliferation over time as measured by total cell area in 2D and 3D (large plug) culture
for cells treated with (a) B27; (c) C1; and (e) N2. Bar graphs show the proliferation changes of
the cells measured as total cell area comparing D1 and D10 in both 2D and 3D (large plug) for
(b) B27; (d) C1; and (f) N2. No statistical significance p > 0.05; statistical significance *, p < 0.05;
statistical significance **, p < 0.01; statistical significance ****, p < 0.0001; interactions not shown in

bar graph are not significant.
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Treatment
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(a) (n

Figure 3. Live cell imaging over course of treatment. (a—r) Representative live cell images at time
points D3.5, D7, and D10 for both 2D- and 3D-cultured cells. (a—c) B27 3D; (d—f) B27 2D; (g-i) C1 3D;
(j-1) C1 2D; (m—0) N2 2D; and (p-r) N2 3D. The black round artefacts are bubbles. (s—z) Graphical
representation of cell morphology changes between 2D and 3D cells in each treatment. These were
manually drawn by tracing the cell shapes on a digital tablet. Scale bar in yellow is 800 pm.
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Figure 4. (a-r) Inmunocytochemistry imaging. Representative maximum intensity projection con-
focal microscopy images of immunocytochemistry staining of ADSCs treated with either B27, C1,
N2, or DMEM in 3D with respective positive and negative staining controls for antibody markers
CNPase, NF200, and GFAP. Cells were imaged with a Nikon A1R inverted microscope using an
S Plan Fluor LWD 20x 0.7NA objective. Fluorescence was captured with a laser at 488 nm excita-
tion and GaAsP detector (500-550 nm) for AlexaFluor488-conjugated secondary antibodies (green).
Scale bar = 100 pm. Note that control cells are smaller than ADSCs. Green speckles are unspecific
staining and were excluded during analysis. White arrows show examples of positive cell stain-
ing. (s—u) Immunocytochemistry marker expression for 3D cells in each treatment with B27, C1,
N2, and DMEM. Marker expression was measured from sum intensity projections of wide-field
fluorescence images of the whole 3D plug and is displayed as the fraction of the percentage area
of FITC (AlexaFluor488-conjugated secondary antibody) over the percentage area of DAPI-labelled
nuclei. One-way ANOVA with multiple comparison was conducted using Bonferroni’s multiple
comparison test. No statistical significance (e = 0.05) was detected.

Notably, StringDB analysis for the proteins identified for each treatment and treat-
ment overlap revealed a range of identified proteins that were related to neural functions
(Figure 6).

String DB analysis of B27-treated cells revealed 91 proteins annotated as involved in
functions associated with the brain, 14 proteins involved in brain cell lines, and 10 proteins
in axon guidance, with more than half of these increasing in abundance (Figure 7a). C1
treatment String analysis revealed 87 proteins annotated as involved in the brain, 6 pro-
teins involved in brain cell lines, and 14 proteins involved in the forebrain, with more
than half of these increasing in abundance (Figure 7b). N2 treatment String analysis
revealed 82 proteins annotated as involved in the brain, 83 proteins involved in the ner-
vous system, and 16 involved in axon guidance, with more than half of these decreasing in
abundance (Figure 7c).
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Figure 5. Count of proteins that have (a) decreased or (b) increased in each treatment (3D) compared
to the DMEM control (3D).
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Figure 6. Chord diagram visualising the total number of proteins involved in different neural
processes in each treatment with (a) being proteins with fold changes < —1.5 and (b) being proteins
with fold changes > 1.5. Numbers associated with the neural function segments (top) indicate the
count of proteins associated with the given neural function. Numbers associated with treatment
segments (bottom) should be interpreted with caution; these indicate the count of neural functions
within a given treatment (a protein corresponding to multiple neural functions will be counted
multiple times accordingly).
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Figure 7. Names of proteins associated with >1.5-fold change or <—1.5-fold change (bottom) and
implicated in potential neural functions by 3D treatment (top) with (a) B27, (b) C1, and (c) N2.
Colours for a given gene indicate the relative fold change in comparison to the negative control (3D
DMEM), where red indicates a negative fold change and blue indicates a positive fold change. Where
a protein has a wider section allocated, this protein can be seen linked to multiple functions (e.g.,
CRSP1, the first protein (clockwise) in C1 treatment). * Asterisks appending and prepending protein
names indicate those which that are present in both C1 and B27 (no overlap of proteins was detected
among other treatment combinations).

3. Discussion

The aim of this study was to examine the effects of the neural culture supplements
B27, C1, and N2 on ADSCs grown in a 3D environment. Our previous work and the
literature more broadly demonstrate that ADSCs grown in traditional 2D culture with
neural culture supplements exhibit changes consistent with neural differentiation [31].
Similarly, ADSCs grown in a 3D culture system have shown a degree of differentiation
toward neural cell subtypes with the expression of neural markers [30]. Thus, it was
hypothesised that the supplements would further enhance neural differentiation of the
ADSCs grown in 3D and there would be biological differences and changes in the expressed
proteome indicative of this. The data obtained support the hypothesis that the supplements
enhanced neural differentiation in the ADSCs grown in 3D compared to the untreated 3D
cells. The supplements had a range of observable effects on the ADSCs with changes in
proliferation, surface marker expression, and the wider proteome.
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3.1. Cell Viability and Confluence during Supplement Treatment

Similarly, to our previous work [30], the cells grown in PEG-based 3D matrices did
not experience a statistically significant decrease in viability or proliferation. In addition,
treatment with either B27, C1, or N2 had no statistically significant effect on the viability and
proliferation of the 3D-grown cells over the treatment course. Cell viability and confluence
remained unchanged for B27- (Figures la,b and 2a,b), C1- (Figures lc,d and 2¢,d), and
N2-treated (Figures le,f and 2e,f) cells in 3D when compared to the beginning of treatment.
While cell coverage fluctuated over time, there was no difference between beginning and
end time points, indicating that the treatments have not compromised cell health and are
not negatively impacting cell growth. It is important to note, however, that while there
is no statistically significant decrease or increase in cell confluence, supplements have
slowed down cell growth. It is known that as stem cells start to differentiate, proliferation
decreases, and as neural cells mature, they reach the Gy cell cycle stage, where division
stops [32]. When looking at DMEM 3D control cells, these have shown a significant
increase in confluence over time (Figure 2e f), similar to that previously reported [30].
While the treated cells’ proliferation may not have significantly decreased from when
treatment started, no increase in proliferation is a sign of metabolic activity slowing down.
Furthermore, the proteomics data showed that proliferating cell nuclear antigen (PCNA),
a protein that regulates proliferation throughout the cell cycle [33], decreased in 3D B27
(—0.54-fold) and in 3D C1 (—0.777-fold) compared to the DMEM 3D control, supporting that
the cell proliferation is slowing down in B27 and C1 compared to the DMEM 3D control.

In summary, Alamar blue and cell confluence results suggest that cell treatment has
not caused significant cell loss. Still, the cell proliferation is slowing down compared to
DMEM 3D control counterparts after 10 days of treatment, which may be a sign of cells
starting to commit to a lineage.

3.2. Morphological Changes during Supplement Treatment

Cell morphology is an important aspect to consider in cell culture as it provides impor-
tant information on cell changes and health [34]. Furthermore, the cell environment also
plays an important role in cell functions, differentiation, migration, and morphology [35].

While no distinct morphological changes can be observed between treatments and
the 3D DMEM control, cell morphology did change in 3D compared to 2D grown samples,
similar to our previous work [30]. It is known that cells in 3D growth environments
differ significantly morphologically and physiologically from their 2D-grown counterparts,
with spatial and physical aspects of 3D cultures influencing gene expression and cellular
behaviour through signal transduction from the outside in rather than inside out [22].
Two-dimensionally grown untreated ADSCs normally present an irregular fibroblastic-like
morphology appearing as large, flattened cells with centrally located nuclei (Figure 3d,j,p).
When these cells are placed in a PEG-based 3D matrix, their cytoskeleton rearranges [30];
cells become elongated, with a more condensed cytoplasm, lower nuclei-to-cytoplasm
ratio, and spindle-like morphology. They alsc present clear networks and branch out;
morphological features normally seen in neural cells. These morphological changes have
also been observed in 2D-grown ADSCs treated with B27, C1, and N2 [31].

We previously showed that the PEG-based matrix alone started to direct cells towards
aneural pathway with significant structural changes [30], suggesting that the exposure of
ADSCs to supplements in the current study did not further enhance the neural morpho-
logical changes. This may be due to the timeframe used in these experiments, and more
time points for 3D need to be explored. Additionally, morphological changes between
treatments in 3D are likely more subtle than those observed between 2D and 3D treatments
we have previously undertaken [30].

Additionally, it is important to note that 3D morphology and arrangement changes
are harder to visually assess, given the nature of 3D constructs and images only showing
one slice of the Z plane. Therefore, more subtle morphology changes potentially induced
by the treatments cannot effectively be visually assessed by imaging in the same way that
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morphology changes in the 2D samples can be. Equipment limitations may also impact
the ability to obtain more robust images for morphology assessment. The microscope
available for high-content live cell imaging in this work is not able to perform Z-stacks,
and higher-magnification images were not able to be obtained due to the working distance
of the objectives and the height of the gels. This highlights the need for more robust and
accessible protocols and equipment in live microscopy for 3D tissue culture.

3.3. Neural Surface Marker Expression Changes

The nature of the hydrogels presented difficulties in minimising non-specific staining.
Despite many optimisation steps and added washing steps to the protocol, unbound
antibodies are likely to be retained within the gel during staining. These presented as
speckles within the images and were removed during analysis based on size and staining
intensity (see Section 4.1), however, it further highlights the need for more robust staining
protocols for 3D samples.

Immunocytochemistry results showed that treatment of ADSCs in PEG-based 3D
matrices with B27, C1, and N2 did not significantly increase neural marker expression in
the time frame they were treated.

While not statistically significant, it is important to note that C1 treatment caused the
greatest increase in CNPase and GFAP marker levels that are biologically relevant and
in line with that previously reported in the 2D experiments [31]. Similarly, N2 had the
greatest increase in the NF200 neuronal marker and showed increased levels of CNPase
and GFAP, analogous to previous 2D experiments [31], indicating that C1 cells may be
differentiating towards a glial lineage. Additionally, proteomics data detected CNPase in
the samples, however, the amounts detected were not significant when compared to the 3D
DMEM controls.

Three-dimensional environments provide a more realistic and heterogeneous growth
and unequal cell exposure to oxygen, nutrients, and treatments, creating a gradient of
medium availability completely different to that in 2D environments [21,36,37]. This means
that cells grown in 3D are potentially exposed to different amounts of treatments depending
on their location within the gels and depending on the treatment’s ability to diffuse through
the gel effectively [21,36,37]. It is likely that the effects on the cells from the treatments
have been less/slower due to the nature of the 3D environment, and treatment diffusion
through the matrix may mean that cells in 3D matrices require longer exposure times. It is
also possible that the unequal cell exposure to the treatments may have created different
cell populations at different stages of growth and differentiation. In 2D cultures, cells
proliferate at similar rates, while in 3D cultures, it is normal to have a mixture of cells at
different stages in the cell cycle [22] and the low numbers of markers detected may be
due to only certain cell populations expressing them. In the future, single-cell proteomics
methodologies will shed more light on cell-to-cell differences due to their location in the
3D environment.

Additionally, GFAP and NF200 are mature cell markers, and the ADSCs may not
yet be at a differentiation stage where they are abundantly expressed and detectable by
untargeted proteomics methodologies, given that neural cells take up to 108 embryonic
days to differentiate into cortical neurons [38]. Nevertheless, these findings, while not
statistically significant, are of biological significance in understanding how cells change
and respond to treatment in 3D environments.

3.4. Analysis of Proteome Changes across Supplement Cells

Proteome analysis showed that all treatments caused changes in the cells, includ-
ing changes in abundance of proteins annotated as being involved in neural processes
(Figures 6 and 7). Interestingly, most proteins involved in these processes were unique for
each treatment. B27 and C1 treatments caused abundance changes in the same 39 proteins
involved in neural processes by £1.5-fold (Log2). Additionally, B27 treatment caused
abundance changes in an additional 57 proteins involved in neural processes by +1.5-fold
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(Log2) and C1 treatment caused +1.5-fold (Log2) abundance changes in an additional
49 proteins involved in neural processes. N2 treatment caused changes in the abundance
of 86 unique proteins involved in neural processes by at least +-1.5-fold (Log2) with no
other neural-related proteins shared with any other treatment (Figures 6 and 7).

3.4.1. Proteome Changes Common in B27 and C1

B27 and C1 treatment proteome analysis revealed similar proteins increasing and
decreasing in abundance that are annotated as being related to neural processes, suggesting
changes are occurring in similar pathways.

Of particular interest is ARL6IP5 which increased in abundance with B27 by 3.71-fold
(Log2) and with C1 by 3.40-fold (Log2). ARL6IP5 is a protein involved in the neurotrans-
mitter release cycle and regulates intracellular concentrations of taurine and glutamate
via SLC1A1/EAACI [39]. Taurine plays a role in neural development, osmoregulation,
and neural protection with taurine transporters found in glutaminergic neurons [40-42].
Glutamate is the most abundant free amino acid in the brain and the major excitatory
neurotransmitter in the central nervous system (CNS) [43], and it plays an important role
in memory, neuronal development, and synaptic plasticity [44,45] Furthermore, increased
expression of ARL6IP5 has been shown to induce neuronal differentiation and has been
found to increase neurite length [46].

RAC1 is a neural surface antigen involved in the nerve growth factor receptor sig-
nalling pathway. It regulates many cellular responses, such as proliferation differentiation
and neuronal maturation during hippocampus development [47]. It also plays a role in
neuron adhesion, migration, and differentiation, dendritic spine formation, and synaptic
plasticity in neurons [48] and was also found to be increased in abundance in both B27
and C1 treatments; it increased by 2.79-fold (Log2) in B27 and by 2.24-fold in C1. RAC1
is known to also play a role in regulating GABA (A) receptor synaptic stability through
its role in PAK1 activation [48] and has a crucial role in dendritic growth and dendritic
spine maturation through the Cdc42/Rac pathway [47,49]. Additionally, SEPTIN11, also
known to be involved in neuronal cytoarchitecture for its role in dendritic arborisation
and dendritic spines and GABAergic synaptic connectivity [50,51], was also increased with
both B27 and C1 by 2.75-fold (Log2) and 2.25-fold (Log2), respectively. ATP6V1A protein
also plays a role in neurite development and synaptic connectivity [52] and increased by
1.93-fold (Log2) with B27 and by 1.51-fold (Log2) with C1.

Lastly, NDRG1 protein, known to have a role in hormone responses, cell growth,
and differentiation [53], was also found to be increased in both treatments, increasing by
2.66-fold (Log2) with B27 and by 2.94-fold (Log2) with C1. Furthermore, it has a role in
cell trafficking in Schwann cells, and it is an essential protein for the maintenance and
development of the peripheral nerve myelin sheath [53].

In summary, the identification of these proteins in both B27- and Cl-treated cells
suggests that the treatments have enhanced neural marker expression further than just
the 3D environment alone in the given time frame. Furthermore, these proteins have the
potential to be utilised as markers for neural differentiation of ADSCs.

3.4.2. Proteome Changes Unique to B27 Treatment

In B27-treated cells, 33-tubulin (TUBB3) increased by 2.08-fold (Log2) from the 3D
DMEM control. This is particularly interesting given that TUBB3 had been previously
seen to increase in 3D DMEM when compared to 2D DMEM cells, showing that the
environment alone increased the marker [30]. The further increase in TUBB3 observed
in the 3D B27-treated cells in this study suggests that B27 treatment had a further effect
on TUBB3 protein levels in the cells. f3-Tubulin is a well-known marker for early neural
development; it is a major component in the neuronal cytoskeleton and is highly expressed
during neural development, playing a role in maintenance, maturation, and proper axon
guidance [54-58]. Similarly, DPYSL3, a necessary protein for signalling and cytoskeleton
remodelling, was found to increase by 1.8-fold (Log2) with B27. It also plays a role in

154



Int. J. Mol. Sci. 2023, 24, 16269

13 0f22

axon guidance, neuronal growth, cone collapse, and cell migration [59]. Furthermore,
FSCNI is an actin-bundling protein that is involved in the reorganisation of the actin
cytoskeleton filopodia formation and axon growth cone collapse in response to nerve
growth factor [60,61]. In the B27 treatment, FSCN1 increased by 1.76-fold (Log2) and its
expression in the nervous system is known to increase during development and decrease
after maturation [62], suggesting that the cells may be in an early neural developmental
stage. CYFIP1 was also found to be increased by 1.67-fold (Log2) in B27 treatment. This
particular protein plays a role in lamellipodia formation and axon outgrowth, and it is part
of the WAVE complex, which regulates actin filament reorganization, also regulated by
RAC1 [63] (which is also increased with B27 and C1 and addressed above). The increase
in abundance of these proteins suggests that there are notable changes occurring in the
cytoskeleton of the cells towards the formation of axons and that similar pathways for axon
formation and cytoskeleton remodelling are being activated by B27 treatment in the ADSCs
in the 3D environment.

Additionally, the increase in SEPTIN proteins in B27 treatment suggests changes in the
neurodevelopment realm. SEPTIN proteins contribute to neurodevelopment and neuronal
functions in the mammalian nervous system [64], with SEPTIN3 being highly expressed in
the brain [65]. SEPTIN3 protein is involved in presynaptic plasticity via the cGMP /PKG
pathway, and its expression is developmentally regulated as nervous system development
increases [65] and it is predominantly abundant in nerve terminals and presynaptic and
synaptic vesicles [65,66]. SEPTIN3 increased in abundance by 1.77-fold (Log2) with B27
together with SEPTIN11. As previously mentioned, SEPTIN11 increased with both B27
and C1, and it plays an important role in neuroarchitecture and dendrite formation [30,51].
Furthermore, LRP1 also increased by 1.79-fold (Log2) and is a membrane receptor found in
neurons. It is involved in calcium signalling and neurotransmission [67] and is essential
in neural development through extracellular signal transduction and intracellular signal
propagation modulation [68], suggesting further development of the cytoarchitecture
of neurons.

Lastly, COL6A3 (collagen VI) also increased by 2.03-fold (Log2). Collagen IV is a major
protein found in the nervous system; it acts as a regulator for Schwann cell differentiation
and is essential for nerve myelination preservation, function and structure, and for assisting
innerve regeneration after injury [69]. Immunocytochemistry analysis detected the CNPase
marker, a well-known oligodendrocyte and myelin marker [70], suggesting the cells may
start to express myelination markers.

In summary, the proteomics data for B27-treated cells suggest that B27 treatment did
enhance the neural marker expression further than just the 3D environment alone in the
given time frame.

3.4.3. Proteome Changes Unique to C1 Treatment

In addition to the above-mentioned proteins found to be increased with both B27
and C1, C1 treatment was also associated with an increase in some proteins of interest not
observed in other treatments.

PDGFRB increased in abundance by 2.18-fold (Log2) in Cl-treated cells. Platelet-
derived growth factors (PDGFs) and their receptors (PDGFRs) are essential proteins ex-
pressed in embryonic and mature nervous systems in neural progenitor cells, neurons,
astrocytes, and oligodendrocytes [71]. They play a role in neural development and cell
maintenance in the nervous system [71]. PDGF-mediated signalling has a role in regulating
CNS functions such as neurogenesis, cell survival, synaptogenesis, and neuronal develop-
ment [72]. Specifically, PDGFRB plays a crucial role in neuroprotection, tissue repair, and
functional recovery through signalling neurons and astrocytes, as well as a role in CNS
development and vascularisation [72], further supporting that the cells are committing to a
neural lineage.

Additionally, DCTN2 increased in Cl-treated cells by 1.61-fold (Log2), a protein
that has been found to play a key role in brain development, specifically in synapse
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formation [73,74], further supporting changes towards synapse and dendrite formations in
the cells.

In summary, the proteomics data for Cl-treated cells suggest that C1 treatment did
enhance the neural marker expression further than just the 3D environment alone in
the given time frame. It is important to remember that C1 is a commercially available
supplement designed to enhance the support of NSCs to neurons whilst minimising the
persistence of progenitor cells, and when used with ADSCs it may promote the maturation
of the cells.

3.4.4. Proteome Changes Unique to N2

N2 proteome analysis showed a different proteome profile with no overlap with the
other treatments in proteins related to neural processes, with most neural-related proteins
decreasing in abundance, indicative that the treatment may not be enhancing neural devel-
opment like the other treatments are. Furthermore, some of the proteins enhanced by the
treatment seem to be involved in neurodegeneration. For example, GSDME was increased
in abundance by 2.61-fold (Log2) and is a protein involved in mitochondrial dysfunction,
axon loss, and neurite retraction and is thought to contribute to neurodegeneration [75].
Furthermore, mutations to AFG3L2 are associated with spinocerebellar ataxia involving
loss of Purkinje cells [76]. Another protein which was found to increase by 2.06-fold (Log2)
in N2 treatment is NCSTN, which has been linked to Alzheimer’s disease through its
involvement in amyloid formation [77].

Nevertheless, it is important to note that these were short experiments with non-
neuronal cells. The protein abundance profile should be further assessed for longer periods
of time. Furthermore, these supplements are intended to support mature neuronal cells,
and those mechanisms may be suppressing differentiation in these cells. N2, particularly,
is designed for long-term support of differentiated cells, so longer time periods may be
required to see more definitive changes.

In conclusion, cell proliferation, viability, immunocytochemistry, and proteomics
analysis looking specifically at proteins related to neuronal processes in ADSCs treated
with B27 and C1 indicates that those supplements are pushing them further down a
neuronal pathway, suggesting that supplementation is a useful addition to 3D culture for
the neural differentiation of ADSCs. On the other hand, however, N2 treatment did not
reduce cell proliferation or show proteome changes indicative of enhanced neural marker
expression similar to B27 and C1 in that short time. Ideally, these experiments should be
repeated for a longer period with treatment combinations also being explored.

4. Materials and Methods

hADSCs from a single donor were isolated and expanded as previously described [12]
withapproval from the UTS Human Research Ethics Committee (ethics number 2013000437).
Written informed consent was acquired for donor lipoaspirate release for research purposes
only. After isolation, and prior to experiments, the cells were maintained in DMEM /
F12 + Glutamax media (Gibco, Life Technologies, Carlsbad, CA, USA) with 10% heat in-
activated FBS (Gibco, Life Technologies, Carlsbad, CA, USA) and incubated at 37 °C at
5% CO;. Cells used for these experiments were between passages five and ten.

At passage five to ten, cells were lifted from the tissue culture flasks using TrypLE
express (12604 Gibco, Life Technologies, Roskilde, Denmark) and prepared for bioprinting
following the manufacturer’s instructions.

Once the cells were replated in 2D or bioprinted, they were maintained in similar
conditions as above for 84 h before treatment, starting with the addition of 1% antibi-
otics/antimycotics (ABAM, Gibco life technologies, Carlsbad, CA, USA) to maintenance
media and treatments. There were a total of three experimental groups and one undif-
ferentiated control group. The groups consisted of hADSCs treated with the treatments
B27, N2, CultureOne (C1), and DMEM (undifferentiated control), respectively (Table 1).
Control cells were also included. The experimental design is outlined in more depth in
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Table 1. Media were changed every 84 h following the experimental design from Table 1
and incubated at 37 “C at 5% CO;. The 2D cells were added as a viability control.

Table 1. Outline of experimental treatments and cell types.

Treatment Cell Type Base Media Supplement
B27 hADSC Neurobasal media 1% B27 supplement
CultureOne hADSC Neurobasal media 1% CultureOne (C1)
N2 hADSC Neurobasal media 1% N2 supplement
DMEM (undifferentiated hADSC DMEM /F12 + ) 10% TBS
control) Glutamax—control media
ag i SHSY-5Y or DMEM /F12 + .
Positive Staining controls USTMG Clutamax—control media 10% FBS
Negative staining controls hADSC DMEM /F12-¢ 10% FBS

Glutamax—control media

4.1. The 3D Bioprinting of hADSCs in PEG-Based Hydrogels

hADSCs were 3D printed in a PEG-based hydrogel using a RASTRUM bioprinter
(Inventia, Sydney, Australia). The cell plugs were printed into 96-well plates following the
manufacturer’s instructions using the same protocol and matrices as previously described

in Pelegri et al., 2023, with 24 plugs printed for each treatment for downstream analysis [30].

In brief, a large plug and imaging plug were printed at ~1.1 kPa containing RGD and
YIGSR peptides (matrix code PX02.21P). RGD and YIGSR were included in the system
given that the peptide trimer RGD is found in collagen, laminin, and fibronectin, which
mediates the adhesion of many cells, including neurons [78], and laminin-derived (YIGSR)
peptide is known to promote neuronal cell binding [79].

Cells were seeded at a concentration of 10 million/mL. The imaging plug consisted of
a small volume of hydrogel with embedded cells in the centre of the well measuring 0.5 mm
in height and 2.2 mm in diameter (Figure 8a). The large plug occupied the well completely,
measuring 0.5 mm in height and 5 mm in diameter (Figure 8b). The 2D-seeded cells were
also included as morphology and viability controls. Cells were lifted from the tissue culture
flasks using TrypLE express (12604 Gibco, Life Technologies, Roskilde, Denmark) and
replated into 96-well plates in 2D conditions at 10 million/mL, the same concentration as
3D cells. These were grown in parallel and treated the same way. The only difference was
the 3D construct vs. 2D environment.

[
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Figure 8. Visual representation and dimensions of the different constructs provided by Rastrum.
(a) Smaller plug, referred to as imaging plug used for immunocytochemistry; (b) Larger plug, referred
to as large plug (used for viability assays, live cell imaging, and proteomics. Graphics reproduced
from Pelegri et al., 2023.

Positive controls for immunocytochemistry were included and printed in parallel to the
ADSCs following the same method. These are further explained in Immunocytochemistry
Section 4.4.1.
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4.2. Cell Morphology: Incucyte Imaging

Live images were taken every 24 h using the organoid programme in the Incueyte® S3
Live-Cell Analysis Instrument (Sartorius, Géttingen, Germany) for 10 days following the
same methods as Pelegri et al., 2023 [30].

In brief, cell confluence was assessed as the area covered by cells in each image
(um?/ image). This was conducted using the instrument’s inbuilt analysis software. Param-
eters were set to: radius 200; sensitivity 70; edge sensitivity 0; hole fill (umz) 500; adjust
size (pixels) 0. After the initial analysis was finalised by the instrument, all images at
all time points were manually checked for artifacts that would not accurately represent
the confluence. Common artifacts found in the images were glares and bubbles which
prevented the camera from taking an accurate photo of the cell coverage. Further analysis
and graphing were performed using the data exported from the Incucyte® proprietary
software (version 2022B Rev2). Averages of total area for wells of each cell type and per time
point, with associated standard deviations for both for 2D and 3D models, were plotted.
The dataset was assessed for normality using Shapiro-Wilk test and statistical significance
was subsequently determined using parametric two-way ANOVA with Tukey’s multiple
comparisons. GraphPad PRISM software (version 10.0.3) was used for data visualisation

(Figure 3).

4.3. Cell Viability and Proliferation: Alamar Blue

Cell viability assay was performed at 3 different time points: D3.5, D7, and D10.5,
using an Alamar blue assay. Alamar blue is a non-toxic cell viability assay that detects
metabolically active cells. When Alamar blue is added to cells, if cells are metabolically
active, the main active ingredient, resazurin, is reduced to resorufin, and the solution
becomes red in colour and highly fluorescent.

Alamar blue (10% in media) was added to the cells and left to incubate for 16 h to
allow enough time to penetrate through the 3D matrices. To keep variables to a minimum,
the same was carried out on the 2D cells. Negative control wells were included; these
only contained the Alamar blue and clean media mixture. After the incubation period,
the Alamar blue and media mixture was transferred to a different 96-well plate to keep
the cellular growth environment as undisturbed as possible from outside factors. The
collected Alamar blue media were measured using the fluorescence bottom-up mode in
a Tecan M200Plate Reader (Tecan, Mannedorf, Switzerland) using 530-560 nm excitation
and 590 nm emission wavelengths. The results were averaged across the 96 wells, and data
were normalised to the negative controls. The data were analysed as fold change ratio
values from D3.5. The dataset was assessed for normality using the Shapiro-Wilk test, and
due to the assumption not being met, a non-parametric Kruskal-Wallis test was performed
to determine significance. GraphPad PRISM software was used for data visualisation

(Figure 1).

4.4. Cell Characterisation
4.4.1. Immunocytochemistry

Cells from the imaging plug were fixed using 10% formalin for 30 min prior to washing
and storing in PBST + 0.1% w/ v sodium azide at 4 °C. For staining, cells were first placed
in PBST (0.01 M PBS and 0.1% Triton X-100 (BDH #30632) at pH 7.4) for 1 h at room
temperature. Primary antibodies were diluted in PBG (0.1 M PBS, pH 7.4, 0.1% Triton-X,
2% NGS, 1% BSA (Sigma Aldrich, St. Louis, MO, USA, #A9647)) and were added to the
relevant wells and incubated at 4 °C for 3 days. Primary antibodies were rabbit anti-glial
fibrillary acidic protein (GFAP) (1/500, Dako, Glostrup, Denmark #20334) as an astrocyte
marker; mouse anti-2’,3' cyclic-nucleotide 3' phosphodiesterase (CNPase) (1/100 Abcam,
Cambridge, UK #ab6319-100) as an oligodendrocyte marker; and mouse anti-neurofilament
200 (1/50, biosensis CM998100) as a mature neuron marker.

After primary antibody incubation was completed, cells were then washed with
three changes of PBST for 30 min and incubated with goat anti-mouse AF488 (1/200,
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Invitrogen, Carlsbad, CA, USA #A11001) or goat anti-rabbit AF488 (1/200, Invitrogen,
#A11008) secondary antibodies in PBG for another 3 days at 4 "C. Following an additional
two 20 min washes with PBST, cells were incubated with Hoechst (1/5000 Invitrogen) for
30 min to stain the nuclei and finally washed three times with PBST for another 30 min
each and stored in antifade /glycerol at 4 °C until imaged.

Positive staining control cells at 10 million/mL conc were included in all staining
runs. Glioblastoma U87MG cells were used for GFAP and CNPase positive staining con-
trols. Neuroblastoma SHSY-5Y cells were used for NF200 positive staining controls. Both
UB7MG and SHSY-5Y cells were grown in separate plates to the experimental cells; how-
ever, the cells were grown and stained in parallel with the experimental plates for each
antibody and were fixed and stained following the same protocol as the experimental
cells. US7MG and SHSY-5Y cells were grown in a 96-well plate with DMEM /F12 + Gluta-
max media (Gibco, Baltimore, MA, USA) enriched with 10% heat-inactivated FBS (Sigma
Aldrich) until confluent.

Wide-field fluorescence microscopy was performed using a Nikon Ti inverted micro-
scope with a x 10 0.3 numerical aperture Plan Fluor objective, NIS Elements acquisition
software (version 5.30.06) with a solid state Lumencor illumination source, and a Nikon
DS-Qi2 CMOS camera. Six 1024 x 1024 fields of view were captured, covering the area of
each imaging plug and stitched using the NIS Elements acquisition software with default
overlap settings. Series of images were captured through the z dimension using a step size
of 5.6 um.

Wide-field fluorescence images were processed using the Clarify.ai algorithm using
the NIS Elements acquisition software. FIJI (FIJL is just Image]) version 1.53 t [108] was
used for image analysis. Where appropriate, Z-stacks were corrected for axial drift using
the Linear Registration with SIFT plugin with an expected translation transformation.
Sum intensity projections for FITC and DAPI channels were subjected to background
subtraction with a rolling ball of 50 pixels, before being thresholded using the Li (FITC)
or Triangle (DAPI) algorithm to create a binary mask and area fraction was measured. To
eliminate non-specific secondary antibody aggregates from measurements, only particles
with a pixel size larger than 100 pixels2 and a circularity of 0-0.8 were quantified. Marker
expression was measured from sum intensity projections of wide-field fluorescence images
of the whole 3D plug and is displayed as the fraction of the percentage area of FITC
(AlexaFluor488-conjugated secondary antibody) over the percentage area of DAPI-labelled
nuclei. One-way ANOVA with multiple comparisons was conducted using Bonferroni’s
multiple comparison test. No statistical significance p > 0.05; statistical significance *,
p < 0.05; statistical significance **, p < 0.01; statistical significance ***, p < 0.001; statistical
significance ****, p < 0.0001.

Representative images were captured using a Nikon A1R inverted confocal microscope
(Nikon, Tokyo, Japan) with a x20 0.7 numerical aperture LWD S Plan Fluor objective and
NIS Elements acquisition software. AF488 was imaged with an excitation of 488 nm, and
emission detected with a GaAsP detector at 500-550 nm. FITC was captured with a 488 nm
laser intensity of 3.5, gain of 40, and offset of—3. Z-stacks were acquired with a step size
of 3 um. Fluorescence images were processed using the denoise.ai algorithm using the
NIS Elements acquisition software, and maximum intensity projections were created. In
Figure 4, the displayed dynamic range for FITC for 3D samples is 0-175, whilst for positive
controls, the displayed dynamic range for FITC is 0-2000.

4.4.2. Proteomics
Protein Extraction

Cells were released from the 3D large plugs using the Rastrum cell retrieval protocol
provided by the company. In brief, media from printed 3D cell models were discarded,
cells were washed with PBS, and cell retrieval solution was added to the wells. The wells
were then incubated at 37 "C for 30 min. Cells were then collected by pipetting up and
down in each well and then were transferred to the collection tubes. The wells were then
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further washed with PBS and the remaining cells were combined in the tubes. Cells were
then centrifuged and supernatant was removed. The cell pellets were then frozen until
ready to be used for proteomics. Six wells were pooled to make one proteomics sample.
Once ready, samples were defrosted and resuspended in 1% SDC, 5 mM TCEP, 10 mM
TAA, 100 mM HEPES pH 8.5, heated to 95 “C for 5 min, and incubated for an hour at room
temperature. After the incubation, 0.1 ug of trypsin was added to 10 ug of sample and
incubated at 37 °C overnight. The peptides were then recovered using the SDB-RPS-based
stage tip column method, which is a modified protocol from Rappsilber et al. (2007).
The cell digests were centrifuged at maximum speed for 5 min to digest any insoluble
material. Then, 10x the volume of digest was added of SPE load buffer (90% acetonitrile,
1% trifluoroacetic acid). The sample was mixed by trituation and was then added to the
stage tip column which contained 1 disc of SDB-RPS cut with an 18-gauge blunt-end needle.
The liquid was centrifuged through the disc at 5000 rpm until all liquid moved through.
Following this, two washing steps were performed to help wash any contaminants and
salts from the column and bound peptides. Firstly, 100 uL of SPE load buffer was passed
through at 5000 rpm until all liquid moved through followed by a second wash using
100 pL of SPE wash buffer (10% acetonitrile, 0.1% trifluoroacetic acid). After, the peptides
were eluted directly into the injection vials by washing the column with 50 uL of SPE
elution buffer (71 puL of 1 M ammonia solution, 800 puL of 100% acetonitrile, 129 uL of
water) and centrifuging at 5000 rpm until all liquid passed through the column into the
vials. The vials containing the peptides were then placed into a vacuum centrifuge (Savant
DNA 120, SpeedVac Concentrator, Thermo Scientific, Carlsbad, CA, USA) to evaporate all
liquid. Once samples were dry, the peptides were resuspended using 25 uL of MS loading
solvent (2% acetonitrile, 0.2% trifluoroacetic acid) and samples were ready to be analysed

by LC-MS/MS.

LC-MS/MS Analysis

Using an Acquity M-class nanoLC system (Waters, Milford, MA, USA), 5 uL of the
sample was loaded at 15 uL/min for 3 min onto a nanoEase Symmetry C18 trapping
column (180 pm x 20 mm) before being washed onto a PicoFrit column (75 pm x 350 mm;
New Objective, Woburn, MA, USA) packed with SP-120-1.7-ODS-BIO resin (1.7 um, Osaka
Soda Co., Osaka, Japan) heated to 45 C at 300 nL/min. Peptides were eluted from the
column and into the source of a Q Exactive Plus mass spectrometer (Thermo Scientific)
using the following program: 5-30% MS buffer B (98% acetonitrile + 0.2% formic acid) over
90 min, 30-80% MS buffer B over 3 min, 80% MS buffer B for 2 min, 80-85% for 3 min. The
eluting peptides were ionised at 2400 V. A data-dependent MS/MS (dd-MS2) experiment
was performed, with a survey scan of 350-1500 Da performed at 70,000 resolution for
peptides of charge state of 2+ or higher with an AGC target of 3 x 10° and maximum
injection time of 50 ms. The top 12 peptides were selected and fragmented in the HCD cell
using an isolation window of 1.4 m/z, an AGC target of 1 x 10°, and maximum injection
time of 100 ms. Fragments were scanned in the Orbitrap analyser at 17,500 resolution and
the product ion fragment masses measured over a mass range of 120~2000 Da. The mass of
the precursor peptide was then excluded for 30 s.

Data Processing and Analysis

Raw files from the Q Exactive Plus were searched using MaxQuant (version 2.0.3.0)
hosted on the Galaxy Australia platform against the UniProt Homo sapiens database (down-
loaded on 23 March 2023) using the following specific parameters settings. Min. peptide
length: 7. Max. peptide mass (Da): 4600. Min. unique peptides: 0. Calculate peak proper-
ties: false. Match between runs: true. Match time window (min): 0.7. Match ion mobility
window: 0.05. Alignment time window (min): 20. Alignment ion mobility: 1. Match
unidentified features: false. Include contaminants: true. Decoy mode: revert. PSM FDR:
0.01. Protein FDR: 0.01. Min. peptide length for unspecific searches: 8. Max. peptide
length for unspecific searches: 25. Peptides for quantification: unique + razor. Use only
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unmodified peptides: true. Separate LFQ in parameter groups: false. Stabilize large LFQ
ratios: true. Require MS/MS for LFQ comparisons: true. Missed cleavages: 2. Fixed
modifications: nothing selected. Variable modifications: oxidation (M) carbamidomethyl
(C) deamination (NQ). Enzyme: trypsin/P. Digestion mode: semi-specific. Quantitation
methods: LFQ. LFQ min. ratio count: 2. LFQ min. number of neighbours: 3. LFQ average
number of neighbours: 6. Normalization type: classic.

The Protein Groups file from the MaxQuant search was then input in LFQ Ana-
lyst (Dev.) (https:/ /bioinformatics.erc.monash.edu/apps/LFQ-Analyst/; accessed on 1
September 2023 [80]) for further analysis. LFQ analyst was set to a 0.05 p-value cutoff,
1.5 Log2 fold change cutoff with Perseus-type imputation, no normalization, and Benjamini—
Hochberg FDR correction.

StringDB analysis was conducted using String V.11 using the following analysis
parameters: Network type: full string network; meaning of network edges: evidence; active
interaction sources: textmining, experiments, databases, co-expression, neighbourhood,
gene fusion, co-occurrence; minimum required interaction score: medium confidence
(0.400); max number of interactors to show: 1st shell—non/query proteins only. 2nd
shell—none; network display mode: interactive SVG; network display options: disable 3D
bubble design, disable structure previews inside network bubbles. Scripts used for data
processing and visualisation of proteomic data are available on GitHub (https:/ /github.
com/maxlcummins/Pelegri et _al 2023; accessed on 6 October 2023).
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Chapter Six: Concluding remarks and Future
Directions.

6.1. Conclusions

Neurological disorders account for over 9 million deaths per annum globally and
are the leading cause of disability and death worldwide [1-3]. Despite significant
efforts to understand and treat the different disorders, most remain poorly
understood, incurable and difficult to treat [4-6]. These treatment difficulties can
be attributed to the limited self-repair capacity of the nervous system as well as
its complex and inaccessible nature, with research translation being limited by
the lack of more representative nervous system models to test treatments and
better understand disease [7-9]. Traditional 2D tissue culture has been one of the
more widely used techniques to understand cell interactions and test drugs;
however, it has proven not to be representative of in vivo conditions as the cell
architecture and arrangement are far from that of the tissue of origin [10-12].
Tissue engineering and 3D tissue culture offer a new avenue to research
neurological conditions in environments that better mimic the brain [13]. ADSCs
have previously been identified as a suitable candidate to create models to further
understand nervous system disorders as well as potential therapeutics for
neuroregeneration, given their neurogenic differentiation potential and their

sourcing ease [14-16].

In this project, a new model to differentiate ADSCs towards neural lineage in 3D
culture was tested based on our hypothesis that ‘ADSCs will show enhanced
neural differentiation in 3D environments that mimic neural tissue stiffness, and
that differentiation will be enhanced by the addition of neural growth supplements

in the 3D environments’.

Prior to creating 3D models, Chapter Two explored the effects of commercially
available neural support supplements B27, C1 and N2 on hADSCs. Cells were to

be treated for 42 days using those supplements, however, due to the cells lifting
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from the 2D plastic surfaces, downstream analysis was only able to be performed
on the cells treated for 7 days. The neural differentiation potential of those
treatments over 7 days was then assessed using cell morphology,
immunocytochemistry, cytokine analysis and a CNPase functional assay. The
results showed that even at a short time frame of 7 days, cells treated with C1
and N2 showed significant changes in neural marker expression, with C1
expressing high levels of functional CNPase, while B27 did not show significant
changes in the same period of time. This chapter reiterated the need for more
robust tissue culture models that better support cells undergoing neural
differentiation, as exemplified by the cell monolayer lifting, and confirmed that
B27, C1 and N2 should be further explored as potential neural differentiation

mixtures.

Chapter Two has been published and can be found here:
https://www.ncbi.nim.nih.gov/pmc/articles/PMC10076228/

Pelegri NG, Milthorpe BK, Gorrie CA, Santos J. Neurogenic marker expression

in differentiating human adipose derived adult mesenchymal stem cells. Stem
Cell Investigation 2023 Mar 23;10:7. doi: 10.21037/sci-2022-015. PMID:
37034185; PMCID: PMC10076228.

Chapter three sought to develop a more suitable environment to further assess
neural differentiation of hADSCs using those treatments. The use of GelMa, a
commonly used biomaterial, was explored as a matrix to create a 3D model to
mimic the brain environment to assess ADSCs neural differentiation. However,
GelMa matrix experiments were not able to reproduce what appears in the
published literature, and therefore the work moved on to use other 3D matrices

that proved to be much more successful and user-friendly.

Chapter four explored the suitability of a PEG-based 3D matrix as a model to
mimic the brain environment. The model was developed using the RASTRUM
bioprinter (Inventia, Sydney, Australia), where RGB and YIGSR peptides, a

feature of the mammalian extracellular matrix, were added to the matrix for cell
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adhesion, and the cell/matrix printed at a 1.1kPa stiffness. Cells were maintained
in the gel for 14 days, and cell morphology, viability, proteome changes and
immunocytochemistry neural marker expression were assessed. Results showed
that cells continued to proliferate over time, meaning the matrix did not negatively
impact cell health. Furthermore, cells showed significant cytoskeletal changes,
with the morphological and proteome changes suggesting that the cells started
to form dendrites and axons. CNPase was also detected in the cells, further
suggesting the initiation of neural differentiation of the cells by the 3D
environment alone. The findings of this chapter are promising and suggest that
PEG-based hydrogels with RGB and YIGSR peptides at 1.1kPa are a 3D model

worth further investigating for neural differentiation of hAADSCs.

The work that resulted from chapter four has been published in the International
Journal of Molecular Sciences and received the paper of the month award at UTS
Science faculty. It can be found here:
https://www.mdpi.com/1422-0067/24/15/12139

Gomila Pelegri, N.; Stanczak, A.M.; Bottomley, A.L.; Milthorpe, B.K.; Gorrie, C.A.;
Padula, M.P.; Santos, J. Adipose-Derived Stem Cells Spontaneously Express
Neural Markers When Grown in a PEG-Based 3D Matrix. Int. J. Mol. Sci. 2023,
24, 12139. https.//doi.org/10.3390/ijims241512139

Chapter 5 followed on from the findings in Chapter 4 and explored the
combination of the PEG-based 3D matrix developed in Chapter 4 together with
the neural support supplements B27, C1 and N2 used in Chapter 2 to assess the
differentiation potential of the combined 3D environment and chemical
environment on hADSCs. Cells were grown for a total of 10 days and treated for
7 days with B27, C1 and N2, similarly to Chapter 2. Following cell culture, cell
morphology, viability, proteome changes and immunocytochemistry of neural
marker expression were assessed using similar methodologies used in Chapter
4. Results showed that B27 and C1 supplements further enhanced neural

differentiation of the ADSCs and pushed them down neuronal pathways.
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The work that resulted from chapter five has been published to the International
Journal of Molecular Sciences. It can be found here:
https://www.mdpi.com/2558502

Gomila Pelegri, N.; Stanczak, A.M.; Bottomley, A.L.; Cummins, M.L.; Milthorpe,
B.K.; Gorrie, C.A.; Padula, M.P.; Santos, J. Neural Marker Expression in Adipose-

Derived Stem Cells Grown in PEG-Based 3D Matrix Is Enhanced in the Presence
of B27 and CultureOne Supplements. Int. J. Mol. Sci. 2023, 24, 16269.
https://doi.org/10.3390/iims242216269

In conclusion, this thesis details proof of concept experiments that identified and
assessed potential 3D matrices suitable to create more physiologically relevant
models for the neural differentiation of hADSCs. The results suggest that PEG-
based hydrogels with RGB and YIGSR at 1.1kPa, combined with commercially
available neural supplements B27, C1 and N2, are a promising model for neural
differentiation of hADSCs. While additional research needs to be conducted to
further confirm the suitability of this model as a neural differentiation model for
ADSCs, the results presented in this dissertation show that it is an area of

research worth further attention.

6.2. Limitations and Future Directions
There are various future directions that need to be explored for this research to
become more robust and overcome some of the limitations encountered in this

project.

Firstly, experiments to maintain the differentiating ADSCs in the 3D PEG-based
matrix with and without treatments should be conducted for longer periods of
time. Due to the difficulties encountered in Chapter 3 when exploring GelMa
hydrogels, time constraints and limitations in resources became a drawback in
this project, and biological time frames were not reflected appropriately. Cortical
neurogenesis in the human brain takes up to 108 embryonic days [17].

GABAergic neurons formed from ESCs protocols are run from 20 days [18] to
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over two months for oligodendrocytes, astrocytes and glial cells [19]. However,
ADSCs differentiation protocols in 2D range between 7 to 14 days only [20-25]
showing the need for longer experiments in more suitable environments. It is
certain that cells will show a different phenotype if left for longer and that the
ultimate fate of the cells can be determined, with the potential for different cells
to differentiate down different lineages, which should be further explored in future

research.

Ideally, Chapter 4 and 5 experiments should be conducted for up to 42 days,
similar to what was conducted for Chapter 2, if not more, given the time required
for cells to differentiate. Furthermore, during the treatment course, multiple time
points should be included where cell viability via Alamar blue, live/dead cell
staining, proteomics and immunocytochemistry analyses are performed. For
example, cells should be grown for up to 42 days and analysed at 7 days, 14
days, 30 days, and 42 days. This would give better insight into the effects of the
matrix alone on the cells as well as better assess the supplements' role in

enhancing neural differentiation.

Additionally, the PEG-based matrix could be further modified to include more of
the now available peptides to better mimic the brain ECM. Some examples that
could be added and are available via Rastrum are hyaluronic acid, a key
component of the brain ECM [26], GFOGER as a biomimetic component for
collagens and known part of the brain ECM [27, 28], as well as Fibronectin and
IKVAV given the role of fibronectin and laminin in the brain ECM [27, 29, 30].
These would need to be optimised and used in combination as well as individually
to conclude which matrix would be ultimately the best to direct ADSCs

differentiation towards neural cells.

Treatment-wise, it may be interesting to explore the supplements in combination,
given that different supplements support different cells. C1 is designed to support
the differentiation of neural stem cells (NSCs) to neurons [31], while B27 and N2

are designed to support mature cells [32, 33]. It would be interesting to see if
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combining, for example, C1 and N2 would provide an environment that better

supports heterogeneous growth rather than one with homogeneous cell growth.

To better phenotype the cells, using more immunocytochemistry markers at each
time point, as well as including functional assays, would allow for a more robust
assessment of the cell differentiation stages. Immunocytochemistry markers that
could be included to further assess the different cell lineage as well as cell
differentiation stages are Nestin, NCAM, NeuN, Double cortin, NeuroD1, PDGFR
alpha, OSP, SOX10, Olig2, EAAT1, EAAT2.

Furthermore, as technology matures, it would also be interesting to examine
individual cellular phenotypes within the hydrogel and at a proteomic level [34].
This would answer questions such as:

e Are all the ADSCs becoming the same cell type?

¢ Are cells differentiating towards multiple cell populations?

e Are all cells at the same stage of differentiation?

Single-cell proteomics would allow exploration of these questions. Single-cell
transcriptomics would also be a useful tool to assess what individual cellular
phenotypes; however, it should be companioned with proteomics to examine the
mature proteome of those cells [35]. Targeted proteomics would also be useful
as it offers an alternative method to detect protein groups and proteoforms of
interest with high sensitivity, quantitative accuracy and reproducibility [36, 37],

making the data more specific.

Additionally, to properly assess hADSCs differentiation and neural similarity, the
use of normal brain cell lines as positive controls would be highly desirable
instead of using cancer cell lines. Healthy human brain tissue and cells are hard
to source and expensive. However, it would still be beneficial to include them in
future research to properly assess the degree of differentiation of ADSCs and

their similarity to the native tissue.
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Another important challenge to mention is the difficulties faced when adapting 2D
analysis methods to 3D models. An example is live imaging performed during the
duration of the experiment. Many microscopes could not be used due to the
objective working distance, and the ones that were able to be utilised had to be
used at low magnification, meaning that getting high-resolution live cell images
was not possible. Additionally, we also encountered significant challenges in
conducting immunocytochemistry imaging. The biggest barrier to data
interpretation has been the inability to get high-quality microscopy images using
traditional imaging techniques and staining techniques. It seems to be apparent
that antibodies diffuse poorly through the matrices, creating difficulty in removing
any unbound antibody and causing speckling in the images. Inventia Life
Sciences does not provide the pore size of the gels (proprietary information),
making it hard to know what the best solution for this would be. A potential
solution would be using mass spectrometry imaging techniques to maintain
spatial organisation and overcome antibody labelling issues, given its ability to
image thousands of molecules and maintain spatial distribution without labelling
[38]. This would require sequential sectioning for imaging and then in silico
reconstruction of the 3D image. Another option would be retrieving the gels,
slicing them, staining them using immunohistochemistry and reconstructing the
plug afterwards. However, for this thesis, we wanted to explore the cells within
their 3D environment as much as possible. Tissue clearing and light sheet
microscopes are also alternative options worth exploring if one wants to assess
the entire plug. Unfortunately, we did not have access to that technology at the

time.

During immunocytochemistry imaging, interference from out-of-plane light also
made data analysis more complicated, and data storage also became a
challenge; when we imaged in Z-stacks, the imaging files went from 2-3 GBs
each to over 10GB per replicate, making it difficult for everyday computers to
open the files, let alone analyse the data.
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Lastly, it is worth mentioning that while the 3D modelling that has been used
in this research was to specifically investigate hADSCs neural differentiation
potential, other researchers could apply these condition to iPSC or other cell

types in the future.

6.3. Significance

My research has furthered our understanding of hADSCs and their potential for
growth and neural differentiation in 3D environments, which is the first step in
using hADSCs in the autologous treatment of neurological conditions. While well
outside the scope of the current project, the potential applications of these

strategies for regenerative medicine have a bright future.
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