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PREFACE i

Preface

enjoy the butterflies, enjoy being naive,
enjoy the nerves, the pressure,
if you want to stand on the top from day one,
then there’s nothing else to look forward to,
enjoy the process of making a name for yourself,
and meeting some great people along the way,
a lot of worldly people you can laugh with, learn from,
embrace the good ones, stay focused, don’t be too far off your path,
keep trying to build and grow and learn from yourself,
but don’t forget what you’ve got here and bring friends along, bring family along.

- Daniel Ricciardo
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ABSTRACT iii

Abstract
In the realm of biomedical research, hydrogels have emerged as a crucial tool. Recent advance-
ments in their production have unlocked the ability to precisely control their mechanical properties,
making them invaluable for replicating both healthy and diseased neural tissues. This has paved
the way for the development of in vitro models that faithfully mimic the natural extracellular ma-
trix, revolutionizing our ability to culture a wide variety of cells, including the notoriously elusive
glioblastoma cancer cells. Glioblastoma, known for its highly invasive nature and formidable treat-
ment challenges, stands as the most lethal form of brain tumor today. Its remarkable intratumor
and intertumor heterogeneity presents unparalleled obstacles. Therefore, the development of a 3D
in vitro model that accurately mirrors cell-to-cell and cell-to-extracellular matrix interactions is
paramount in unraveling the complexities of this enigmatic brain tumor. This project summarizes
how matrix stiffness can affect cancer and neuron growth, cell differentiation, migration motility,
proliferation, and phenotype.

Keywords: glioblastoma; neurons; extracellular matrix; hydrogels; mechanobiology; prolifera-
tion.

iii



CONTENTS 1

Contents
1 Introduction 2

1.1 Studying glioblastoma In vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.1 GBM epidemiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 GBM pathology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 In vivo models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 2D and 3D in vitro models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4.1 Hydrogel chemical composition . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.2 Hydrogel crosslinking processes . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Hydrogels to mimic the brain and GBM extra-cellular matrix . . . . . . . . . . . . 11
1.5.1 Brain extracellular matrix composition . . . . . . . . . . . . . . . . . . . . . 11
1.5.2 Brain and tumor extracellular matrix mechanical properties . . . . . . . . . 12
1.5.3 Haluronic acid’s role in GBM tumor spreading . . . . . . . . . . . . . . . . 13
1.5.4 Synthetic hydrogels to mimic the ECM . . . . . . . . . . . . . . . . . . . . 14

1.6 Motivation and Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Materials and Methods 17
2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Hydrogel making . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.2 Cells in the PDMS microstructures . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.3 Mechanical characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.4 Cell culturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2.5 Immunohistochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2.6 Stained GBM samples imaging and processing . . . . . . . . . . . . . . . . 28
2.2.7 Neurons and GBM live imaging and processing . . . . . . . . . . . . . . . . 33
2.2.8 GBM motility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 Results 35
3.1 Mechanical characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 GBM marker expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Neurons analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 GBM motility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Discussion 49
4.1 Mechanical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 Cell’s surface on different stiffnesses . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.3 Axon length and branching on different hydrogels stiffnesses . . . . . . . . . . . . . 52
4.4 GBM behaviour on different stiffnesses . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.4.1 GBM proliferation ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.4.2 GBM markers expression: Nestin and GFAP . . . . . . . . . . . . . . . . . 54
4.4.3 Neurons and GBM network . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

References 57

1



2

1 Introduction
1.1 Studying glioblastoma In vitro
Primary brain tumors (PBT) are a diverse group of abnormal and excessive tissue growths
that are highly aggressive and difficult to treat with therapies [1]. Brain tumors can be
classified into different histological classes based on the tumor tissue characteristics (e.g. origin, and
molecular structure). The largest category is comprised of neuroepithelial tumors, which stem
from central nervous system stem cells that later differentiate into neurons and glial cells. This
class of tumors encompasses all types of gliomas, including glioblastoma and astrocytoma.
Other important PBT subtypes comprise meningiomas, originating from meningothelial cells, and
primary brain lymphoma, arising from B-lymphocytes and T-cell lymphocytes. Gliomas are
the most common form of central nervous system (CNS) tumors originating from glial cells (e.g.
astrocytes, oligodendrocytes, ependymal cells, and microglia), and among PBTs, glioblastoma
multiforme (GBM) is the most aggressive.

1.1.1 GBM epidemiology

GBM is classified as a World Health Organization (WHO) grade IV brain tumor, characterized
by a median survival of 12–15 months from diagnosis. Only about 3–5% of patients survive
for 3 years or more [2], making GBM one of the most lethal human cancers [3]. It predominantly
affects older adults, with a median age of diagnosis of 64 years [4]. Variations in incidence and
mortality rates based on gender, race, and ethnicity can reveal underlying biological and environ-
mental factors influencing GBM [4]. Specifically, men have a higher incidence of GBM compared
to women, with an incidence rate being 1.6 times greater in males than in females [5].

Due to its highly infiltrative nature, genetic heterogeneity, and protection by the blood-
brain barrier (BBB), GBM is currently one of the most challenging tumors to treat and
continues to carry an extremely poor clinical prognosis. Complete tumor resection is almost
impossible, leading to high rates of recurrence and the presence of intertumor and intratumor
heterogeneity together with changes in the BBB protection between blood vessels and brain
tissue, complicate effective targeting with therapies.

• Intertumor and intratumor heterogeneity: Depending on the genetic mutations in-
volved, GBMs can be categorized into four distinct subtypes: mesenchymal, classical,
proneural, and neural [6].
Each subtype is defined by specific genetic mutations. Mesenchymal GBMs often feature
mutations in the neurofibromin 1(NF1), PTEN, and TP53 tumor suppressor genes [6].
The classical subtype is marked by EGFR amplification but typically lacks TP53 muta-
tions. Proneural GBMs are frequently associated with mutations in TP53, IDH1, and
PDGFRA [6]. This genetic diversity contributes to significant intertumor heterogene-
ity, meaning that the same tumor can be present in various form depending on its genetic
origins (Figure 1 a).

At the intratumor level, considerable variability is also observed. Within a single tumor,
different cell populations can exhibit varying behaviors, leading to diverse responses to
treatment (Figure 1 b). This intratumor heterogeneity results in substantial variability in
drug resistance among different cells of the same tumor, complicating the treatment process
.
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1 INTRODUCTION 3

Figure 1: GBM tumor heterogeneity. a: Intertumor heterogeneity GBM may manifest differently
in individual patients due to the activation of different oncogenic pathways specific to each patient. b:
Intratumor heterogeneity cells within the same tumor from the same patient exhibit varying behaviors
and responses to treatment.

• Blood-brain barrier (BBB): The BBB is a protective layer composed of endothelial cells
and it separates the circulatory system from the extracellular space of the CNS. The tight
junctions between endothelial cells are less than 1 nm in size [6] and effectively block more
than 98% of small molecules from passing through. In GBM tissues, the permeability of
the BBB is increased, but the increase is not uniform throughout the tumor. This means
that some regions of the tumor may have higher permeability than others and even when
a drug manages to cross the barrier, the upregulation of efflux pumps by GBM cells
membrane proteins can result in the chemotherapeutic agents being expelled before they can
exert their effects.

1.1.2 GBM pathology

The precise origin of GBM has not yet been identified. Gaining a clearer understanding of it would
be extremely beneficial to develop more effective therapies that target specific cellular pathways.
The most widely accepted theory regarding cancer evolution and growth is the hierarchical can-
cer stem cell (CSC) model, which suggests that tumors originate from CSCs. CSCs arise from
mutations in either normal embryonic stem cells (ESCs) or progenitor cells[7].

Stem cells are characterized by their abilities for self-renewal, proliferation, and differenti-
ation. Among these, ESCs are the most primitive and are pluripotent, meaning they can
differentiate into any cell type [7]. In addition to ESCs, there are other stem cells such as neu-
ral stem cells (NSCs), mesenchymal (MES) stem cells, endothelial progenitor cells, and
hematopoietic stem cells (HSCs). These are categorized as multipotent stem cells, with a
more restricted differentiation capacity compared to ESCs; for instance, neural stem cells can dif-
ferentiate into neuron and glial progenitor cells [7]. According to the hierarchical CSC model, a
tumor originates from CSCs that result from genetic mutations in normal ESCs or progen-
itor cells. These mutations may be present from birth or accumulate over time, leading to cells
with the potential for uncontrolled growth[7].

During normal embryonic development and in the adult brain, normal NSCs in the cerebral sub-
ventricular zone of the brain, generate glial and neuronal cells. GBM stem cells may arise from
NSCs and/or glial precursor cells by activating oncogenic pathways [8]. In GBM progression, many
genetic alterations play a crucial role in activating different signaling pathways that result in huge
changes in cellular metabolism and proliferation.
Many mutations are linked to the TP53 gene and the phosphatase and tensin homolog
(PTEN) gene (tumor-suppressor genes), the epidermal growth factor receptor (EGFR)
(regulator in cell proliferation, differentiation, division, survival, and cancer development), and the

3



4 1.1 Studying glioblastoma In vitro

platelet-derived growth factor receptor (PDGFR) which regulates cell proliferation, cellular
differentiation, cell growth, development and many diseases including cancer.

The receptor activation leads to different signaling pathway stimulations (e.g. tyrosine kinase
receptors pathways), therefore, changes and overexpression of receptor activity dramatically affect
cancer growth[9].

• TP53 - PTEN mutations: TP53 encodes the p53 protein that plays a central role in
maintaining cellular homeostasis (e.g. ion concentration and pH balance in the cellular mi-
croenvironment) and is usually deregulated in cancer [10].
p53 prevents the cell cycle from progressing in case of DNA damage, genotoxicity, oncogene
activation, aberrant growth signals, and hypoxia [10].
TP53 mutation is linked to p53-ARF-MDM2/4 pathway activation. Indeed, MDM2 and
MDM4 proteins enhance the incorrect regulatory activity of p53 protein leading to the loss of
various tumor suppressor functions which results in tumor proliferation [10]. PTEN protein
as well, controls cell growth, proliferation, and survival. It acts as a phosphatase regulating
the PI3K/Akt pathway through hydrolysis reactions, which affects cellular growth, prolifera-
tion, and metabolism. Mutations or deletions in PTEN that impair its phosphatase activity
can lead to uncontrolled cell growth and contribute to the development of cancer [11].
PTEN is an enzyme with both lipid and protein phosphatase activities. It dephosphorylates
the lipid phosphatidylinositol 3,4,5-trisphosphate (PIP3), converting it into phosphatidyli-
nositol 4,5-bisphosphate (PIP2). Conversely, phosphatidylinositol 3-kinase (PI3K) phospho-
rylates PIP2 to regenerate PIP3. This interplay between PTEN and PI3K maintains a
balance that prevents uncontrolled cell growth and division. Mutations in the PTEN gene
disrupt this balance, leading to unchecked cell proliferation (Figure 2).

• EGFR - PDGFR mutations: EGFRs and PDGFR belong to the family of receptor
tyrosine kinases (RTKs), which act as receptors for growth factors. These receptors are
situated on the cell surface. They are activated by specific molecules (ligands), which trigger
various signaling pathways like Ras/MAPK/ERK and Ras/PI3K/AKT which are cru-
cial for processes such as cell growth, differentiation, and the formation of new blood vessels
(angiogenesis). EGFRs are associated with cell proliferation and play a role in the develop-
ment of glioblastoma and resistance to treatment. On the other hand, PDGFR signaling is
important for the normal development of tissues, and when disrupted, it contributes to the
development of cancer (Figure 2).
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Figure 2: PI3K pathway in GBM. PI3K pathway is activated by surface receptors from the RTs family.
When PI3K is activated by upstream signals, PIP3 is generated from PIP2 and activates downstream
signaling pathways, such as the AKT/mTOR which affects cell growth, proliferation, survival, motility,
and migration. PTEN is responsible for converting PIP3 to PIP2, helping to maintain cellular balance.
© BioRender.com

1.2 In vivo models
So far, in vivo transplants of GBM in animal models have been used to study tumor development
upon the engraftment of human cells and tissues into nude mice[12].
Nude mice have a genetic mutation that prevents the development of a functional thymus, resulting
in immunodeficient organisms, making them ideal for studying cancer without rejection of
the tumor after injection and for conducting studies on drug response. The key disadvantage,
however, is that these tumor models are grown on an immunodeficient background, which does
not allow for characterization of the GBM immune landscape or evaluation of immunotherapies
[13].

Patient-derived tumor cells and tissues are typically implanted into the subcutaneous flank
location of nude mice to facilitate tumor visualization and manipulation [12]. However, due to the
non-natural location, analysis of tumor diffusion, progression, and response to drugs is signifi-
cantly limited [12].
For this reason, orthotopic implantation of GBM in the brain is more extensively used, as it
provides a better understanding of the human brain extracellular matrix and the tumor microen-
vironment. Patient-derived xenografts are efficient as they preserve tumor heterogeneity and
histological characteristics, allowing for personalized drug efficiency tests in individual pa-
tients[14]. However, there are limitations, including the fact that immunodeficient rodents may
not respond to certain drugs, and the surrounding microenvironment of mouse origin
may interfere with drug response.

Another approach in in vivo cancer studies is to use genetically engineered mice. Cancer
arises and progresses mostly due to genetic mutations that alter various cell signaling pathways,
ultimately leading to uncontrolled cell proliferation without cancer suppression. For these
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6 1.3 2D and 3D in vitro models

purposes, mice have been genetically engineered to express specific genes involved in tumor forma-
tion. Viral vectors are used to introduce specific genetic material into cells, including genes that
are perfectly integrated into the mice genome and then drive tumor development[15].
Among the different mutations that can be induced, some of the most important are the mutations
in the p53 tumor suppressor gene, the introduction of EGFRvIII (a mutant form of EGFR),
or the loss of PTEN protein, which activates the Ras/MAPK/ERK and Ras/PI3K/AKT path-
ways[14] as described in section 1.1.2.

Given the limitations of animal models in replicating the specific environment of GBM cells in
the human brain, it is crucial to advance the development of in vitro 2D and 3D models.
In vitro models are particularly valuable because they provide precise control over experimen-
tal conditions and reproducibility, advantages that are challenging to achieve in vivo due to
the inherent biological variability of living organisms.
They can be designed to closely mimic the composition of both healthy and cancerous tissues fa-
cilitating the simulation of diverse conditions and replicating the heterogeneity of the human brain
tissue, which is essential for understanding disease progression and drug responses.

1.3 2D and 3D in vitro models
At the current state of the art, the examination of GBM interactions within the brain environ-
ment has been significantly propelled by advances in in vitro models [16]. There are various in
vitro models of the GBM microenvironment, including 2D and 3D models, organoid and spheroid
cultures.

• 2D models: cells are placed on rigid plastic or a monolayer of ECM mixture and kept
in a cell medium supplemented with ECM proteins such as collagen and laminin [13] (Figure
3 a). However, it is essential to consider that 2D models oversimplify the extracellular
environment and alter as well cells’ growth, morphology, phenotype, biochemical
properties, functionality, signaling, and drug response[17][18]. In 2D models, cells
grow on flat surfaces, allowing a higher portion of the cell to be directly in contact with
the medium, facilitating access to nutrients and oxygen. This aspect is subject to greater
variability in real tissues due to the 3D cellular network architecture[18].

• 3D models: to study cancer in 3D, multicellular tumor spheroids (MCTS) are used.
Spheroids are clusters of cells seeded either in suspension or embedded in gel scaffolds. This
approach provides a more accurate model of cancer growth by reflecting various aspects of
tumor biology, including cell differentiation, migration, and the diverse phenotypes
and morphologies influenced by the mechanical and chemical properties of the surrounding
matrix. MCTs models also better replicate the oxygen and nutrient gradients that cells ex-
perience within the extracellular matrix, offering a more realistic insight into drug resistance.
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In 3D culture systems, spheroids can be grown in suspension, within microfluidic devices, or
in hydrogel matrices.

1. Suspension cultures: The main features of this method are a serum-free, an artificially
low adhesion cell growth microenvironment, and a high concentration of growth factors
in the culture medium[19]. In this model, most tumor cells grow and aggregate into a
spheroid form with a diameter ranging from 20 µm-1 mm [19] and then float in the cell
medium without adhering to the culture plate (Figure 3 b).

2. Device-assisted culture: magnetic levitation method, spinner bioreactor culture, and
microfluidic devices are all improvements of the suspension culture.
In magnetic levitation, cells are treated overnight with magnetic nanoparticles in
solution that bind to them. When a magnetic field is applied above the dish, the cells
are kept suspended in the medium, preventing them from adhering to the dish surface.
This approach eliminates the need for coatings and facilitates the formation of 3D cell
clusters as the cells aggregate together (Figure 3 c).

The spinner bioreactor system includes a container to hold the cells culture and
a paddle stirring continuously to keep the cells suspended, medium well mixed and
to obtain uniform cellular spheres [19]. This setup has been used to develop various
tumor models, including hepatocellular carcinoma, neuroblastoma, breast adenocarci-
noma, and melanoma [19] (Figure 3 d).

To have better control over the spheroid’s size and the cell medium conditions, in-
stead, a microchannels structure with dimensions of 1–1,000 µm has been developed
[19]. In these platforms, fluid continuously flows through microchannels, simulating the
effects of in vivo vascularization. This, combined with precise control over micro-liquid
quantities, contributes to the faster formation of spheroids (Figure 3 e).

3. Gel embedding culture : while 3D suspensions are useful for studying drug resis-
tance in cancer cells, they do not fully capture the complexity of the ECM and
its interactions with cells. On the other hand, hydrogels with embedded spheroids
offer a more detailed model by not only supporting 3D cell cluster formation but also
incorporating the complex structure of the extracellular matrix (Figure 3 f).
This approach more accurately represents both cell-cell and cell-ECM interactions.[20]
Various polymer combinations can be utilized to replicate the chemical compositions and
mechanical properties of the brain extracellular matrix, such as collagen, gelatin, algi-
nate, and matrigel. Additionally, synthetic polymers can be used for their superior
stability in terms of temperature and mechanical degradation[21].

7



8 1.3 2D and 3D in vitro models

Figure 3: 2D and 3D in vitro models for GBM culture. a: 2D culture of cancer cells, b, c, d,
e: 3D culture of GBM cells in spheroid form, utilizing techniques such as suspension culture, magnetic
levitation, spinner bioreactors, and microfluidic devices, f: 3D culture for GBM cells embedded in hydrogel
scaffolds.
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1.4 Hydrogels
Hydrogels are crosslinked polymer chains with 3D network structures that can absorb large
amounts of liquid in their porous structure [22]. Therefore, thanks to their high water content
and porosity, they can resemble living tissues. Hydrogels can be classified in many different ways,
depending on the polymer composition, the crosslinking method, their electric charge, and
their stimuli response. [23].

1.4.1 Hydrogel chemical composition

• Natural polymers: polysaccharides(e.g. cellulose, alginate, carrageenan), polyamides
(e.g. collagen), biological polymers (e.g. nucleic acid and DNA), polyphenols (e.g.
lignin), organic polyesters, inorganic polyesters (e.g. polyphosphazene), and polyan-
hydrides (e.g. poly sebacic acid) [24]. Being of natural origin, natural polymer-based
hydrogels are highly similar to the extracellular matrix, resulting in high biocompatibil-
ity.

• Synthetic polymers: are produced through chemical reactions. Monomer molecules of the
same type are forced to react together by an initiator molecule. The initiator, triggered
by the temperature, light, or pH, indeed, creates a reactive center in the monomer (e.g. by
breaking a double bond) that starts a chain reaction and, leads, in the end, to the formation
of the polymeric chain.

• Hybrid polymers: are a combination of the previously mentioned polymers. Natural
biopolymers such as gelatin, chitosan, and dextran have been combined with synthetic
polymers. This results in the substitution of some functional groups of the natural
polymer, allowing the engineered polymer to be capable of photocrosslinking. These polymers
show great promise for constructing in vitro matrices as they maintain good biocompatibility
while also being more stable both mechanically and chemically.

1.4.2 Hydrogel crosslinking processes

• Physical crosslinking: is the formation of a bond between polymer chains through molec-
ular entanglement or weak physical interactions such as ionic interactions, coordi-
nation bonding, hydrogen bonding, and van der Waals interactions.

1. Ionic interactions: polyelectrolyte polymers can undergo ionic crosslinking because
of their ionic groups, which dissociate in water-based solutions to release ionic charges.
This dissociation allows the polymers to interact with charged species through electro-
static interactions [25].
An example of this process is sodium alginate, which contains carboxyl groups with
a negative charge neutralized by sodium ions with a positive charge. In the presence
of calcium ions, which carry a double positive charge (e.g. dissociated ions from a
calcium chloride solution), sodium ions are replaced by calcium ions. This replacement
forms ionic crosslinks between different alginate polymer chains by bridging the carboxyl
groups (Figure 4 a.1).

2. Coordination bonding: this kind of bonding occurs when a molecule or an atom
donates a pair of electrons to another atom. It differs from the usual covalent bond be-
cause, in this case, electrons are not shared between the two atoms. Therefore, in the
case of physically crosslinked gels, functional groups such as carboxylate or phosphonate
groups present in the polymeric chains, act as ligands, coordinating with transition
metal ions.

3. Hydrogen bonding: directional bonding where a hydrogen atom is attracted to an
electronegative atom, such as oxygen, nitrogen, or fluorine, in a different molecule.
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10 1.4 Hydrogels

In this case, therefore, hydrogen atoms are crucial to bind together polymeric chains
[26] (Figure 4 a.2).

4. Change in temperature: For natural polymers such as k-carrageenan, agarose, or
gelatin, a change in temperature is often enough to induce crosslinking of the poly-
mer chains. Typically, these polymers, initially in powder form, are dissolved at high
temperatures, around 80°C. After dissolving, the solution is cast into a mold, and a
rapid decrease in temperature causes the polymer chains to physically crosslink,
forming a gel structure.

These interactions rely on external changes in pH, ionic strength, and temperature. There-
fore, this crosslinking process has limited durability and low mechanical and thermal stability.

• Chemical crosslinking: The hydrogel consists of covalently cross-linked networks, where
polymer chains are interconnected through covalent bonds. This cross-linking process
limits the rotational freedom of the polymer chains, leading to a hydrogel with increased
rigidity, mechanical strength, chemical stability, and brittleness [27].

Functional group reactions: Some crosslinkers have two or more reactive sites that can
covalently bond with different functional groups, linking various polymer chains together.
This cross-linking process forms a three-dimensional polymer network, enhancing the struc-
tural integrity of the material. The interconnected covalent bonds provide the hydrogel
with increased mechanical strength, improved chemical resistance, and enhanced di-
mensional stability (Figure 4 b.1).

Free radical polymerization: In the presence of an initiator molecule, exposure to
external stimuli such as visible or UV light, temperature changes, or pH variations
generates highly reactive species known as free radicals. These radicals are essential for
initiating the polymerization process. Upon activation, the initiator decomposes into two
free radicals, which react with the polymeric chains, creating new free radicals (e.g. break-
ing a carbon-carbon double bond). When radicals from different polymer chains interact,
they form covalent bonds that link the chains together [28] (Figure 4 b.2).

10



1 INTRODUCTION 11

Figure 4: Hydrogels crosslinking methods. a: Physical crosslinking, b: Chemical crosslinking.
a.1 Ionic bonding: in the presence of ions, charged polymeric chains form crosslinks through electrostatic
interactions, a.2 Hydrogen bonding: hydrogen atom is attracted to an electronegative atom, such as
oxygen, sulfur, or fluorine, b.1 Functional groups reaction: the crosslinker binds to the two polymer
chains end to make it crosslink, b.2 Free radical polymerization under the UV light exposure: the
photoinitiator undergoes a process in which it splits into two free radicals. These radicals then propagate
the formation of radicals along the endings of the polymer chains, rendering them reactive and capable of
crosslinking.

.

1.5 Hydrogels to mimic the brain and GBM extra-cellular matrix
The natural extra-cellular matrix is a structural support network made up of different polysaccha-
rides, proteoglycans, proteins, receptors, and growing factors that promote cell proliferation and
many different signaling pathways.

1.5.1 Brain extracellular matrix composition

• Polysaccharides: glycosaminoglycans (e.g. keratin sulfate, heparin sulfate, dermatan
sulfate, and hyaluronic acid) are negatively charged (due to sulfate and carboxyl groups)
unbranched polysaccharides that are usually covalently attached to proteins, forming glycan-
protein conjugates. Among them, Hyaluronic Acid is the most important one, especially
when it comes to GBM cancer due to the key role it plays in GBM cells’ metabolism, mor-
phology, and phenotype modification.

• Proteoglycans: glycoproteinin which the protein core is a central polypeptide chain that
provides a scaffold for GAGs (e.g. hyaluronan, fibrous matrix proteins, such as collagen)
covalent attachment [29]. They are involved in binding cations such as sodium, potassium,
and calcium, as well as water, but growth factors and matrix proteins [30].

11



12 1.5 Hydrogels to mimic the brain and GBM extra-cellular matrix

• Diverse proteins: fibrous proteins (glycoproteins) such as collagen, elastin (structural
proteins), laminins (adhesion proteins), which provides mechanical support to cells and
also dramatically affects cells proliferation, differentiation, morphology and migration regu-
lating cell-matrix interactions.

Collagen is a crucial fibrous protein in the extracellular matrix of human organs, known for
its significant mechanical support due to covalent intramolecular and intermolecular bonds
between its polymeric chains [31].
Elastin, another essential fibrous protein in the brain’s ECM, is composed of about 33%
glycine, 10–13% proline, and over 40% other hydrophobic amino acids [32]. This composi-
tion not only contributes to elastin’s exceptional stability but also allows it to return to its
original shape after being stretched[32].
In contrast, laminins are the primary cell-adhesive proteins found in the basement mem-
brane [32]. They are organized into various layers, where different types of laminins are
combined. These laminins bind to cell surface receptors such as heparin, integrins, and
α-dystroglycan, promoting cell adhesion to the extracellular matrix [32].

• Receptors: among the different receptors, integrin is crucial in the cell’s mechanical sta-
bility as it links the cell’s cytoskeleton with the basement membrane [32]. It also plays a
crucial role in terms of intracellular signal transduction contributing to changes in the
electrical activity of a cell.

• Growth factors: they affect cell behavior by promoting cell adhesion, growth, proliferation,
and differentiation during nervous system development [33]. Among all the growth factors,
the most important are the epidermal growth factor (EGF), which initiates mitosis and
promotes rapid cell growth, the vascular endothelial growth factor (VEGF), which
controls brain angiogenesis and vascular network formation within the brain ECM. Fibrob-
last growth factors (FGF) regulate embryonic development, organogenesis, and tissue
differentiation. Brain-derived growth factor (BDNF) serve as a survival factor during
early ECM development.

1.5.2 Brain and tumor extracellular matrix mechanical properties

The brain is a mechanosensitive organ, thus changes in the mechanical properties of the extra-
cellular matrix have a high impact on many physiological and pathological processes [34]. Rheo-
logical measurements reveal that brain tissue is a viscoelastic material. At low-stress levels, it
behaves like a solid, quickly returning to its original shape. In contrast, at higher stress levels,
it undergoes plastic deformation and acts more like a liquid, losing its original shape[35].
Mechanical forces exerted by the ECM affect healthy neuronal network activity, axonal extension,
neuron-astrocyte communications, as well as neuron-ECM interactions and disease progression
[34]. Compared to other organs, the ECM of the brain is distinct due to its predominance of non-
fibrous components, which contribute to the brain’s relatively soft tissue texture (Young’s
modulus between 0.1kPa for the young brain and 1kPa for the adult brain) [36]. In this case, the
ECM plays a crucial role in both the development of a healthy adult brain and in the progression
of brain diseases [37].

Moving to cancer tissue, even though genetic modifications initiate cancer, then it develops by
altering its physical environment through mechanotransduction [29]. In the tumor microenvi-
ronment, increased secretion and remodeling of fibrous ECM proteins, such as laminin, collagen,
or fibronectin, lead to a huge increase in tissue stiffness (up to 26 kPa) [38]. Stiffening of the brain
ECM due to the overexpression of brain fibrous proteins and receptors exposes GBM cells to a
high mechanical stress that makes them reshape, proliferate, and change phenotype.
In response to the increase in the ECM stiffness, cancer cells activate responsive signal path-
ways to reinforce the cell’s cytoskeleton which then leads to an increase in cells’ adhesion and
proliferation [39].
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In addition to the fact that cancer cells contribute to the remodeling and alteration of the mechan-
ical properties of the extracellular matrix and in response to these changes, the cells themselves
enhance the rigidity of their cytoskeleton. Among all the factors that undergo overexpression dur-
ing the tumor progression, hyaluronic acid plays a key role. The brain ECM is composed of 25%
HA in mass, which gradually increases during GBM tumor progression (Figure 5) [38].

Figure 5: Brain and tumor extracellular matrix. a Composition of the brain and GBM tis-
sue: the provided figure illustrates the differences in mechanical properties between healthy and diseased
brain tissue. Brain tissue comprises proteoglycans (aggrecan, brevican), hyaluronic acid, tenascins (specif-
ically tenascin R), and collagen IV. In contrast, glioblastoma ECM demonstrates increased stiffness and
contains neurodevelopmental proteins (tenascin C) and metalloproteases (MMPs) that promote invasion,
b: Hydrogels to mimic healthy and brain tissues: the concept involves replicating the tumor and
brain matrices using a less stiff gel to mimic healthy tissue and a stiffer gel to represent tumor tissue.

1.5.3 Haluronic acid’s role in GBM tumor spreading

HA is a linear polysaccharide consisting of a repeating unit of disaccharide: D-glucuronic acid
and N-acetyl-D-glucosamine [40]. In the brain extracellular matrix, HA is one of the most versatile
molecules thanks to the fact that each monomer presents three different types of functional
groups (—hydroxyl, carboxyl, and amide) through which it can attach many different molecules
(e.g. the carboxylic acid and primary alcohol are important for both recognition by hyaladherins
and for chemical modification, the amide also supports adhesion)[41].
Cells bind to HA polymeric chains through the cell’s surface receptors (e.g. CD44 and RHAMM),
and in this way, HA concentration in the extracellular matrix can activate precise signaling
pathways in the cell that results in the modification of cell cytoskeleton, shape, and morphol-
ogy[41].
Extracellular mechanical properties (e.g. Young’s modulus and crosslinking degree), affect the
binding degree of the cell’s surface receptors such as CD44 with HA, thus CD44 can undergo
force-dependent switching between low affinity and high affinity HA-binding states [41]. Cell’s
metabolism and signaling pathways are influenced by the stiffness of the extracellular matrix, and
as a result, the cell’s response to the mechanical properties of its environment leads to the pro-
duction and secretion of hyaluronan synthases and degradation by hyaluronidases, which in turn
increases the stiffness of the extracellular matrix in a closed loop cycle [41].
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14 1.5 Hydrogels to mimic the brain and GBM extra-cellular matrix

1.5.4 Synthetic hydrogels to mimic the ECM

Hybrid hydrogels offer an ideal solution for recreating both healthy and cancerous extracellular
matrices in vitro. They maintain excellent biocompatibility while allowing for precise control over
mechanical properties across a broad range of stiffness. This is achieved by incorporating specific
functional groups into the natural polymers, which enables chemical crosslinking and enhances
both mechanical and chemical stability .

• Hyluronic acid: as described in 1.5.3, hyaluronic acid (HA) consists of repeating disaccha-
ride units and features numerous functional groups that enable various chemical modifica-
tions. These reactive functional groups facilitate cross-linking between polymer chains. A
widely used method for modifying HA involves introducing thiol functional groups to enable
covalent cross-linking between different polymer chains [42]. Thiol groups (-SH) are charac-
terized by a sulfur atom bonded to a hydrogen atom. When two thiol groups from separate
polymer chains come into proximity, they can form a disulfide bond (-S-S-) through an
oxidation reaction due to their high reactivity.
In addition to thiol modifications, HA can also be altered through its hydroxyl, N-acetyl,
and carboxylic groups [43]. The main chemical modification techniques for hyaluronic acid
(HA) involve esterification, etherification, amidation, and oxidation of the functional groups
at the ends of the polymer chain. A widely used method is reacting HA with methacrylic
anhydride, which facilitates the etherification of hydroxyl groups in basic solutions. This
modification enables the polymer to be easily cross-linked under UV light in the presence
of a crosslinker [43].
The interest in this polymer stems from its ability to enhance the understanding and repli-
cation of the human brain when combined with other naturally derived polymers such as
collagen or gelatin.
Recent studies have focused on collagen-based hydrogels incorporating HA [21]. Collagen-
based hydrogels initially exhibit an elastic modulus of approximately 300.48 ± 39.5 Pa [21],
which can increase to over 1000 Pa with the addition of HA. This finding is significant as
it highlights the potential of hyaluronic acid to adjust the mechanical properties of hy-
drogels, achieving stiffness levels that more closely match the average stiffness of cancer
tissue.

• Gelatin Methacryloyl: this synthetic polymer is derived from the chemical modification
of gelatin, a natural hydrophilic polymer produced through the hydrolysis and denaturation
of collagen at high temperatures [44]. Gelatin is particularly suited for creating 3D matri-
ces that mimic the brain ECM due to its inclusion of the Arg-Gly-Asp (RGD) sequence,
a polypeptide sequence that interacts with cell surface receptors such as integrins, thereby
promoting cell attachment and adhesion. However, gelatin is highly thermally unstable,
necessitating chemical modifications to enable crosslinking .
Gelatin’s side chains contain numerous reactive groups, including -OH, -COOH, -NH2, which
make it relatively straightforward to chemically modify [44]. The polymer is synthesized by
reacting gelatin with methacrylic anhydride, replacing the amino and hydroxyl groups in the
gelatin polymer chains with methacrylate groups that are highly reactive to UV light. The
presence of a crosslinker allows for the formation of covalent bonds between polymer chains,
resulting in a more stable mechanical structure.
Common free radical photoinitiators used for this process include 2-hydroxy-4-(2-hydroxyethoxy)-
2-methylpropiophenone (IC-2959) and lithium phenyl-2,4,6-trimethylbenzoyl phosphinate (LAP)
[45]. LAP absorbs UV light with a wavelength of 405 nm, producing two highly reactive free
radicals. These radicals efficiently break the vinyl bonds between the carbon atoms of the
methacrylamide and hydroxymethacrylate groups, creating a stable three-dimensional net-
work.
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Figure 6: Gelating substitutional process. The figure illustrates the substitution process of amino
and hydroxyl groups in the gelatin polymer with methacrylate groups, which are highly reactive to UV
light. This makes gelatin chemically cross-linkable, enhancing its mechanical properties.

15



16 1.6 Motivation and Aim

1.6 Motivation and Aim
This thesis explores the advantages of using hydrogels to study neural tissues affected by glioblas-
toma. The study begins by replicating the mechanical properties of both healthy neural tissues
and GBM tumor microenvironment. While the mechanical properties of healthy tissues are well-
documented, information on the mechanical characteristics of GBM is limited.
To address this, the research involves collecting global and local measurements from surgically
resected GBM tumors. Subsequently, GelMA hydrogels are engineered to match the mechanical
properties of each tumor microenvironment. Human induced pluripotent stem cell-derived neurons
and primary glioma cells are then cultured in these hydrogels to access cell growth, phenotype,
migration, and interaction.

Goals

1. How does the concentration of polymers and their chemical composition affect the mechanical
properties of hydrogels?

2. How do hydrogel stiffness and chemical composition impact cancer cell growth, proliferation,
phenotype, migration, and interactions?

3. How do hydrogel stiffness and chemical composition impact neurite elongation and branching?

4. How can we optimize the coculture of neurons and glioblastoma by creating a multi-hydrogel
platform using PDMS microstructures?

Addressing these questions is essential for designing robust 3D hydrogel scaffolds that more ac-
curately replicate the extracellular matrix. This improved model of the human brain’s complex
behavior in vitro will enable more effective targeting of tumors with therapies.
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2 Materials and Methods
2.1 Materials

Component Catalog Info
Antibiotic Antimycotic 1X Sigma, A5955-100 ml
BDNF PeproTech, 450-02
B27 Plus supplement 50X Thermo Fisher, A3582801
B27 without Vitamin A 50X Gibco, Thermo Fisher Scientific 12587-010
CNG Medium Stock n.a.
Chk mAb to GFAP abcam, AB4674
DMEM/F12 1:1 Sigma, D8062
Doxycycline Fisher Scientific, NC0424034
EGF (500 µl/ml)
FGF (250 µl/ml)
Gelatin Methacryloyl
Glutamax Thermo Fisher, 35050-061
GDNF PeproTech, 450-10
Glutagro/Max 1X
Goat anti-chicken Alexa Fluor 647 Thermo Fisher Scientific 2480082
Goat anti-Mouse Alexa Fluor 555 Thermo Fisher Scientific 2552975
Goat anti-Rabbit Alexa Fluor 488 Thermo Fisher Scientific 2521157
Goat Serum Sigma Aldrich
Heparin 1000X Stemcell, CAT#07980
Hyaluronic Acid Methacrylate Hoechst 33342 Termo Fisher Scientific 2528096
LAP (1X)
Laminin Sigma Aldrich, L2020-1MG
Methacrylic anhydride
Ms mAb to Nestin (0.5 mg/ml) abcam, AB6320
N2 supplement 100X ThermoFisher, 17502-048
Neurobasal Plus Media ThermoFisher, 21103-049
Neurosphere Medium Stock (Primary Tumor) n.a
NGN2 iNeurons Novartis hDFa90/1.2iNgn2 p8+35
Non-Essential Amino Acids 1X
Paraformaldehyde Sigma Aldrich, 1004960700
PBS (1x) Gibco, Thermo Fisher Scientific 10010015
Polydopamine Sigma Aldrich
Polyvinylpyrrolidone Sigma Aldrich
Primary Glioma cells
Rb mAb to Ki67 (0.031 mg/ml) abcam, AB16667
Rho-kinase inhibitor Sigma Aldrich Y27632, 688000
Sodium Bicarbonate 1X
Sodium Pyruvate 1X
TRIS (10mg/ml, pH 8.5)
Triton X-100 Sigma Aldrich

Table 1: List of media components, primary and secondary antibodies, gel components, and cell lines
utilized in the experiments.
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Component Catalog Info
Centrifuge Eppendorf, 5810 R
CLSM Olympus, Fluoview 3000
Ibidi glass dishes Ibidi
Ibidi 18 well plates Ibidi
Fluid Force Microscopy FlexAFM scan head (Nanosurf) and a C3000

controller driven by its original software
(Nanosurf C3000 v. 3.3835), and a digital pres-
sure controller unit (ranging from 800 to +1000
mbar) operated by a digital controller software
(Cytosurge CORA)

Rehometer Anton Paar mcr 302e

Table 2: List of instruments and materials used for experiments, including equipment for imaging and
mechanical characterization, as well as components for storing the gels.

2.2 Methods
2.2.1 Hydrogel making

GelMA hydrogels

Different formulations of GelMA and HAMA have been utilized to create hydrogels with vary-
ing stiffness levels for the polymeric matrix. Initially, hydrogels made exclusively of GelMA
were developed, with polymer concentrations ranging from approximately 3 wt% to around 10
wt% GelMA. The intention was to replicate conditions conducive to both neuronal and cancer cell
growth. Adjusting the polymer concentration affected polymer chains’ entanglement, altering
the network’s mesh size, porosity, and density of attachment points, which, in turn, influ-
enced cell growth on the scaffold.

GelMA synthesis:

As outlined in section 1.5.4, GelMA is a synthetic polymer produced by chemically modifying
gelatin with methacrylamide or hydroxymethacrylate groups. This process involves reacting gelatin
with methacrylic anhydride, leading to the introduction of methacrylate side groups to the
lysine and hydroxyl residues in gelatin. The synthesis of GelMA is a two-step process [44]. First,
gelatin is dissolved in phosphate-buffered saline (PBS) (pH 7.5) at 50 °C, and methacrylic anhy-
dride is then added to the solution. After an hour of reaction, the mixture is diluted fivefold to
stop the reaction. Subsequently, the mixture is dialyzed against distilled water at 40 °C for 5 to
7 days to remove any unreacted methacrylic anhydride and is then lyophilized to obtain GelMA
powder, which is stored at -20 °C.

GelMA stock solution

To prepare the GelMA stock solution, the polymer was dissolved in PBS at 37°C for approxi-
mately one hour. The quantity of polymer used depends on the desired final concentration of the
gels. When working with very soft polymers at concentrations ranging from 2% to 5% wt, a 6.5%
wt GelMA stock solution was utilized. For higher concentrations, specifically between 7% and 10%
wt, a 13% wt GelMA stock solution was employed. To prepare the solution, 15 mg of GelMA
powder was added to a 5 mL Eppendorf tube. The PBS volume was adjusted according to the
final concentration needed. For example, to prepare a 10% wt stock solution, 150 µL of PBS was
added. It is crucial to fully dissolve the polymer and avoid any residual undissolved powder.
This is achieved by heating the solution on a heat plate to a maximum temperature of 42°C, which
helps to dissolve the polymer without compromising the gelatin’s protein structure. Once
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completely dissolved, the stock solution was stored at -4°C.

GelMA hydrogels making

To prepare the gel, first, the stock solution was warmed in a dry bath at 37°C. Then, in a 50µl
Eppendorf tube were added 2.75µl of laminin, 10 µl LAP, and then the correspondent amount of
cell media and polymer. The content was then mixed with a 20µl pipette to ensure the correct
distribution of all the chemicals. Given LAP’s sensitivity to UV light and oxygen, it is essential
to keep the UV light turned off under the hood when handling this cross-linker.
The hydrogel mixture was then poured into an 18-well plate, each receiving 15 to 20 µl of the
mixture. The gels were cross-linked under UV light for 5 minutes. After cross-linking, each well
was filled with either neuron media or cancer media, depending on the cell type to be seeded on
the scaffolds, to prevent the gel from drying out. The concentrations of laminin and cross-linker
were computed for a final volume of 50 µl for the hydrogel mixture. These volumes remained
constant, with only the polymer and media concentrations being varied to reach the desired final
GelMA concentration.

Hyaluronic acid and GelMA hydrogels

In our study, GelMA was combined with methacrylate-modified hyaluronic acid (HAMA) to inves-
tigate the complexity of the human brain composition in greater detail, focusing on the HAMA
0.8 wt% + GelMA 4.5 wt% formulation.

HAMA Stock Solution

The HAMA stock solution was prepared by dissolving the polymer PBS at 42°C for up to three
hours due to its higher viscosity compared to GelMA. The quantity of polymer used depended on
the desired final concentration of the gels. We initially attempted to test different concentrations
of HAMA by preparing 2 wt% and 5 wt% stock solutions. However, the 5 wt% solution resulted
too viscous, making accurate measurement with a 20 µl tip challenging. As a result, we used the 2
wt% stock solution and adjusted the gel formulation accordingly. Our goal was to modify the gel
formulation by incorporating 1 wt% HAMA, with the rest as GelMA. To dissolve the powder, 15
mg of HAMA powder was added to a 5 ml Eppendorf tube. The PBS volume was adjusted accord-
ing to the required final concentration (e.g., 750 µl of PBS was added to prepare a 2 wt% stock
solution). It was essential to ensure complete dissolution of the polymer and avoid any residual
undissolved powder. This was accomplished by heating the solution on a heat plate to a maximum
temperature of 42°C, which facilitated dissolution without compromising the polymer’s structure.
Once fully dissolved, the final hydrogel mixture was prepared.

Hyaluronic Acid and GelMA Hydrogel Preparation

To prepare the gel, the stock solution was warmed in a dry bath at 37°C or on a heat plate
at 42°C if the stock was particularly viscous. In a 50 µl Eppendorf tube, 2.75 µl of laminin and 10
µl of LAP were added, followed by the appropriate amounts of the two polymers (20 µl HAMA +
17.3 µl GelMa). The contents were mixed with a 20 µl pipette to ensure an even distribution of
all components. The hydrogel mixture was then poured into an 18-well plate, each receiving 15 to
20 µl of the mixture. The gels were cross-linked under UV light for 5 minutes. After cross-linking,
each well was filled with either neuron media or cancer media, depending on the cell type to be
seeded on the scaffolds, to prevent the gel from drying out.

2.2.2 Cells in the PDMS microstructures

Cells were cultured in bulk gels and PDMS microstructures to study their motility and growth
under controlled conditions. Two PDMS microstructures were employed: one with closed channels
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and another with open channels. The closed-channel microstructure has a sealed top, allowing
only axons to navigate through the channels. This poses a greater challenge for cell motility and
necessitates a longer observation period for significant migration through the channels (Figure
7 a,c). The open-channel microstructure features a fully open top, facilitating cell growth and
motility (Figure 7 b,d).

Figure 7: PDMS microstructure schematics. a,b Top view of the microchannels: The mi-
crochannels feature two wells. Gels are seeded inside the channel, and subsequently, neuron spheroids are
placed in one well. After 21 days in vitro, GBM spheroids are seeded on the other side, c: Side view
microchannel closed on top: The illustration shows the schematic of a closed microchannel. In this
particular instance, the channel is sealed at the top with a PDMS layer, creating a 4µm opening that
facilitates axon growth within the channel, while effectively preventing spheroid migration in the majority
of cases, d: Side view microchannel open on top: This schematic depicts an open microstructure,
specifically designed to facilitate cell growth. The morphology of this structure provides an entirely open
environment resulting in uncontrolled cell migration along the channel.

Figure 8: Neurons growing in the PDMS microstructure schematics. Side view of the neuron
growing in the microchannel: Microchannels are filled with the hydrogel and then UV light crosslinked.
After one day neurons spheroid are released on one side of the microchannel and after 21 days when they
are fully matured glioblastoma spheroids are released on the other side.

To seed cells in the microstructures, we followed several steps. Ideally, the hydrogel was seeded
inside the channels the day before, or at least 2 hours before cell seeding to eliminate all un-
reacted crosslinkers. However, a significant issue was that the hydrogel often spread across the
entire microstructure instead of remaining confined to the channels. Consequently, this led to cells
growing not only in the channels where the gel was seeded but also on top of the PDMS microstruc-
tures. This formation of large networks pulled cells outside the wells, subsequently affecting their
controlled growth within the channels.

To address this concern, recent experiments have utilized a two-step coating process, utilizing both
a polydopamine (pDA) and a polyvinylpyrrolidone (PVP) coating. This method has contributed
to improved precision in gel seeding within the microstructures and has ensured more controlled
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cell growth exclusively inside the microchannels..

pDA and PVP coating of PDMS microstructures

The microstructures were cut from the mask and transferred to a petri dish. pDA solution was
then prepared by dissolving pDA powder in TRIS buffer (pH of 8.5) with a concentration of 2
mg/ml, and the mixture was vortexed. This solution was poured into the dish to completely cover
the microstructures, which were then left in the solution for 2 hours, protected from light and
airflow. Then the microstructures were rinsed five times with MQ water and left in MQ water.
Then, a 2 mg/ml PVP solution was prepared by dissolving PVP powder in MQ water. After
vortexing the mixture, the MQ water was removed from the dish before adding the PVP solution.
The microstructures were then placed in the PVP solution for 4 hours, ensuring they were shielded
from light and airflow. Subsequently, they were rinsed five times, alternating between MQ water
and ethanol, and finally left in MQ water until seeding. One hour before seeding, the MQ water
was completely aspirated, and the microstructures were allowed to dry thoroughly.

Meanwhile, Ibidi glass dishes were washed for 15 minutes with isopropanol and then rinsed five
times with MQ water. Once the microstructures were sufficiently dried, both the microstructures
and the glass dishes were plasma-activated for 1 minute to create a plasma bond between the
PDSM microstructures and the glass dish. Then the hydrogel was introduced into the microstruc-
ture, commencing from one of the two wells within each microchannel (Figure 7 c,d). Subsequently,
it was subjected to UV light for a duration of 5 minutes to initiate crosslinking. The following day,
neuronal spheroids were seeded on one side of the microstructure (Figure 8).

2.2.3 Mechanical characterization

After fabrication, the hydrogels were characterized using two distinct methods to evaluate the
differences in gel stiffness based on the weight percentage used in the gel mixture. These method-
ologies offer complementary insights into the material’s mechanical properties, with one providing
an overview of global properties and the other focusing on local mechanical characteristics.

Rheology

Rheological measurements are connected to the overall characteristics of the material. For this
test, a gel was prepared in disc form by pouring 50 µl of the mixture between two glass slides and
then crosslinking it under UV light for 5 minutes. Subsequently, the resulting disc was immersed
in 2 ml of PBS and left overnight before the measurement to allow the gel to reach equilibrium
with respect to liquid uptake. Mechanical properties were evaluated using a parallel-plate type
rheometer, with the hydrogel disc positioned between the two plates( Figure 9).
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Figure 9: Rheometer schematics. For rheological measurements, the gel was shaped into a disk and
positioned between two parallel plates. Subsequently, a shear stress with increasing magnitude was applied,
and the resulting strain in the gel was recorded.

For this kind of characterization, a strain sinusoidal amplitude sweep ranging from 0.1% to 10%
has been performed while keeping constant the frequency of the stress applied at 1 rad/s .

Fluid force microscopy

Fluid Force Microscopy (FFM) is a specialized form of atomic force microscopy with microchan-
neled cantilevers connected to a pressure controller [46]. The microchannel can be filled with an
arbitrary liquid and this allows for 3D manipulation of living cells. In the case of interest, the FFM
cantilever with spherical microbeads was used to perform micro indentation on the hydrogels to
measure mechanical properties as shown in figure 10.

Figure 10: FFM schematics. The image depicts the configuration of the FFM, showing a cantilever
with a microbead attached at its tip. This microbead is capable of deforming the hydrogel soft substrate
through indentation.

For FFM measurements, hydrogel samples were prepared by applying 20-25 µl of the gel onto a
glass coverslip that had been plasma cleaned for 2 minutes. This plasma treatment renders the
glass surface hydrophilic, promoting uniform spreading of the gel. The gel on top of the coverslip
was crosslinked under UV light for 5 minutes and then immersed in PBS overnight before testing.
A probe with a stiffness (k in N/m) ranging from 0.1 to 0.9 N/m is typically selected to match the
stiffness of the gels, suitable for measuring stiffness values between a few kPa and 100 kPa [46]. A
similar approach is used when choosing the spherical tip. The tip’s radius is determined based on
the required spatial resolution, with a typical range of 10 to 250 µm for hydrogels. The analysis
involves indenting multiple regions of the same sample, and Young’s modulus is calculated from
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the force versus indentation measurements using the Hertz model relation:

F = 4
3(1 − ν2)E δ

3
2 R

1
2

In the formula, F is the force, δ is the indentation, E is the Young’s modulus, and ν is the Poisson’s
ratio taken as 0.5, assuming incompressibility.

2.2.4 Cell culturing

Human induced pluripotent stem cell (iPSC) derived neurons and primary glioma cells have been
cultured in the hydrogel scaffolds.

Cell culturing: iNeurons

NGN2 iNeurons (Neuronal differentiation from iPSCs is initiated by the transcription factor Neu-
rogenin 2 (NGN2)) were used in the form of 3D spheroids. They were typically placed on top of
hydrogel scaffolds approximately one day after the gel preparation. When the gel preparation and
seeding occurred on the same day, a minimum of one hour was allowed between gel formation and
seeding. Additionally, the media was changed twice to remove any unreacted LAP.
Between 6 and 7 spheroids were visualized under an optical microscope, carefully picked up with
a 10 µl pipette, and gently placed into each well on top of the gel. It was crucial to ensure that
the pipette tip was submerged in the cell media without directly contacting the gel, to prevent any
disruption to its structure.
To maintain cell viability, media changes were performed every 2-3 days, using only medium that
was less than 2 weeks old. Before each media change, the medium was warmed to 37°C in a dry
bath to ensure it was at the proper temperature for the cells. In each well, slightly less than half of
the media, approximately 40 µl, was removed to account for evaporation, and around 60 µl of fresh
media was then added. For maintaining iNeurons, a combined iNeurons-Glioma (CNG) medium
was used. During the first 7 days in vitro, doxycycline (2 µg/ml) and laminin (3.2 µg/ml) were
added to the complete CNG medium. From day 7 to day 10 in vitro, only laminin at the same
concentration was added, and from day 10 onward, only the complete CNG medium was used for
media changes as reported in the tables below:

Name Quantity
Neurobasal Plus Media 500 ml
Glutamax 5 ml
Antibiotic Antimycotic 1X 5 ml
Sodium Pyruvate 1X 5 ml

Table 3: List of components for preparing 500 ml of CNG Medium Stock

Name Quantity
CNG Medium Stock 50 ml
B27 Plus supplement (50X) 1 ml
N2 supplement (1000X) 0.5 ml
BDNF 50 µl
GDNF 50 µl

Table 4: List of components for preparing 50 ml of CNG Medium Complete
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Time Formula
Thawing and seeding CNG + 10µl of RI (1:1000 diluition from stock:

1 µl RI in 1 ml CNG) + 2µl/ml Dox (1:500
diluition from stock: 2µl in 1 µl CNG

First medium change (about 1-2 hrs after seed-
ing)

CNG + 2µl/ml Dox + 3.2µl/ml Laminin

Second medium change (after 24 hrs) to DIV7 CNG + 2µl/ml Dox + 3.2µl/ml Laminin
DIV7 to DIV10 CNG + 2µl/ml Dox
From DIV10 CNG

Table 5: List of components and their quantities added to the CNG Complete Medium based on the DIV
.

Laminin was first added to cold CNG, and then the complete media was warmed in a 37°C dry
bath before being used to change the culture media.

Cell culturing: GBM

Primary glioma cells in the form of 3D spheroids, were typically placed on top of hydrogel scaffolds
approximately one day after the gel preparation. When the gel preparation and seeding occurred
on the same day, a minimum of one hour was allowed between gel formation and seeding, and the
media was changed twice to remove any unreacted LAP as described for the neurons seeding 2.2.4.
Between 6 and 7 spheroids were visualized under an optical microscope, carefully picked up with
a 10 µl pipette, and gently placed into each well on top of the gel. It was crucial to ensure that
the pipette tip was submerged in the cell media without directly contacting the gel to prevent any
disruption to its structure. Also for cancer cells, media changes were performed every 2-3 days,
using only a medium that was less than 2 weeks old. Before each media change, the medium was
warmed to 37°C in a dry bath to ensure it was at the proper temperature for the cells. In each
well, slightly less than half of the media, approximately 40 µl, was removed to account for evapora-
tion, and around 60 µl of fresh media was then added. To maintain the cancer cells, Neurosphere
Medium was used with the formulation detailed below:

Name Quantity
Neurobasal Media 233.75 ml
DMEM/F12 1:1 233.75 ml
Non-Essential Amino Acids 1X 5 ml
Sodium Pyruvate 1X 5 ml
Sodium Bicarbonate 1X 2.5 ml
HEPES Buffer 25mM 12.5 ml
Glutaro/Max 1X 2.5 ml
Antibiotic Antimycotic 1X 5 ml

Table 6: List of components along with their respective quantities for preparing 500 ml of Neurosphere
Medium Stock (Primary Tumor)

24



2 MATERIALS AND METHODS 25

Name Quantity
Stock Medium 10 ml
EGF 2 µl
FGF 8 µl
Heparin 1000X 10 µl
B27 without Vitamin A 50X 100 µl

Table 7: List of components along with their respective quantities for preparing 10 ml of Neurosphere
Medium Complete

For co-culturing neurons with GBM spheroids, a different media formulation was used. Once the
GBM spheroids were seeded into the neuron cultures, the medium was switched from Complete
CNG to CNG+ as outlined below. The cancer growth factors, listed below, were added to the
Complete CNG Medium:

Name Quantity
EGF 2 µl
FGF 8 µl
Heparin 1000X 10 µl

Table 8: List of components along with their respective quantities for preparing 10 ml of CNG+ Medium

2.2.5 Immunohistochemistry

Immunohistochemistry (IHC) is a method used to detect specific molecules or proteins in tissue
samples. This is done by using specific antibodies to bind to the antigens present in the tissue
sections or cells. After culturing the samples for 30 days, they were fixed and then stained for
primary and secondary antibodies to detect the specific proteins expressed by GBM cells.

Fixation

Cells were fixed before staining them, a crucial step for preserving a snapshot of biological
processes as they occur in living organisms [47]. The fixation process inactivates biochemical
and proteolytic processes and immobilizes cell structures, preserving their morphology and
interactions.
In this particular case, the media solution was removed from each well of the 18-well plate, and
each scaffold was covered with a 4% paraformaldehyde solution (PFA) and left for 15 minutes to
allow the fixative to properly react with the cells’ proteins.

PFA, being the smallest aldehyde, can be easily attached by a wide range of nucleophilic species
of biological interest [47]. The carbon in the carbon-oxygen double bond (C=O) present in the
aldehyde has a partially positive charge due to the higher electronegativity of the oxygen atom,
making the carbonyl carbon an attractive site for nucleophiles. This interaction is fundamental to
the crosslinking process of proteins. The fixation process by PFA is a two-step process:

• STEP 1: PFA reacts with a nucleophilic molecule (e.g., lysine group from a protein), forming
a covalent bond resulting in a methylol adduct, which is then converted to a Schiff base by
loss of a water molecule [48]

• STEP 2: The Schiff base reacts with another nucleophilic group, also from the same protein,
stabilizing the overall reaction and completing the fixation process of the cells.

After treating the samples with PFA for 15 minutes, three 5 to 10-minute washes in PBS were done
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to remove any remaining PFA. Subsequently, samples were stored in PBS covered with parafilm
at 4°C to prevent evaporation until they were ready for staining.

Permeabilization

Before introducing the primary and secondary antibodies, the samples were permeabilized. This
permeabilization step is crucial for removing cellular membrane lipids, which enables the
large antibodies to enter the cells. It also impacts the nuclear membrane, making it suitable for
targeting various cellular components [49].
Permeabilization typically involves two main types of reagents: organic solvents (e.g. methanol and
acetone), which dissolve the lipid cell membrane, and detergents, which are amphipathic molecules
such as saponin and Triton-X[49]. In this instance, Triton-X was used to lyse the cells.

Triton-X is a nonionic surfactant with a hydrophobic tail and a hydrophilic head. In aqueous
solutions, Triton-X molecules form micelles, with the non-polar polymeric chains oriented inward
to avoid contact with water, while the polar heads interact with the water. When Triton-X is added
to a cell suspension, its hydrophobic tails interact with the hydrophobic inner layer of the cellular
membrane, enabling it to penetrate the lipid bilayer and disrupt the interactions between lipid
molecules within the membrane.

Primary and secondary antibodies

Antibodies are glycoproteins designed to bind with high specificity to a particular part of a target
biomolecule, such as a specific protein sequence. While they offer precise binding capabilities, they
may not detect high quantities of antigens on their own. To overcome this limitation and enhance
detection sensitivity, signal amplification is employed using secondary antibodies. These secondary
antibodies are labeled with a fluorophore or chromogen and are produced against the primary an-
tibody’s host organism. If the primary antibody was generated in rabbits, the secondary antibody
would be anti-rabbit. As primary antibodies have been used:

• Ki67: It has been widely used as a protein marker for human tumor proliferation [50] . This
protein is expressed throughout the entire cell cycle, except during the G0 phase, which
is the resting phase when the cell is not actively dividing [50]. The cell cycle comprises four
stages: G1 (gap 1), where the cell increases in size; S (synthesis), where DNA is replicated;
G2 (gap 2), where the cell prepares for division; and M (mitosis), where the cell divides. The
Ki67 protein is detectable at the nuclear level during all these phases but is rare or nearly
undetectable in the G0 phase.

• Nestin: is a cytoskeletal intermediate filament initially characterized in neural stem
cells, is now recognized to be present in cells with progenitor and/or regulatory func-
tions [51]. Nestin plays a crucial role in cancer pathogenesis and is highly expressed in many
tumors, such as gliomas [51]. It is also associated with cancer cell infiltration, malignancy,
and migration, contributing to the enhanced ability of cancer cells to migrate and metastasize
[51][52].

• GFAP: is an intermediate filament-III protein found specifically in astrocytes within
the CNS, non-myelinating Schwann cells in the PNS, and enteric glial cells [53]. GFAP
exists in multiple isoforms, which are different forms of the same protein that vary slightly
in their amino acid sequences. The effectiveness of GFAP as a marker depends on these
different isoforms, indicating that further research is needed. Initial studies have shown that
GFAPα expression decreases in higher-grade gliomas, while GFAPδ levels remain relatively
unchanged [53].

Staining procedure

• Day 1: All the PBS was removed from each sample, and a 0.1% Triton-X solution in PBS
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was added. The samples were then incubated with this solution for 6 minutes before it was
removed. Following this, the samples underwent six washes in PBS: the first three were 10
minutes long, while the last three were 5 minutes long, all performed in a blocking buffer (5%
goat serum in PBS). After the washes, primary antibodies were added to the blocking buffer
at a concentration of 1:500, and the samples were incubated overnight on a shaker at room
temperature. The primary antibodies for the cancer samples were Ki67, Nestin, and GFAP.

• Day 2: After the primary antibodies were removed, the samples were washed six times with
blocking buffer over 6-7 hours. Next, secondary antibodies were added in blocking buffer and
incubated overnight on a shaker.

• Day 3: The secondary antibodies were removed, and the samples were washed twice with
blocking buffer, with each wash lasting 10 minutes. Hoechst staining solution in PBS was
then added to the samples and incubated for 1 hour. Following this, the samples were washed
twice with PBS.

Figure 11 below provides a comprehensive depiction of the staining procedure.

Figure 11: Immunostaining process. Immunostaining steps performed on GBM samples. Proliferating
cells are marked by Ki67, indicating areas of high cancer cell proliferation. The cytoskeleton is highlighted
with GFAP and Nestin staining, illustrating the expression of key structural proteins in the tumor cells.
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Brain slices

Brain slices were prepared from primary tumor tissues directly resected from a patient. The
tumor was initially cut into approximately 3 mm pieces, which were then thoroughly washed with
an excess of PBS. Next, the pieces were immersed in 4% PFA until fully covered and left to fix in
the refrigerator for 24 hours. After fixation, the samples were washed three times with PBS and
stored in the refrigerator at -20 °C. From these fixed tumor pieces, 5 µm thick brain slices were
sectioned using a microtome. The slices were mounted on glass slides, and the staining procedure
was carried out directly on the slides. To contain the staining solution, a hydrophobic pen was
used to draw circles around each brain slice and to protect the fluorescent molecules from photo-
bleaching, a droplet of antifade reagent was added to each slice. A glass coverslip was then placed
over the slice, and the prepared slides were stored in the -20 °C freezer overnight before imaging.

2.2.6 Stained GBM samples imaging and processing

After the staining process, GBM samples were imaged using a confocal laser scanning microscope
(CLSM) equipped with a 20x objective to evaluate cancer proliferation and marker expression
across different hydrogel stiffness levels. Z-stacks were captured to preserve the three-dimensional
structure of the cells growing throughout the entire bulk of the gels. . The samples were focused
on a specific focal plane, with acquisition start and end points recorded, continuing as long as cells
remained visible across the different channels.
The CLSM used in this study was equipped with the following lasers, each selected based on the
excitation requirements for the fluorescent dyes and antibodies. The table below lists each laser
along with its corresponding characteristics, including gain, HV intensity, and offset:

Fluorescent marker Excitation Target Gain, HV Intensity,
Offset

Hoechst 33342 nuclear DNA 1.0%, 400-450, 5%
Alexa Fluor 488 Ki67 antibody (visualizes specific cellu-

lar markers)
1.0%, 370-400, 5%

Alexa Fluor 555 Nestin antibody (labels neural progen-
itor cells)

1.0%,450-500, 5%

Alexa Fluor 647 GFAP antibody (labels astrocytes) 1.0%, 450-500, 5%

Table 9: Details of lasers used in the confocal microscopy, including excitation targets, gain, intensity
and offset.

Following the acquisition, the images were processed using a customized Fiji code. Initially, the
z-stack images were separated into individual channels as shown in figure 12, and each channel was
then divided into separate slices.

28



2 MATERIALS AND METHODS 29

(a) (b)

(c) (d)

Figure 12: Image processing for GBM stained samples. The image shows the acquisition of four
distinct channels: Hoechst (a) for the nuclei, Ki67 (b) for the proliferative cancer cell nuclei, Nestin (c),
and GFAP (d) for the cell cytoskeleton.

The code was executed on each slice to assess cancer proliferation. Subsequently, the average
proliferation rate was calculated across all analyzed slices to determine the overall proliferation
rate.
The proliferation rate was determined by calculating the percentage of Ki67-positive nuclei relative
to the total number of cells in various regions across multiple samples for each gel concentration.
Since not all cells in the samples are actively proliferating, only a portion tested positive for the
proliferation markers.
The total number of cells was determined using the Hoechst channel, which highlights nuclei. The
total cell count corresponds to the number of nuclei identified in each slice. Simultaneously, the
number of Ki67-positive cells was determined using the 488 nm excitation channel, which identifies
proliferating cells.
In the analysis code, all regions of interest (ROIs) from both the Hoechst and Ki67 channels
were recorded in the ROI manager array. For each Ki67-positive nucleus detected, it was verified
whether the corresponding ROI overlapped with a nucleus (Figure 13).
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(a) (b)

(c) (d)

Figure 13: Hoechst and Ki67 rois. The image shows the identification of the region of interest from
the Hoechst channel and the Ki67 channel, which is analyzed slice by slice. Following this, the detected
particles are overlapped. (a) and (c) depict the original acquired pictures, whereas (b) and (d) show the
detected particles delineated by the threshold operation.

To accurately assess the proliferation rate without overestimating it, specific measures were taken
to ensure each Ki67-positive nucleus was counted only once as a proliferative cell. In densely
packed regions, a single Ki67-positive nucleus could overlap with multiple nuclei; therefore, control
was implemented to record the initial overlap upon detection and exclude any subsequent overlaps
with other particles.
In examining the proliferation ratio in 3D, it was crucial to consider the growth behavior of GBM
spheroids within the hydrogel matrix. As outlined in section 2.2.4, GBM spheroids were directly
positioned on top of the hydrogel scaffolds. As a result, the cancer cells did not generally pro-
liferate as isolated cells or small clusters, which would have aided in identifying overlapping
particles. Instead, they proliferated as intact spheroids, expanding their area. This process
was particularly noticeable in softer gels, where the spheroids lost their structural integrity and
dispersed throughout the bulk gel in which they were embedded.
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This growth pattern resulted in the formation of densely packed clusters of cancer cells on the
gels. During image processing, particularly when using thresholding, these clusters were frequently
identified as large aggregates rather than as distinct individual cells. Consequently, many cases
where the tool identified a single particle actually corresponded to multiple cells.
To determine the percentage of proliferating cells, it was necessary to first calculate the total
number of cells in each analyzed region. Since cells were clustered rather than proliferating indi-
vidually, we estimated the total number of cells by measuring the surface area of each particle
detected in the Hoechst channel. If the surface area of a detected particle exceeded the average
cell nucleus size, we divided the detected area by the average nucleus size to estimate the total
number of cells within each particle. This method allowed for an accurate calculation of the cell
density and, subsequently, the ratio of proliferating cells to the total number of cells.
An additional measure was implemented to avoid underestimating cancer proliferation. This in-
volved checking whether the particles detected in the Ki67-positive nuclei channel exceeded the
average nucleus surface area. In some cases, multiple closely positioned Ki67-positive particles
could be detected as a single larger particle. To address this, the total surface area of the detected
particle was divided by the average nucleus size, ensuring a more accurate estimation of the pro-
liferation rate.
The method used to calculate the proliferation rate was applied to both PDMS samples and brain
slices. However, the images of brain slices, being primary tissues and captured at 10x magnifica-
tion, exhibited some noise, which added complexity to the analysis. Specifically, when identifying
nuclei and Ki67-positive nuclei, the minimum detectable particle size could be adjusted. These
settings varied between channels because Ki67 often only stained parts of the nucleus, resulting
in smaller positive areas. While it was possible to adjust the detectable particle size and improve
specific areas by altering the image brightness to reduce noise, such adjustments could introduce
bias into the analysis and result in incorrect assumptions.
When analyzing brain slices, a significant challenge we encountered was that the Ki67 staining
often appeared scattered throughout the image, leading to the identification of large particles with
surface areas exceeding the average nucleus size. However, it was crucial not to dismiss these par-
ticles outright as they could potentially indicate clusters of Ki67-positive cells. To ensure precise
analysis, each detected particle was carefully evaluated to determine if the overlapping Hoechst-
stained area fell within a similar size range as the Ki67-positive area. If the two areas were com-
parable, we calculated the total number of proliferating cells by dividing the Ki67-positive area
by the average nucleus size. Otherwise, the particle was excluded from the proliferation calculation.

A similar method was used to evaluate GFAP and Nestin expression in cancer samples. The
expression of GBM markers was assessed in two ways: first, by calculating the average surface
expression of these markers to understand how cells spread on different substrates, and
second, by determining the percentage of cells positive for Nestin and GFAP to examine
how different substrates influence GBM cell differentiation. Both analyses were performed using a
customized code in Fiji.
Images were acquired in z-stack form, and computations were carried out for each slice. An initial
challenge, as discussed in section 2.2.4, was that cancer spheroids often did not proliferate as single
cells or small clusters, resulting in large areas being detected as GFAP or Nestin positive. To
address this issue and ensure accurate analysis, the z-stack images were separated into individual
slices and each slice’s channels were isolated.
Using a Fiji plug-in with the image calculator, an AND operation was performed between the
Hoechst channel and the Nestin or GFAP channel (Figure 14), depending on the marker of in-
terest. This operation highlighted only the pixels where the two channels overlapped. From this
overlapping image, a particle analysis was conducted to measure the overall overlapping area, which
was then divided by the average nucleus size specific to the gel being analyzed, resulting in the
average number of cells positive for the marker.
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(a) (b) (c)

Figure 14: Methodology to evaluate the overlapping area between two different channels.The
images illustrate the method used to compute the overlapping area between the Hoechst and Nestin or
GFAP channels. Initially, the Hoechst channel was analyzed to calculate the total Hoechst surface area
(a). This process was then replicated for the GFAP and Nestin channels (b). Subsequently, the channels
of interest were superimposed, and the resulting image was analyzed to determine the overlapping area
(c).

To compute the percentage of cells positive for a specific marker, this number was divided by the
total number of cells detected in the slice. The Hoechst channel was used to detect the number of
cells, and particle analysis was applied. If the detected particle area exceeded the average nucleus
size, the total detected surface for each particle was divided by the average nucleus size to estimate
the total number of cells.
For evaluating marker expression per cell to assess cell spreading, the average number of Nestin or
GFAP-positive cells was calculated, and the total area covered by these markers was determined
from the original images. This area was then divided by the average number of positive cells to
obtain an index in µm2 of cell spreading on the substrate. This analysis was performed slice by
slice, and an average across all slices was computed to obtain the final value.
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2.2.7 Neurons and GBM live imaging and processing

Neurons were repeatedly imaged to measure the rate of neurite growth on substrates with varying
stiffness and to investigate the interactions between cancer cells and neurons on these substrates.
Neurite growth was analyzed using z-stack imaging while maintaining a temperature of 37°C and
ensuring the presence of CO2. Images were captured by focusing on the neuron cell body, then
recording the starting and ending focal planes by adjusting the focus until neurites were no longer
visible under the confocal microscope. The step size for image acquisition was set between 1 and
2 µm to prevent any loss of information between focal planes according to the Nyquist limit. The
initial analysis focused on three-dimensional neurite growth, examining preferences for specific fo-
cal planes and the impact of gel stiffness on growth through these planes. For the softest gels, it
was hypothesized that reduced friction between focal planes would facilitate neuronal movement,
potentially resulting in more complex neural structures and networks.

To assess neurite growth, we utilized a custom code to conduct a Sholl Analysis on each focal
plane in Fiji. Sholl Analysis is a neuroscience technique used to measure the complexity of neu-
ronal dendritic trees by placing concentric circles (Sholl rings) around the neuron soma at regular
1 µm intervals (Figure 15 a,b). This approach counts the intersections between dendrites and each
ring, generating a plot of intersections per focal plane. The Sholl profile provides valuable insights
into dendritic growth, showing the maximum number of intersections, the corresponding radius,
and how intersections vary across focal planes.
To fulfill the project’s objectives, we initially performed a Sholl analysis slice by slice to assess
neurite growth across different focal planes. Subsequently, we carried out the same analysis on a
z-projected image, ensuring that no information was lost when combining all slices into a single
focal plane due to the small step size between focal planes.
For this analysis, we employed the Skeleton analysis plugin in Fiji to execute both a 2D Sholl
analysis and a branching analysis as shown in figure 16. We merged all slices from the z-stack into
a single focal plane. To enhance visibility, we applied mathematical logarithmic preprocessing,
followed by thresholding, binarization, and skeletonization of the images.

(a) (b)

Figure 15: Sholl Analysis. The image depicts the two steps involved in the Sholl Analysis. Firstly,
concentric circles are sketched around the neuron’s soma with an arbitrary step size (a). Subsequently, the
intersections between the neurites and the concentric circles are identified, and the neurites are meticulously
traced (b).
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Skeletonization simplified the axons and neurites to single-line structures, facilitating easier
computation of the neurite network. This process revealed various details about the neurite net-
work, including the number of branches, which are segments connecting end-points, end-points
to junctions, or junctions to junctions. It also provided counts of different types of voxels, such
as end-points, slabs, and junctions. Junctions were analyzed to identify merging points, as well as
triple and quadruple points where three or four branches converge.

(a) (b) (c)

Figure 16: Skeletonization process. The images provide a visual representation of the skeletonization
process: (a) the original image of the GFP-positive neuron, (b) the thresholded image, and (c) the skele-
tonized image with neurites and axon reduced to lines.

2.2.8 GBM motility

To access cancer motility on different substrates and in different conditions, after 21 days (the
necessary time to wait for neurons to be completely mature), GBM spheroids were seeded both on
the bulk gels and in the PDMS microstructures and the samples were imaged over time to monitor
cancer growth and motility towards the neurons.
Images were acquired in timelapse mode, with each frame processed individually. In Fiji, the
Manual Tracker plug in Cordelières, 2005) was used to analyze cell trajectories and measure their
velocity over time. To perform this analysis, the centroid of the GBM spheroid or single cell was
focused, and the center was manually tracked slice by slice. The velocity over time was then eval-
uated based on the tracking and automatically computed in Fiji.
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3 Results

3.1 Mechanical characterization

Figure 17: Storage modulus. The graph displays the storage modulus results for different weight
concentrations of GelMA and HAMA. Lower weight concentrations of gels show reduced elasticity and
stiffness. Including HAMA in the gel formulation increased the Young’s modulus compared to 3 and 5
wt% GelMA-only hydrogels. This indicates that HAMA is effective in stiffening the gels.

Figure 18: Loss modulus. The graph presents the results for the loss modulus of various weight
concentrations of GelMA and HAMA as measured by the rheometer. The loss modulus is a parameter
that provides insight into the viscoelastic properties of a material. When analyzing the elastic region at
this specific shear stress amplitude, it is noted that the loss modulus is lower than the elastic modulus,
indicating that the material is still within the elastic range. As stress increases, there is an observed rise
in the loss modulus, signifying that the material is undergoing a viscoelastic transition.
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Rheological assessments have been executed to analyze the characteristics of GelMA at various
weight percentages (3 wt%, 5 wt%, and 10 wt%), as well as the GelMA + HAMA composite at a
composition of 4.5 wt% GelMA + 0.8 wt% HAMA, alongside HAMA at a weight percentage of 1.5
wt%. These evaluations aim to elucidate the elasticity and liquid-like properties linked to polymer
concentration and chemical composition. The results clearly demonstrate that a higher polymer
concentration leads to an increase in the storage modulus’s value (Figure 17), indicating
that the material becomes stiffer as the polymer concentration increases. To assess the material’s
stiffness, the storage modulus value was measured at 0.1% strain amplitude. At this point, the
material’s stiffness is determined solely by G’, confirmed by the corresponding tanδ value at the
same strain level below 1. For a shear strain of 0.1%, the values obtained for different polymer
concentrations and compositions are presented in the table below:

Hydrogel composition Rheological Properties
G’ (Pa) G” (Pa) tanδ

GelMA 3 wt% 25.78 19.39 0.74
GelMA 5 wt% 133.249 7.66 0.06
GelMA 10 wt% 1348 35.51 0.06
GelMA 4.5 wt% + HAMA 0.8 wt% 423.3 2.65 0.006
Hama 1.5 wt% 390.91 .25.44 0.065

Table 10: Rheological properties of different hydrogel compositions measured at various polymer concen-
trations with a strain amplitude of 0.1% and constant frequency.

As presented in the table, the storage modulus’s value increases from the softest GelMA formulation
(3 wt%) to the stiffest composition (10 wt%), including the GelMA-HAMA composition discussed
in section 1.5.3. At this strain amplitude, all the gels are in their elastic region, indicated by a tanδ
value below 1. However, the softest concentration still exhibits a higher tanδ value (around 0.7)
compared to the stiffer gels, suggesting that this softer formulation requires a much lower strain
amplitude to undergo the viscoelastic transition (Figure 18). The findings also demonstrate that
HAMA significantly enhanching the stiffness of gels. For instance, a formulation containing
4.5 wt% GelMA and 1 wt% HAMA achieves a Young’s modulus of approximately 400 Pa, which
is more than twice that of a gel with 5 wt% GelMA alone. Furthermore, a formulation with 1.5
wt% HAMA also exhibited a Young’s modulus roughly double that of the 5 wt% GelMA gel when
tested with a rheometer.
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Figure 19: Fluid Force Microscopy measurements of the hydrogels’ Young’s modulus. The
graph illustrates the measurements of the Young’s modulus of hydrogels using nanoindentation with FFM.
Similar to rheology, an increasing trend in gel stiffness is observed with an increasing gel wt% concentration,
*p value < 0.0001 between 3 wt% and 10 wt% and 5 wt% and 10 wt% evaluated with ANOVA test and
the post-hoc Tukey’s multiple comparisons test. FFM measurements, focusing on local properties, do not
completely align with rheology, which examines global mechanical properties. This allows FFM to capture
local changes in stiffness that rheology may not detect.

The FFM analysis involved using nanoindentation to measure the indentation depth in various re-
gions of the same hydrogel sample in relation to the applied force. The trend of the FFM analysis
align with the assumptions and rheology results, demonstrating that a higher polymer concentra-
tion correlates with an increased Young’s modulus and overall stiffening of the matrix. However,
the plotted absolute values reveal significant deviations from the rheological analysis. Specifically,
the Young’s modulus for the 10 wt% and 5 wt% GelMA formulations approximates 2 kPa and 0.05
kPa, respectively, diverging from the rheology results indicating values of approximately 1.3 kPa
and 0.1 kPa for the respective formulations.

37



38 3.1 Mechanical characterization

Figure 20: Nuclear Surface: The plotted data shows the average nuclear surface area relative to various
substrate stiffness levels. Typically, for hydrogels, the nucleus surface area increases as the substrate
becomes stiffer, *pvalue < 0.0001 between 0.03 kPa and 0.13 kPa, 0.03 kPa and 1.3 kPa, 0.03 kPa and
1000 kPa, 0.13 kPa and 1.3 kPa and 1.3 kPa and 1000 kPa, computed from the Kruskal-Wallis and post-
hoc Pairwise Mann-Whitney U test. However, for glass samples, this trend is not consistent. Further
analysis involving marker analysis for staining cytoskeletal markers is essential for a more comprehensive
understanding.

For the aims of this project, the surface area of the cell nucleus was accessed to determine the
average nucleus size, which was essential to calculate the proliferation ratio of cancer cells under
varying gel conditions. To accurately evaluate the spreading of cell nuclei on different gels, multiple
regions and samples from different stock solutions were examined. This analysis revealed significant
variability in the nucleus area within the same samples. However, the mean values and the observed
trend between soft and stiff gels remained consistent and reproducible. The nuclei size was also
assessed in cancer samples grown PDMS microstructures, showing a contrasting pattern compared
to the hydrogels . Instead of an increase, a decrease in nucleus size was observed, despite the higher
Young’s modulus of PDMS relative to the stiffness of the hydrogels. Specifically, the average nucleus
area ranges from approximately 105 to 80 µm2, progressing from the most rigid to the most flexible
gel substrate. For the samples cultured on PDMS microstructures, the average nucleus surface
measures around 70 µm2 Figure(20).
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3.2 GBM marker expression

Figure 21: GBM cells proliferation ratio. The figure depicts the proliferation ratio of GBM cells
in relation to varying hydrogel stiffness, comparing their growth in 2D culture on PDMS microstructures
and human brain slices, *p value 0.005 between 0.03 kPa and brain slices, 0.03 between 1.3 kPa and
1000 kPa and 0.00031 between 1000 kPa and brain slices computed from the Kruskal-Wallis and post-hoc
Pairwise Mann-Whitney U test. The results reveal variability in proliferation across the same sample, with
stiffer gels promoting higher proliferation in cancer cells. Cultures on glass, instead, demonstrate a lower
proliferation ratio as well as lower variability.

The Ki67 immunohistochemistry was performed to evaluate cancer proliferation across varying
stiffness levels. Specifically, the study involved analyzing scaffolds derived from different stock
solutions and from multiple regions within a single scaffold. The findings from the gels and 2D
samples were compared, considering that the cells analyzed originated from the same patient.
However, in the case of the brain slices, a different patient was involved, necessitating a focus just
on intertumoral variability, as proliferation is influenced by both the mechanical characteristics of
the microenvironment and patient-specific factors. The results confirmed that stiffer substrates
enhance cancer proliferation, with an average proliferation rate of 6.4% compared to 3.4% in
softer gels. The proliferation rates within the gels exhibit a general increase in comparison to
the results derived from 2D cultures on PDMS, where the average proliferation rate stands at
2%. Moreover, it is important to note that there is a higher degree of variability in the outcomes
for gel samples compared to 2D samples. This observation suggests that gels may more accurately
mimic intratumoral heterogeneity, similar to brain slices. (Figure 21).
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Figure 22: Nestin positive surface expression. The graphic displays the average surface area of
Nestin-positive cells in relation to the stiffness of the substrate for different types of gels, as well as samples
cultivated on PDMS. The findings indicate that the average surface area increases as the substrate’s stiffness
increases, *p value 0.002 between 0.03 kPa and 1.3 kPa computed from the Kruskal-Wallis and post-hoc
Pairwise Mann-Whitney U test, suggesting that cells spread more extensively on firmer gels, resulting in
a larger overall surface area.

Figure 23: GFAP positive surface expression The graph illustrates the average surface area of
GFAP-positive cells in relation to the substrate stiffness for different gel types, as well as samples cultured
on PDMS. The results indicate that the average surface area increases with the stiffness of the substrate,
suggesting that cells spread more on stiffer gels, *p value 0.02 between 0.03 kPa and 1.3 kPa computed
from the ANOVA test and post-hoc Tukey’s multiple comparisons test
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In this study, an analysis was conducted to examine the influence of substrate stiffness on cell
spreading. Nestin and GFAP immunohistochemistry were utilized to assess cells derived from the
same patient. These cells were subjected to culture on two different gel concentrations and PDMS
microstructures. Specifically, for the gel samples, the cells were cultured on multiple scaffolds
obtained from different stock solutions. Subsequently, various regions of the same samples were
analyzed to consider both the variability in gel fabrication resulting from differences in the stock
solution and the diversity in mechanical properties across distinct regions within the same scaffold.
The findings demonstrate that irrespective of the nucleus spreading on the gel scaffolds based
on their stiffness, there is an observed increase in the average Nestin and GFAP positive surface
with the rise in substrate stiffness in cancer samples. On the softest substrates, the values are
approximately 140 µm2 for Nestin and 113 µm2 for GFAP. Conversely, on the stiffer gels, the
average positive surface for GFAP and Nestin is 208 µm2 and 185 µm2, respectively. In 2D
cultures on PDMS, the results indicate 253 µm2 for Nestin and 177 µm2 for GFAP.
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Figure 24: Nestin positive cells percentage. The graph depicts the percentage of Nestin-positive
cells for the softest and stiffest concentrations of GelMA, as well as samples cultured on PDMS. The
results conclusively demonstrate that stiffer gels promote a higher expression of Nestin, which aligns with
an increased proliferation ratio of cancer cells on stiffer substrates, *p value 0.0008 between 0.03 kPa and
1000 kPa and <0.0001 between 1 kPa and 1000 kPa computed from the ANOVA and post-hoc Tukey’s
multiple comparison test. Furthermore, the data indicates that the percentage of Nestin-positive cells
on gels exceeds that observed on PDMS, suggesting that marker expression is influenced by both the
mechanical and chemical properties of the cell culture environment.
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Figure 25: GFAP positive cells percentage. The graph depicts the percentages of GFAP-positive
cells for the softest and stiffest concentrations of GelMA, as well as samples cultured on PDMS. The results
suggest that there is only a 1% difference in the percentage of GFAP-positive cells between the stiff and
soft concentrations, indicating similarity between the two different conditions, *p value <0.0001 between
0.03 kPa and 1000 kPa and 1.3 kPa and 1000 kPa, computed from the ANOVA and post-hoc Tukey’s
multiple comparison test. This implies that GFAP may not be a specific enough marker to assess GBM
aggression. Percentage is still higher compared to samples cultured on PDMS.

The study employed Nestin and GFAP immunohistochemistry to assess tumor malignancy and
stemness by quantifying the percentage of Nestin and GFAP-positive cells on diverse substrates.
Analysis was performed on cells from the same patient to establish a correlation between prolif-
eration (ki67 immunohistochemistry), tumor malignancy, and stemness. Furthermore, the study
took into account the variability in the mechanical properties of gels by analyzing cells growing
on scaffolds derived from different stock solutions and multiple regions within the same scaffold
for each sample. The data reveals that on stiffer substrates, the percentage of Nestin and GFAP
positive cells is 35% and 29% respectively, while on softer substrates, these percentages are 29%
and 27% correspondingly. This indicates a slightly higher expression of the Nestin marker on stiffer
substrates, with less disparity in GFAP expression. A comparison with the 2D cultures on PDMS
demonstrates a more pronounced variance. In the 2D cultures, the percentage of Nestin and GFAP
positive cells is 16.4% and 12.5% respectively, lower than the percentages observed for the hydrogel
scaffolds.
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3.3 Neurons analysis

Figure 26: Neurites average length DIV1. The plot illustrates the average length of neurites after 24
hours based on the gel stiffness. The data indicates that in the initial phase of neuron growth when neurons
have not yet started branching, stiffer substrates tend to promote better axon and neurite elongation, *p
value 0.032 between 0.03 kPa and 0.4 kPa computed from the ANOVA and post-hoc Tukey’s multiple
comparison test.

(a) (b) (c)

Figure 27: NGN2 RFP neurons DIV1. The images provide a visual representation of the neurons at
the first DIV for different substrates stiffnesses and chemical compositions: (a) 3 wt% GelMA - 0.03 kPa,
(b) 4.5 wt% GelMA + 0.8 wt% HAMA - 0.4 kPa, and (c) 10 wt% GelMA - 1.3 kPa.
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Figure 28: Average number of maximum number of branching at different time points. The
graph illustrates the average maximum number of branches at different time points for three distinct
gel formulations. The results indicate substantial variation in the maximum number of branches during
the initial 10 days of incubation. This variability stems from averaging results across different cells and
batches, as well as the inherent variability within the same batches, leading to differential growth patterns
and delayed onset of growth in some spheroids.

To characterize how substrate stiffness affects neurite growth and branching in bulk gels, NGN2
RFP positive neurons were cultured on soft GelMA-based gels (3 wt%, corresponding to Young’s
modulus of around 30 Pa) and on stiffer hydrogel scaffolds (10 wt% GelMA, corresponding to
Young’s modulus of around 1.3 kPa), as well as GelMA-HA hydrogels (4.5 wt% GelMA and 0.8
wt% HAMA corresponding to Young’s modulus of around 400 Pa) (Table 10) (Figure27). Neurite
length was assessed at DIV1 (day 1 in vitro), and the average length was computed. The findings
reveal that neurite length is notably greater on firmer substrates in comparison to more compliant
ones. Specifically, the softest substrate exhibited an average neurite length of 150 µm, while the
stiffest substrate demonstrated an average neurite length of 250 µm. Calculations were carried
out to determine the maximum number of branches for multiple neurons cultured on various gel
substrates derived from different stock solutions. These neurons were evaluated at different time
points to observe changes across the substrates over time. The initial count of branches on the
first day was zero, as indicated in section 4.3, as neurons primarily extended their dendrites rather
than branching.

The neurons were assessed at DIV4, DIV7, and DIV10. From day 4 in vitro, the neurons displayed
increasingly intricate branching. On softer substrates, the number of branches exceeded 1500, while
on stiffer substrates, it reached just above 500 (Figure 28). However, the trend was inconsistent
over time, suggesting that branching did not uniformly increase across different conditions.
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3.4 GBM motility

Figure 29: GBM spheroids average velocity on different GelMA stiffness. The graph depicts
the average velocity of GBM spheroids on 3 wt% and 10 wt% GelMA. The analysis involved assessing
the trajectory and velocity of multiple spheroids on different gel scaffolds. The findings suggest that the
average velocity is slightly higher on stiffer substrates, average velocity on 10 wt% GelMA 0.69 µm/s,
average velocity on 10 wt% GelMA 0.57 µm/s.

Figure 30: GBM spheroids on 10 wt% GelMA average velocity in the proximity of neural
networks and afar. The graphical representation illustrates the average velocity of GBM spheroids
cultured on 10 wt% GelMA. The findings demonstrate that the velocity of GBM spheroids is higher when
the cells are in close proximity to neural networks, with an average velocity of 0.806 µm/s rather than if
they are far away from them with an average velocity of 0.55 µm/s. This indicates that the interaction
between neurons and cancer cells augments GBM migration.
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The average velocity of GBM spheroids was determined on substrates comprising 10 wt% and 3
wt% GelMA. The analysis involved calculating the average velocity for each time point based on
the velocities of all spheroids considered, resulting in increased variability in the findings. However,
it is important to note that the velocity is influenced by various factors, with proximity to neurons
being particularly significant. The average velocity of GBM spheroids was assessed for spheroids
in close proximity to neurons, as well as for spheroids randomly seeded within the gels where the
neuron network was not diffused for 10 wt% GelMA only hydrogels, due to a larger quantity of
regions of interest (ROIs). As indicated in figure 30, spheroids in the proximity of the neural
network demonstrated higher average velocities, suggesting that neurons enhance the migration
and motility of GBM spheroids.

(a) (b)

Figure 31: GBM and neurons networks on different substrate stiffnesses at DIV2. The images
depict the migration of individual cells in response to varying levels of gel stiffness: (a) GBM spheroid on
3 wt% GelMA, (b) GBM spheroid on 10 wt% GelMA.

Figure 32: GBM and neurons networks on 10 wt% GelMA at DIV2. The visual representations
depict the migration of GBM spheroids within enclosed microstructures filled with 10 wt% GelMA hydro-
gels.
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Figure 33: GBM spheroids on 10 wt% GelMA over time. The graphical representation depicts
various stages of the growth of a single spheroid overtime on a 10 wt% GelMA scaffold.

The migration of GBM cells over time on substrates with varying stiffness was investigated to assess
cancer cell movement from the spheroid body. Different spheroids growing on different scaffolds
or in different regions within the same scaffold have been imaged over time. Initial observations
indicate minimal cell migration (Figure 32 a) on soft substrates, while cells demonstrate migration
from the cancer spheroids on stiffer substrates (Figure 32 b). Additionally, GBM spheroid motility
was evaluated by analyzing protrusions extending directly from the spheroid’s body starting 5 hours
after seeding. Time-lapse imaging (Figure 33) illustrates the dynamic nature of these protrusions,
depicting changes in morphology as they extend and retract over time.
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4 Discussion

4.1 Mechanical analysis

Rheological and FFM analyses were conducted to evaluate the mechanical properties of hy-
drogels with varying polymer concentrations, aiming to correlate these properties with cell
behaviors such as growth, migration, and proliferation. The focus was on understanding how the
stiffness and viscoelasticity of the hydrogels influence these cellular activities.
Since the cross-linker concentration was kept constant across all hydrogel samples, the primary
variable affecting the mechanical properties of the gels was the polymer weight percentage.
Typically, a higher polymer concentration leads to a stiffer hydrogel due to the increased density
of polymer chains, which results in more crosslinking points and a higher degree of chain
entanglement.

The response of gels to mechanical stress determines whether they exhibit elastic or plastic
behavior. Elastic materials promptly return to their original shape when stress is released, while
plastic materials undergo permanent deformation. Hydrogels can exhibit both elastic and vis-
cous behaviors depending on the degree of polymer chain entanglement and the magnitude of
applied stress.
The mechanical properties of hydrogels, as determined by rheological measurements, are governed
by two crucial parameters: the storage modulus (G’) representing elastic properties, and
the loss modulus (G”) reflecting the viscous nature. At low strain amplitudes, the hydrogel
primarily exhibits elastic behavior, with G’ being greater than G”. In this linear viscoelas-
tic region (LVR), the mechanical properties remain relatively independent of the applied strain
amplitude. Once the strain exceeds a critical value, G” surpasses G’, indicating a transition
to viscous behavior as the material begins to flow and loses its solid-like structure. The tanδ
value, which is the ratio of G” to G’, captures the relationship between these stress components.
The phase angle δ between the applied sinusoidal stress and the material’s response is crucial for
distinguishing between elastic and viscous regions. In the elastic region, the response is almost
instantaneous with the phase angle close to 0°, and the material’s modulus is dominated by the
elastic component. As the strain amplitude increases, the material enters the viscous region, and
the phase angle shifts towards 90°, signifying a complete out-of-phase stress and response, with
the modulus being governed solely by the viscous component, G”.

Rheological measurements have demonstrated that an increase in polymer concentration within
GelMA-based gels results in a higher storage modulus, leading to enhanced elastic properties and
stiffness. This observed phenomenon is attributed to the heightened polymeric chain entangle-
ment and reduced porous structure. Previous research has established that as the overall hydrogel
concentration rises for both GelMA and HAMA-based hydrogels, the pore sizes decrease, and this
trend may stem from the capacity of hydrogels with lower polymeric content to absorb more wa-
ter[54]. Furthermore, it has been substantiated that larger pore sizes correspond to heightened gel
swelling capabilities [54]. Consequently, for GelMA and HAMA-based gels, an increase in polymer
concentration yields scaffold stiffening due to alterations in scaffold structure and morphology.
Numerous studies have been undertaken to investigate the combination of GelMA and HAMA
hydrogels. In this instance, the hydrogel scaffold is distinguished by the interpenetration of the
two polymers and stronger covalent bonds between HAMA and GelMA after photopolymerization,
resulting in an increased crosslinking density and stiffening of the hybrid composition compared
to the GelMA-only based gel [54]. Furthermore, as outlined in section 1.5.4, the incorporation
of HA into scaffolds made from other natural polymers, such as collagen, has a similar effect of
enhancing the stiffness of the gels. It has been observed that collagen-based hydrogels containing
HA can elevate their Young’s modulus to over 1000 Pa, a finding consistent with the conducted
analysis. Rheological measurements are reproducible and consistent with the initial assumptions
and less susceptible to variations, such as differences in crosslinking distribution within the
gel mixture and the stock solution used to prepare the gel if compared to FFM measurements.
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As discussed in section 2.2.3, indeed, FFM employs the indentation method, which involves
applying a test force to the sample and measuring the resulting indentation depth. For stiffer ma-
terials, the force versus indentation curves are steeper, indicating that a lower indentation depth
is achieved for a given force. Conversely, for softer gel formulations, these curves are broader,
reflecting a greater indentation depth for the same applied force due to the material’s higher com-
pliance. Additionally, FFM measurements are influenced by the local composition and stiffness of
the sample. In particular, for softer gels, the force versus indentation curves can vary significantly
at different points on the same sample, making this measurement method more sensitive to local
variations in the gel compared to rheological measurements.

Also the stock solution used for the hydrogel fabrication in this kind of analysis can impact the
results. For instance, when preparing a 3% GelMA from a 6.5% stock solution and 5% and 10%
gels from a 13% stock solution, approximately 23 µl of polymer is utilized for the 3% GelMA,
compared to about 19 µl for the 5% GelMA. Consequently, the marginal difference in the volume
of polymer used may lead to a softer gel for the 5% concentration, despite its theoretically higher
polymer content.

To address this consideration, the measurements were performed by producing gels within the
same stiffness range (e.g., 3% and 5% wt% gels) from the same stock solution. Under consistent
conditions, a higher volume of GelMA solution led to a higher Young’s modulus, which, however,
did not differ significantly from the modulus of the softer gel. It is noteworthy that there is a
notable disparity in the quantity of points acquired for the various gel compositions. Specifically,
nanoindentation measurements proved to be facile and consistent for the most rigid formulation,
allowing for the testing of multiple regions from the same sample. Conversely, for the softest
concentrations, the acquisition of data points was notably limited. This suggests that the softer
gels posed greater difficulty in testing, resulting in less reproducible values. In general, the abso-
lute values obtained from the two analyses are not directly comparable due to the differing nature
of force application. One case involves shear stress, while the other involves indentation application.
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4.2 Cell’s surface on different stiffnesses
When placed into scaffolds, cells perceive mechanical cues, such as stiffness and contractility,
which significantly influence their growth [55]. Among the various factors impacted by the sub-
strate, the cell spreading area is particularly crucial, and it has long been recognized as a key
structural property that influences the cell’s internal organization and fate.
Cell adhesion and spreading are facilitated by actin fibers within the cytoskeleton, which attach
to the extracellular matrix or, in this context, to the hydrogel surface, through focal adhesions,
which are large, complex macromolecular assemblies (Figure 34 a) [56][57]. Previous studies have
shown that cellular traction forces are crucial for cell adhesion and migration, with these forces
being modulated by the elasticity of the surrounding matrix; specifically, traction forces increase
as substrate stiffness increases [58]. This causes cells to spread more extensively on stiffer sub-
strates compared to softer ones.
Furthermore, evidence indicates that adhesion site size grows in a stiffness-dependent manner, en-
abling cells to establish more attachment points on stiffer substrates (Figure 34 b, c), which aids in
their spreading across the matrix [55]. This process is also linked to the organization of the actin
cytoskeleton, which, on stiffer gels, tends to form stress fibers that terminate at focal adhesion
points, thereby increasing the likelihood of cell spreading. Moreover, as detailed in section 4.1,
stiffer gels demonstrate reduced porosity. This is attributed to the heightened polymer concen-
tration, resulting in increased crosslinking density and entanglement of polymeric chains. These
factors contribute to forming more compact structures, facilitating enhanced cell spreading.

Figure 34: Cell’s spreading on different substrates. In the image, is depicted the mechanism through
which the cells attach to the substrate and then spread more or less depending on the focal adhesion of
the substrates (a). Stiffer substrates promote a more spread-like behavior of the cell between the actin
fibers and the collagen polymeric chains present in the extracellular matrix through focal adhesion. This
is more pronounced in stiffer substrates compared to softer substrates (c).

As explained in section 3.1, there is a consistent trend in the nucleus surface values for the gels.
However, this trend is not observed when transitioning to 2D cultures on PDMS microstructures.
Therefore, further investigations were required to comprehensively characterize cell behavior on
substrates with varying stiffness. Beyond measuring nucleus size, the total average cell surface
was accessed by computing the Nestin and GFAP positive regions.
As detailed in section 2.2.5, these markers stain the entire cytoskeleton, offering a more accurate
evaluation of cells spreading across different hydrogel matrixes. This analysis revealed a progressive
increase in cell surface area from the softest GelMA formulations to PDMS and glass, consistently
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with the initial assumption, meaning that the increased stiffness of the substrate enhances the
spreading of the cell body over the scaffolds. (Figures 2223).

4.3 Axon length and branching on different hydrogels stiffnesses
As discussed in section 1.5.4, hydrogels are well-suited for supporting cell growth due to their
mechanical tunability and biocompatibility, including their high water retention capabilities.
During the early stages of development, immature neurons extend axons toward target areas. This
initial phase is characterized by the elongation of axons and dendrites from the neuronal soma
without branching . Essentially, it involves the primary protrusions extending further without
any additional branching from these primary extensions [59].
Neurite growth is influenced by both chemical and mechanical factors. Beyond chemical signals,
variations in stiffness and viscoelasticity play a crucial role in determining the rate and pattern of
neurite growth and branching in vitro. Moreover, the interplay between these mechanical factors
and chemical signals can significantly impact cell behavior and growth rate [59].

Neurons possess growth cones at the tips of their neurites or axons, which function as sensory
compartments to explore their external microenvironment. These growth cones can detect both
mechanical and chemical signals from the surrounding matrix . This capability is crucial not
only during the early stages of neuronal development and differentiation but also during later stages
of terminal differentiation and maturation, as growth cones continue to influence the plasticity of
the neuronal network [60]. This is why, especially in the early stages, neurites may advance
and retract they are actively exploring and moving toward specific targets, guided by regions
with suitable stiffness for cell protrusion and spreading. The kinetics of axon outgrowth suggests
that a net force is necessary for axons to extend or change direction [61]. Two main structural
proteins are responsible for axon growth (actin which polymerizes in filaments and tubulin which
forms microtubules) and several forces contribute to the forward movement of the axon. Actin
filaments, which provide structural support to the cell, are connected to myosin motor pro-
teins that generate a backward-directed pulling force [61]. Simultaneously, the growth cone exerts
a forward-pushing force to promote axon extension. If the force generated by the growth cone
exceeds the opposing contractile force, the axon will extend overall.

Studies have demonstrated that more compliant substrates result in increased neurite extension
and branching compared to stiffer matrices, with compliant substrates having Young’s modulus in
the range of 100 to 1000 Pa, which spans the bounds of brain tissue stiffness [62]. However, stiffer
substrates, around 1000 Pa Young’s modulus, have been shown to better support neuronal growth
during the first 24 hours in vitro with longer neurites observed on stiffer substrates compared to
softer ones [59]. Furthermore, a stiffer substrate generally contains more crosslinking points within
the hydrogel network, providing a greater number of attachment sites for the growth cone to
advance. As neurons grow on the gel’s backbone structure, this increased availability of attachment
points is crucial during the initial hours in vitro, as it offers more traction forces for neurites to
extend effectively. Another important parameter to consider in this type of analysis is the inclusion
of HAMA in the gel matrix, alongside GelMA. While comparing 10 wt% GelMA-based hydrogels
to 3 wt% GelMA-based gels, it is evident that only the stiffness changes. However, in the case
of HAMA + GelMA-based gels, the chemical composition also influences cell growth. It is note-
worthy that although stiffer substrates seem to enhance neurite extension in the early stages of
neuron growth, this does not unequivocally imply that they universally promote superior neurite
development.

After the first 2-3 days in vitro, the neuronal network becomes markedly more complex, with
neurites and axons not only elongating from the neuron body but also interacting to create more
intricate branched networks. Previous studies have demonstrated that softer substrates tend to
promote amore branched structure within the neuronal network [63]. In our case, branching
analysis (Figure 28) indicates a considerable cell-to-cell variability, where cells do not commence

52



4 DISCUSSION 53

growth simultaneously, with certain spheroids requiring multiple days of incubation before initiat-
ing growth. This variability may account for the decrease in maximum branching number observed
for the softest gel concentration at DIV 10. Furthermore, diverse gels with the same concentration
but originating from different stock solutions influence neuron growth differentially, contributing
to notable variability even for identical gel concentrations. Additionally, the elongation of growing
neurites occurs intermittently, with periods of extension interspersed with phases of rest , align-
ing with the observed results. This highlights that while a softer substrate can expedite neurite
branching owing to its greater compliance, a stiffer substrate can still effectively guide neuronal
development, albeit over an extended duration.

It is also pertinent to note, as mentioned in section 4.3, that growth cones serve as the primary
force driving neuronal growth and branching. Previous research has demonstrated that growth
cones can induce significant deformation in gels with a stiffness of up to approximately 300 Pa [64],
corresponding to the Young’s modulus of 10 wt% GelMA hydrogels. Given that the maximum
measured Young’s modulus for our gels is 400 Pa, it can be inferred that neurons can effectively
grow on all substrates.

4.4 GBM behaviour on different stiffnesses
To investigate how cancer behavior varies with different stiffness levels, analyses were conducted
on cancer proliferation, marker expression, and migration.

4.4.1 GBM proliferation ratio

Cancer proliferation was evaluated using immunohistochemistry, with hydrogel samples stained
for functional markers as outlined in section 2.2.5. Previous studies have demonstrated that Ki67
marker expression increases as one moves from the tumor’s outer invasion front towards its core
[65]. Specifically, the Ki67-positive fraction was recorded at 39% for core samples (range 4–61%),
26% for rim samples (the outer region of the tumor in contact with surrounding tissues, range
2–45%), and 22% for invasive margin samples (range 4–39%) [65]. The investigation encompassed
the examination of resected tumor samples from different regions (such as core, rim, and periphery)
of primary glioblastoma multiforme, followed by an assessment using Ki67 immunohistochemistry.
Therefore our findings align with observed trends, showing higher proliferation in stiffer gels and
similar variability in maximum and minimum values. This variability is attributed to the intrinsic
heterogeneity of cells and the variability within tumor tissue as mentioned in section 1.1.1. Like
cancer tissue, gels exhibits localized changes in stiffness that influence proliferation rate variability.

Stiffer gels, with their higher proliferation rates, better mimic the tumor core, while softer gels
more closely resemble the invasion region of the tumor, particularly the rim/periphery. Previous
studies, indeed, have confirmed that tumor core stiffness ranges from 600 Pa to 1.3 kPa, rim tissue
stiffness ranges from 300 to 500 Pa, and non-neoplastic tissue measures around 330 Pa (AFM
measurements) [66]. Furthermore, although the absolute stiffness values of core and rim regions
differ among patients, a consistent core/rim stiffness ratio greater than 1.5 has been observed
across all patients [66]. In general, stiffer substrates are known to promote cancer cell prolifera-
tion by activating mechanotransduction mechanisms originating in the extracellular matrix. On
such substrates, mechanotransductive and mitogenic signaling pathways that support cancer
proliferation and malignancy are typically activated [67]. One plausible explanation for the role
of ECM stiffness in promoting cancer proliferation is the clustering of surface receptors (e.g.,
integrins), which enhances their signaling activity and consequently activates various pathways,
such as the ERK pathway and Rho GTPase pathway. These pathways prompt cells to enter
a proliferative state and further stiffen their cytoskeleton [67].

Despite these initial findings, there is still much to be understood about how Ki67 expression
varies with substrate stiffness. Other studies have reported increased Ki67 expression in the tu-
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mor’s invasion region [68], which is softer compared to the tumor core. This variation in behavior
could be attributed to factors such as patient variability or the specific region from which
the tumor was resected. As a preliminary test, the effectiveness of the 3D in vitro model using
hydrogels was assessed by comparing the proliferation ratios obtained from these hydrogels to data
from human brain tumor slices. Brain slices are typically noisier than hydrogel cancer samples,
requiring high-resolution imaging to eliminate background noise that remains after PBS washes
during the staining procedure 2.2.5. Initial results still show variability in proliferation within the
brain slices 1.1.1. The variability is more accurately reflected by gel samples than 2D cultures on
PDMS. This is attributed to the 3D structures and locally varying mechanical properties of hy-
drogel scaffolds, enabling a more faithful mimicry of the intricate nature of the extracellular brain
matrix and intratumoral heterogeneity. Consequently, the hydrogel model effectively emulates in
vivo tumor behavior.

4.4.2 GBM markers expression: Nestin and GFAP

To complete the characterization of cancer on different GelMA scaffolds and assess their malig-
nancy and infiltration, the overall percentage of cells positive for Nestin and GFAP was analyzed.
As discussed in section 2.2.5, Nestin expression is linked to tumor malignancy and proliferation
[69], while GFAP expression is a key indicator of tumor cell differentiation.
In neuroepithelial tumors, Nestin expression is elevated in malignant gliomas compared to benign
gliomas. Additionally, increased Nestin expression is linked to higher-grade gliomas and poorer
patient survival rates [70] [7]. The analysis aimed to explore how Nestin expression levels vary
with different gel stiffnesses to determine if stiffer substrates lead to increased expression of this
marker, potentially contributing to a more aggressive form of GBM development. Previous studies
on in vivo brain slices have examined the stemness of GBM cell populations across different tumor
regions through Nestin immunohistochemistry. These studies have shown that Nestin expression is
reduced in the invasive areas of the tumor, which are typically associated with a softer matrix and
lower Young’s modulus. Specifically, it has been demonstrated that the GBM invasive margin
has lower levels of Nestin expression compared to the tumor core, with the core exhibiting
about 80% Nestin positivity and the invasive region showing only 23% Nestin positivity [65].
The results of our analysis indicate that there is a higher average percentage of Nestin-positive
cells in stiffer gels, which is consistent with the findings mentioned. However, it is important
to note that direct comparison between the absolute values from in vivo brain slices studies and
the results obtained for the gels may not be appropriate, as the marker expression is specific to
each patient. Nevertheless, these preliminary analyses provide further support for the notion that
Nestin expression is likely to be higher in the case of stiffer substrates.

Turning to GFAP expression, as discussed in section 2.2.5, this protein serves as a marker for
astrocyte maturation and is utilized to assess the glial origin of the tumor [7].
According to previous studies, GFAP is most pronounced in the tumor core, with reduced GFAP
levels observed in invasive regions [68]. In our study, although the average percentage of GFAP-
positive cells is slightly higher on stiffer substrates, the difference is minimal, less than 1%. How-
ever, other research has reached different conclusions regarding GFAP expression.

Immunohistochemistry scores for high-grade gliomas have not revealed significant differences
in GFAP expression and GFAP levels have not been correlated with tumor survival prognosis,
suggesting that GFAP may not be as effective as Nestin in assessing tumor aggressiveness and
targeting efficiency [71]. The findings for this analysis indicate that GFAP serves as a marker
for differentiated tumor cells, whereas Nestin expression is more closely linked to tumor prolifer-
ation and aggressiveness. However, further investigations are required to thoroughly evaluate the
dependency of the marker expression across different patients.
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4.4.3 Neurons and GBM network

Understanding cancer cell behavior involves also studying how their movement is influenced by
interactions with neuronal networks and how efficiently they can remodel these networks. Evi-
dence indicates a bidirectional relationship between neurons and GBM cells. Neuronal
activity, which affects precursor regulation, electrochemical signaling, and neuronal secretion, has
a significant impact on gliomas. Numerous studies highlight the importance of the tumor microen-
vironment (TME) in glioma progression. The TME includes non-glioma brain cells such as glial
cells, immune cells, and neurons that gliomas co-opt to create a supportive environment for tumor
growth. This is reflected in the fact that gliomas rarely metastasize outside the CNS, sug-
gesting that neurons play a crucial role in driving cancer progression, migration, and extracellular
matrix remodeling.

GBM cells released near neuronal networks exhibit higher speeds compared to those not near
such networks. This is supported by data comparing the velocity of spheroids and single cells near
neuronal networks to those in random regions of the bulk gels. These findings align with previous
research demonstrating that neuronal activity enhances glioma cell initiation, growth, and inva-
sion [72]. The migration of neural progenitors and stem cells is impacted by the electric currents
generated by local field potentials [73]. Specifically, direct-current electric fields, through gal-
vanotaxis, influence cell migration by inducing alterations in intracellular calcium concentrations
and ion channel activities [74]. These currents have the potential to cause the redistribution of
charged molecules such as ions and proteins on the cell’s membrane, as well as the activation
of ion channels. This cumulative effect results in the polarization of the cell itself and an increase
in its motility [74]. This might elucidate the heightened speed and motility of glioma cells toward
neurites.

Another important factor in assessing cancer cell aggression and invasion is the protrusions ex-
tending from the cell body. Stiffer substrates typically encourage faster and more aggressive
cancer growth right after spheroids are seeded into gels. However, accurately measuring these
protrusions is difficult because they frequently elongate and retract in a dynamic manner similar to
neuronal behavior, as discussed in section 4.3. This behavior is consistent with previous research
demonstrating that spheroids extend multiple highly dynamic protrusions that rapidly cycle be-
tween elongation and retraction [75].
The formation of invasive protrusions is especially important in early tumorigenesis [75]. These
protrusions enable tumors to adhere and migrate on their substrate, facilitating further move-
ment through mechanical force. Research also highlights the crucial role of actin in protrusion
formation, with actin polymerization and depolymerization driving the extension and retraction of
these protrusions. Another interesting consideration when comparing gel stiffnesses is that stiffer
substrates seem to promote greater migration of single cells from spheroids at the early stages of
cancer growth. One potential explanation is that the mechanical characteristics of the substrate
directly influence the cell cycle in particular during cytokinesis, the phase in which the cell mem-
brane constricts to divide into two daughter cells. Specifically, when a cell encounters greater
frictional forces on a rigid substrate, it may experience cellular asymmetries and distortion as
it attempts division. Consequently, this triggers the activation of compensatory contractile forces,
ultimately increasing cell motility [67].
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4.5 Conclusion
The development of a 3D in vitro platform for investigating the growth of neurons and glioblas-
toma under various substrate stiffness conditions has yielded valuable insights into the interactions
and behaviors of these cell types. The findings underscore the significant roles played by both the
mechanical properties of the extracellular matrix and biological signals in influencing cell response,
proliferation, migration, and growth.

The tested range of stiffnesses has revealed that both stiffer and softer gels are effective in pro-
moting neuronal growth with the stiffer gels supporting better neurite elongation during the initial
hours in vitro, while more compliant substrates encouraged branching over subsequent days. How-
ever, the analysis is substantially influenced by cell variability.
Additionally, heightened migration, proliferation, and expression of tumor malignancy markers
were observed on stiffer substrates, indicating an enhancement of the ERK pathway and Rho GT-
Pase pathway, which are responsible for cancer proliferation and migration. Initial comparisons
with brain slice analysis results suggest that the variability in proliferation rates for cells cultured on
hydrogel scaffolds closely resembles that of brain slices, as opposed to the low variability observed
in 2D culture on PDMS, meaning that 3D hydrogel models offer a more accurate representation
of the mechanical properties variability found within the human brain, mimicking better the in
vivo condition. The motility of GBM cells has been evaluated in relation to their proximity to
neuronal networks and stiffness of the substrates. The findings confirm that neuronal electrical
activity significantly influences the motility of cancer cells. Specifically, the average velocity of the
cells is notably higher in close proximity to neurites. Migration in relation to the stiffness of the
substrate is challenging to compute due to the spheroid’s protrusion elongating and retracting over
time. Conversely, when considering cell migration from the spheroid’s body, it has been observed
that stiffer substrates appear to facilitate improved migration over time.

Moving forward, refinement of the compartmentalization of co-culture systems in PDMS mi-
crostructures and improvement of the gel seeding procedure to prevent unwanted cell growth
outside designated areas are recommended. Furthermore, additional exploration of different com-
positions of hyaluronic acid for enhancing matrix stiffness to both explore a wider range of stiffness
and better mimic the complexity of brain ECM should be pursued in order to characterize how the
chemical composition can affect cancer and neuron growth. Investigating cell phenotypes through
single-cell cultures could provide more detailed insights, with the analysis focusing on single-cell
analysis instead of an average analysis made on cancer growing as 3D spheroids. Overall, the 3D
spheroid experiments warrant continued investigation, as they offer an accurate representation of
cell behavior and should continue to be explored to gain a deeper understanding of cell-to-cell
interactions and the real cellular environment.
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Supplementary Tables

Table 11: Ordinary one-way ANOVA test results for the FFM results. Summary of the test
and p-value statistics of the ANOVA test and Tukey’s multiple comparisons test for the relative increase
in Young modulus with polymer wt% in the gels.

Ordinary One-way ANOVA Test
P value <0.0001

P value summary ****
F 3156.39

R squared 0.94
Tukey’s multiple comparisons test

Comparison Mean rank diff. 95% C.I. Adjusted P Summary N1 N2
10 wt% vs. 3 wt% -1815.97 -1906.7937, -1725.1468 <0.0001 **** 126 9
10 wt% vs. 5 wt% -1786.21 -1848.2551, -1724.1666 <0.0001 **** 126 21
3 wt% vs. 5 wt% 29.75 -75.1145, 134.6333 0.78 ns 9 21

Table 12: Kruskal-Wallis test results for the cell surface measurements. Test and p-value
statistics of the Kruskal-Wallis and post-hoc Pairwise Mann-Whitney U test.

Kruskal-Wallis test
P value <0.0001

Exact or approximate P value? Approximate
P value summary ****

Kruskal-Wallis statistic 152.48
Pairwise Mann-Whitney U test results

Comparison Adjusted P Value Summary N1 N2
0.03 kPa vs. 0.13 kPa <0.0001 **** 381 385
0.03 kPa vs. 1.3 kPa <0.0001 **** 381 230

0.03 kPa vs. 2000 kPa <0.0001 **** 381 80
0.13 kPa vs. 1.3 kPa <0.0001 **** 385 230

0.13 kPa vs. 2000 kPa >0.9999 ns 385 80
1.3 kPa vs. 2000 kPa <0.0001 **** 230 80

Table 13: Kruskal-Wallis test results for the proliferation ratio data. Test and p-value statistics
of the Kruskal-Wallis and post-hoc Pairwise Mann-Whitney U test.

Kruskal-Wallis test
P value <0.0001

Exact or approximate P value? Approximate
P value summary ****

Kruskal-Wallis statistic 21.10
Pairwise Mann-Whitney U test results

Comparison Adjusted P Value Summary N1 N2
0.03 kPa vs. 1.3 kPa 0.36 ns 24 20

0.03 kPa vs. 1000 kPa 0.91 ns 37 15
0.03 kPa vs. Brain slices 0.005 ** 24 21

1.3 kPa vs. 1000 kPa 0.03 * 20 15
1.3 kPa vs. Brain slices >0.9999 ns 20 21

2000 kPa vs. Brain slices 0.00031 *** 15 21
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Table 14: Kruskal-Wallis test results for the Nestin+ cell surface . Test and p-value statistics
of the Kruskal-Wallis and post-hoc Pairwise Mann-Whitney U test.

Kruskal-Wallis test
P value 0.008

Exact or approximate P value? Approximate
P value summary ****

Kruskal-Wallis statistic 9.6
Pairwise Mann-Whitney U test results

Comparison Adjusted P Value Summary N1 N2
0.03 kPa vs. 1.3 kPa 0.002 ** 25 18

0.03 kPa vs. 1000 kPa >0.9999 ns 25 17
1.3 kPa vs. 1000 kPa 0.37 ns 18 17

Table 15: Ordinary one-way ANOVA test for Nestin+ cells percentage. Summary of the test
and p-value statistics of the ANOVA test and Tukey’s multiple comparisons test.

Ordinary One-way ANOVA Test
P value <0.0001

P value summary ****
F 15.17

R squared 0.34
Tukey’s multiple comparisons test

Comparison Mean rank diff. 95% C.I. Adjusted P Summary N1 N2
0.03 kPa vs. 1.3 kPa 6.23 -1.41, 13.88 0.13 ns 25 18

0.03 kPa vs. 1000 kPa% -12.55 -20.34, -4.77 0.0008 *** 25 17
1.3 kPa vs. 1000 kPa -18.79 -27.16, -10.42 <0.0001 **** 18 17

Table 16: Ordinary one-way ANOVA test for GFAP+ cells percentage. Summary of the test
and p-value statistics of the ANOVA test and Tukey’s multiple comparisons test.

Ordinary One-way ANOVA Test
P value <0.0001

P value summary ****
F 16.10

R squared 0.36
Tukey’s multiple comparisons test

Comparison Mean rank diff. 95% C.I. Adjusted P Summary N1 N2
0.03 kPa vs. 1.3 kPa 1.53 -5.6, 8.66 0.86 ns 24 19

0.03 kPa vs. 1000 kPa% -15.29 -22.79, -7.79 <0.0001 **** 24 16
1.3 kPa vs. 1000 kPa -16.8 -24.71, -8.9 <0.0001 **** 19 16
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Table 17: Ordinary one-way ANOVA test for GFAP+ cell surface. Summary of the test and
p-value statistics of the ANOVA test and Tukey’s multiple comparisons test.

Ordinary One-way ANOVA Test
P value 0.015

P value summary ****
F 4.52

R squared 0.026
Tukey’s multiple comparisons test

Comparison Mean rank diff. 95% C.I. Adjusted P Summary N1 N2
0.03 kPa vs. 1.3 kPa 71.41 8.01, 134.82 0.02 * 24 19

0.03 kPa vs. 1000 kPa% 64.20 -2.43, 130.83 0.06 ns 24 16
1.3 kPa vs. 1000 kPa -7.21 -77.27, 62.83 >0.9999 ns 19 16

Table 18: Kruskal-Wallis test results for the average neurite lenght at DIV1. Test and p-value
statistics of the Kruskal-Wallis and post-hoc Pairwise Mann-Whitney U test.

Kruskal-Wallis test
P value 0.017

Exact or approximate P value? Approximate
P value summary ****

Kruskal-Wallis statistic 8.08
Pairwise Mann-Whitney U test results

Comparison Adjusted P Value Summary N1 N2
0.03 kPa vs. 0.4 kPa 0.032 * 37 29
0.03 kPa vs. 1.3 kPa 0.08 ns 37 28
0.4 kPa vs. 1.3 kPa >0.9999 ns 28 29
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