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ABSTRACT

Cells in multicellular organisms are surrounded by a complex three-dimensional
macromolecular extracellular matrix (ECM). This matrix, traditionally thought to uniquely
serve a structural function providing support and strength to cells within tissues, is increasingly
being recognized to have pleiotropic effects in neurogenesis and regeneration processes such
as neocortex folding, stem cell niche maintenance, peripheral nerve regeneration, axonal
growth, and many more. ECM mediates these processes via cell-ECM interactions which
provide the cells with a wealth of signals including biophysical and mechanical cues in a
spatiotemporal manner. Owing to the importance of the surrounding microenvironment,
modern neural tissue engineering strategies have focused on the development of engineered
biomaterials capable of finely instructing the neuronal response according to their
physicochemical characteristics. Neurons and neural stem cells are in fact sensitive to their
mechanical and topographical environment, and cell-substrate binding contributes to this
sensitivity by activating specific signaling pathways for basic cell function. In addition, the
advances in nanotechnology have opened the possibility of introducing decorative nano-motifs
that interact with cells at the molecular level. Successful strategies in tissue engineering are
driven by not only advances in the synthesis of highly instructive biomaterials but also greatly
depend on the right selection of cell sources. As a matter of fact, advances in neural tissue
engineering have been strongly hampered by the poor availability of cell sources, considering
that primary neurons are the only type of cells that do not proliferate. The discovery of induced
pluripotent stem cells (iPSCs) has addressed many of the cell-related limitations in neural tissue
engineering, offering the possibility to consistently produce a wide range of neural cell lines.
Advances in cell biology have led to the development of iPSCs-derived brain spheroid, which

surely represent the most promising tools for several neural tissue engineering applications



ranging from in vitro modelling of neurodegenerative diseases (i.c., Parkinson’s, Huntington’s
and Alzheimer’s), biomaterials testing and drug screening platforms.

The overarching goal of my doctoral work was to engineer biomaterials with instructive
physicochemical properties to elicit beneficial cellular responses that are suitable for different
neural tissue engineering applications such as nerve regeneration and 3D in vitro modelling.

In the first study (Chapter 2), | evaluated the compounded effects of surface stiffness and
micro-topography on dorsal root ganglion and human bone-marrow mesenchymal stem cells
behavior. To this end, arrays of parallel microchannels of different geometries were introduced
on the surface of chitosan films by electrophoretic replica deposition. In addition, a novel
chemical crosslinking with citric acid was performed to both enhance the long-term stability
of the chitosan films and fine-tune the surface stiffness for the investigation of its role in cell
behavior.

In the second study (Chapter 3), | developed a novel nanocomposite consisting of a
collagen hydrogel decorated with glycine-derived carbon nanodots (Gly-CNDs). After a
comprehensive physicochemical characterization of the resulting nanocomposite, | evaluated
the effects exerted on neuronal differentiation and electrophysiological maturation of mouse
iPSCs-derived brain spheroid.

In the third study (Chapter 4), | optimized an alignable collagen-based hydrogel
characterized by anisotropically oriented fibers with potential applications in both peripheral
and central nervous system repair. | established a protocol that encompasses the introduction
in the collagen solution of biodegradable laminin-functionalized magnetic microbeads and the
time-controlled application of an external magnetic field. The regenerative potential of the

hydrogel was unveiled using mouse iPSCs-derived neural stem cells.
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GENERAL OVERVIEW AND RATIONALE

Every year, traumatic injuries to the nervous system affect millions of people worldwide
leading, in most cases, to life-long disability in patients, reduced quality of life and heavy
economic and social burdens. Both peripheral (PNS) and central nervous system (CNS) are
characterized by the formation of a highly impeding post-traumatic environment (i.e., glial scar
formation) that ultimately impedes the complete functional restoration of the tissue. Nowadays,
conventional medicine does not offer effective and successful treatments for traumatic injuries,
and mitigating the symptoms is often the only solution. To address this clinical need, neural
tissue engineering has emerged as a promising alternative that capitalizes on the use of versatile
and highly engineered biomaterials to elicit desirable cellular responses. As a result of the
concomitant advances of biomaterial fabrication techniques (i.e., nanoparticle synthesis, 3D
bioprinting) and cell biology (i.e., induced pluripotent stem cells, advanced cell culture
systems) it is now possible to exploit sophisticated in vitro models that enable the investigation
of complex cellular activities that resemble the in vivo conditions, thereby offering a critical
path toward the clinical translation of neural tissue engineering constructs. From a material
standpoint, it is fundamental to recreate a biomimetic environment that offers specific cues that
ultimately lead to desirable cellular outcome (i.e., contact guidance, neurite growth,
electrophysiological maturation and neuronal differentiation). In addition, a deeper
understanding of the signaling pathways initiated by the intrinsic physicochemical and
structural properties of a biomaterial can unveil novel mechanistic insight and ultimately foster
superiorly designed constructs able to elicit unique cellular responses.

Owing to the determining role play by the surrounding microenvironment’s
physicochemical properties, my doctoral work was mainly focused on the development of
novel instructive biomaterials to elicit favourable cellular responses suitable for neural tissue

engineering applications.
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SPECIFIC OBJECTIVES

Obijective 1 (Chapter 2)

Despite the well-known structure-function relationships governing cellular responses at
interfaces, most studies have overlooked the compounded physicochemical and topographical
effects exerted by the surrounding microenvironment on cell behavior. Focusing on the role of
dissociated variables (i.e., surface topography, substrate’s elasticity) does not provide a realistic
representation of the in vivo complexity of cell-biomaterial interactions. In this study, | aimed
at creating chitosan-based testing platforms offering variable surface micro-topography and
tunable mechanical properties, thus enabling the evaluation of the compounded effects exerted
on cellular responses by these two variables. To this end, | employed electrophoretic replica
deposition to engender the surface of the deposited chitosan film with arrays of parallel micro-
channel with variable width (i.e., 20 and 60 um). In addition, the mechanical properties and
chemical make-up of the chitosan substrates were finely tuned by the application of a novel
chemical crosslinking based on citric acid followed by a high temperature treatment. Bone
marrow-derived human mesenchymal stem cells (hnMSCs) and rat dorsal root ganglia (DRGS)
neurons were employed to investigate the concerted topographical and physicochemical
properties effects. This study provides novel insights into the interplay between chitosan’s
physicochemical properties and the activity of relevant cells for neural tissue engineering

applications.



Obijective 2 (Chapter 3)

One of the fundamental design criteria for effective clinical translation emphasizes the use
of biomaterials that recapitulate key physicochemical features of the intended target tissue. In
the context of neural tissue engineering, recent findings have highlighted the pivotal role of
electroconductivity in guiding several developmental processes associated with cell
proliferation and synaptic plasticity. Based on this evidence, the use of electroconductive
hydrogels has emerged as an effective approach to recapitulate the physicochemical and
electrical microenvironment of neural tissues. The extensive body of literature which
investigated the potential of these candidate electroconductive nanocomposites for neuro-
regeneration, mostly employed simplified experimental conditions (e.g., conventional
monolayer) that do not recapitulate the native ECM and/or adopted primary immortalized cells
(i.e., PC12 and SH-SY5Y) that do not replicate the cellular phenotype of mature differentiated
neurons, ultimately widening the gap between in vitro research and the in vivo reality.

To bridge this gap, | investigate a novel electroconductive nanocomposite consisting of
glycine-derived carbon nanodots (GlyCNDs) incorporated into a collagen matrix and validate
its beneficial physicochemical and electro-active cueing to relevant cells. To this end, |
employed mouse induced pluripotent stem cell (miPSC)-derived neural progenitor (NP)
spheroids and 3D cultures of primary neurons. The findings from this study establish a
foundation for an innovative biomaterial-based tissue engineering approach aimed at
addressing neuronal disorders by restoring damaged/lost neurons and reestablishing

neuroanatomical connectivity.



Obijective 3 (Chapter 4):

Mammalian neuronal cells exhibit a limited post-traumatic self-regeneration capability,
necessitating the use of biomimetic scaffolds that facilitate supportive environments for
neuronal regeneration. Throughout the years, it has been shown that guiding and directing
neuronal outgrowth during the regeneration period can enhance neuronal repair and recovery.
The extracellular topography has been shown to play a key role in the modulation of cellular
responses that are relevant for neuronal regeneration. Several methods have been used to
fabricate scaffolds with aligned fibrils as cell-directing cues including electrospinning,
microfluidics strain-induced alignment. In all reported studies, scaffolds were designed and
fabricated ex-vivo, prior to the interaction with the cells or implantation site. Facilitating
scaffold alignment in situ is still a compelling challenge.

In this study, | developed a novel collagen-based hydrogel decorated with paramagnetic
beads that can be remotely aligned via the application of a magnetic field. Despite such
approach has already been reported, this study presents novel distinct attributes encompassing:
i) the functionalization of the paramagnetic beads with laminin, a biomolecule well-known for
its neuronal affinity, ii) the establishment of an optimized timing for magnetic induction during
collagen fibrillogenesis, a parameter which influence in modulating the resulting fibers
alignment has been overlooked in previous studies and, distinctively from the vast majority of
previous work, iii) the use of a 3D culture system. The biological activity of the composite was
characterized using iPSCs-derived NSCs and primary mouse neurons. This study shed new
light on the influence of aligned collagen fibers in fostering early neuronal differentiation,
providing some initial evidence of the potential underlying mechanotransduction pathways

implicated.
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CHAPTER 1: INTRODUCTION

1.1 Biomaterial-driven strategies in neural tissue engineering

The interdisciplinary approach adopted in tissue engineering (TE) has significantly
impacted its growth in the last decade. The assimilation of knowledge and technical
advancements from different fields such as material science, nanotechnology, cell biology, and
developmental biology have surely determined tissue engineering booming and advances.
Novel biomaterial, three-dimensional (3D) bioprinting technologies,® integration of
nanotechnology,? stem cell technologies such as induced pluripotent stem cells (iPSCs),** and
gene editing technology® represent great advancements that have benefited TE in recent years.
From a material standpoint, successful tissue engineering strategies encompass the use of novel
biomaterials, structures, and a variety of cues that enable to finely control cell behavior and
promote regeneration.®’ This is particularly important for neural tissue engineering as the post-
traumatic microenvironment probably represents the most impeding factor for the complete
functional recovery of the tissue. Chemical, mechanical, and topographic extracellular matrix
(ECM) cues have been extensively studied for their influence on cell behavior. Neurons and
neural stem cells, as most other type of cells, are in fact sensitive to their mechanical and
topographical environment, and cell-substrate binding contributes to this sensitivity to activate
signaling pathways for basic cell functions.®® Improving our knowledge of substrate-mediated
mechanotransduction in the study of neural cells has the potential to advance material design
for regenerative medicine, investigate neurodegenerative diseases, and better understand neural
stem cells (NSCs) differentiation. In the next sections, after a general overview of the structural
and physicochemical properties of the neural ECM, the influence of topographical, mechanical

and chemical properties of the material substrate on neuronal behavior will be discuss in detail.



1.1.1 Neural ECM
1.1.1.1 Biochemical, structural and physicochemical properties of native neural tissues

In the nervous system, a notable portion (20-30%) of neural tissue is situated within the
ECM, which, as in many other tissues in the body, supports cellular networks by dynamically
adapting its physical and chemical properties to the needs of the cells, and plays a major role
in regulating tissue function.®!* Surrounding the ECM and making up most of the remaining
tissue, are dense networks of neurons and glial cells which rely on the ECM to express unique
functions. To support a wide variety of cellular processes, the neural ECM is organized into
basement membrane, peri-neuronal nets and interstitial matrix*? as illustrated in Figure 1.1.
While the basement membrane serves as a boundary and supplies the primary adhesion points
for cells,*3 peri-neuronal nets undertake critical roles in the nervous system during development
and plasticity by structuring the inter-neuronal space and compartmentalizing soluble factors
in a way that facilitates neurite outgrowth, synaptic maturation and functions.** Being
comprised of mostly soluble molecules, the interstitial matrix constitutes the least dense
component of the ECM and can readily adapt to the chemical and structural needs of the
surrounding neurons and glia.'>'® When compared to the majority of other tissues, the neural
ECM contains relatively small amounts of fibrous proteins such as collagen, elastin and
laminin. 17 These stabilizing structural components are known to inhibit axonal growth in the
neural parenchyma and are largely isolated to the basement membrane.*® The major structural
component of the neural basement membrane is laminin, which binds cell-surface receptors to
not only provide anchorage but also to convey signals critical for neurite outgrowth,® axonal
pathfinding,?® myelination?! and blood-brain barrier integrity.?? The most essential elements in
the interstitial matrix are the proteoglycans.?® This family of molecules is characterized by a
core protein decorated with linear saccharides called glycosaminoglycans (GAGSs). Negatively

charged groups on these GAGs attract water molecules and cause swelling in the matrix,



leading to a loosely packed structure permissive to axonal growth and cell migration.?* GAGs
are further divided into 5 sub-families according to saccharide structure, namely: hyaluronic
acid, chondroitin sulfate (CS), heparan sulfate, dermatan sulfate and keratan sulfate. Each
member of these sub-families plays distinct roles in the interstitial matrix in neural tissue
development, activity and response to pathologies.?® CS proteoglycans are the most abundant
family within neural ECM but, interestingly, they are also associated with inhibition of neurite

growth.?®
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Figure 1.1: Structures and properties of neural ECM.?" The illustration was created with
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Their excessive deposition within scar tissues following neural trauma is in fact thought to
be the major barrier to axonal growth, regeneration and functional recovery, which indicates a
critical spatial regulatory role for CS proteoglycan deposition in tightly controlled axonal
pathfinding processes.?®

The high proteoglycan content of neural ECM imparts an exceptional water retention
capability to neural tissues, which results in unique mechanical properties.?® Neural tissues are

the softest in the body with elastic modulus values as low as 0.1-1 kPa*®, opposed to 8-17 kPa



for skeletal muscle® and up to 3 GPa for bone.*? Findings within the last decade showed that
independently from chemical cues, cells are able to sense and respond to mechanical properties
of the surrounding matrix, leading to the discovery of mechanical signaling pathways that play
major roles in tissue development and functions.®® In the nervous system, the extremely
hydrated ECM provides the optimal mechanical cueing required for cell functions, as well as
mechanically distinct regions and stiffness gradients in cell microenvironments, which play

pivotal roles during development and regeneration.®*

1.1.1.2 Importance of ECM

Although the ECM accounts for less volume in the brain compared to the cellular network,
slight changes in its chemical, mechanical or biological properties can result in significant
behavioral and morphological alterations in the cells, impacting the overall function of the
neuronal network.®® Of note, changes in ECM structure and function have been associated with
neuropathologies including Alzheimer’s disease, traumatic brain injury,®” and epilepsy.* Not
surprisingly, the cellular response to synthetic/engineered ECM analogues in vitro is no
different. As a matter of fact, while seeking biomaterial scaffolds that could act as native ECM
analogues and support neuronal networks, studies have shown that minimal changes in the
biomaterial’s elasticity,®® composition,*® and topography,** have significant effects on cell-
matrix adhesion, network electrophysiology, and long-term culture viability. Ideally, the 3D
scaffolds should present cells with biomimetic entities of the ECM so that the neuronal
networks mimic the in vivo structure-function relationships through cell-scaffold interactions.
For this reason, from a material standpoint, it is crucial to replicate the ECM complexity and
heterogeneity to boost the impact of in vitro studies. In the in vivo microenvironment, the ECM
plays the role of providing anchorage points for neurons during maturation and growth. When

attempting to culture neurons outside of the body, enhancing cell adhesion to provide those



anchorage points on engineered biomaterials is thus of critical importance.*? For many cell
types cultured in vitro, once seeded, whether in 2D or 3D, the cells need to adhere to a
substrate/matrix within the first few hours for a viable culture. For successful cell adhesion,
biomaterials are commonly functionalized with adhesive molecules derived from, or similar to
those found in, the ECM such as poly-D-lysine*® and laminin.**

Beyond providing a reservoir of soluble proteins such as growth factors and cytokines,
recent studies have demonstrated the active role played by the ECM topographical cues in
influencing several cellular responses such as adhesion, migration and differentiation. In the
native nervous system, the ECM is mainly composed of glycosaminoglycans and fibrous
proteins (e.g., collagen, elastin, fibronectin and laminin), assembled into a nanofibrillar
network that provides structural support to the native cells.*® To date, several biomaterials have
been employed to develop electrospun scaffolds that mimic the in vivo fibrous morphology of
ECM.*47 In particular, such studies highlighted the importance of several design parameters
such as porosity,*® fiber diameter*® and orientation®® (random or aligned) in dictating
differential neuronal responses in terms of adhesion, neurite growth, morphology and network
complexity.

Of primary interest in numerous studies aimed at recapitulating the ECM in vitro is also the
influence of mechanical cues on neuronal network behavior, since neurons are known to be
mechanosensitive.>%? Of these mechanical properties, the stiffness of a substrate has been
shown to influence neuronal networks significantly.3®55% Due to the high concentration of
glycosaminoglycans, proteoglycans, and glycoproteins in neural ECM and its lack of fibrillary
proteins, such as collagen and fibronectin, the elastic modulus of brain tissue is significantly
lower than other tissues. For instance, the elastic modulus of white matter (outer layer

consisting of cell bodies, dendrites, unmyelinated axons, and ECM) and grey matter (consisting



of primarily myelinated axons and ECM) ranges between 1-2 kPa** and from ~90-230 kPa in

the spinal cord.>

1.1.2 Topographical cues

Since 1945, the contact guidance term has been used to emphasize that topographical
features of the biomaterial surface can control biochemical and biophysical signaling pathways.
Furthermore, there are several developmental instances in which neuronal cells migrate along
tracts of glial cells or oriented extracellular matrix (ECM) fibers. For example, during the
histogenesis of the cerebral cortex, cortical neurons are guided along radial glial cells. The
migrating neurons wrap around the radial glia, which acts as both the scaffold and the source
of new neurons.>® Contact guidance also plays a role in the response to injury in both the
peripheral and central nervous systems. Following a nerve transection in the peripheral nervous
system, the myelin sheath undergoes longitudinal segmentation. SCs proliferate, forming a
Biingner band, in addition to producing growth factors in response to denervation, cleaning up
the debris of Wallerian degeneration, and laying down tracks which will then retract when
reinnervation occurs.®’

While most of the published studies discuss the ability of microtopography to direct cell
orientation and neurite outgrowth, the effects are not limited to just morphological changes.
Increasing evidence has shown that surface topography can trigger cellular responses and
pathways that affect cell adhesion, polarity and differentiation.>® For instance, it was reported
that vinculin, a major cytoskeletal protein associates with focal adhesion sites, was increased
in C6 glioma-astrocytoma rat cell line cultured on nano-dot substrates, resulting in induced FA
plaques.®®

Additionally, micropillars were shown to greatly affect the neuronal polarity (i.e., formation

of axons and dendrites) as they upregulated N-cadherin and Golgi-centrosome complexes,



greatly implicated in the initial neurite formation area.®® Different topographical patterns were
shown to induce a different cell lineage, astrocytes or neurons. Linear micro-pattern and
circular micro-pattern substrates with two different feature sizes (2 or 10 um in width and
spacing and 4 um in depth) were reported to significantly enhance the differentiation of adult
human neural stem cells (ANSCs) to neurons while depressing differentiation to astrocytes
compared to control.5!

Probably the most used continuous topography reported in the literature are anisotropic
microgrooves and aligned nanofibers. Regarding the former, several studies have shown the
critical role in designing proper geometrical features such as the widths and depths of the
grooves.%2-% For instance, when the range of groove size is a few mm to tens of mm, embryonic
hippocampal neurons show a tendency to grow in parallel to the groove as the depth increases.
Interestingly, the polarity of embryonic hippocampal neurons also adapts to changes in
topography. Monopolar and bipolar cells grow into multipolar cells when the space between
grooves becomes significantly larger than the size of neural cells.% In another study, mouse
hippocampal nerve progenitor cell (mNPCs) elongation, alignment, and neuronal
differentiation improved in response to the increase of the micro-grating depth (Figure 1.2).%
Researchers have also started to investigate the effects of micro- and nano-topography on the
expression of pivotal proteins involved in the integrin-mediated mechanotransduction. For
instance, a recent study has unveiled the correlation between vinculin and FAK expression and
the groove dimensions.®” Results from this study clearly showed that specific groove patterns
were able to greatly influence the expression and organization of representative focal adhesion
assembly and mechanosensitive proteins. Surfaces with 300 nm ridges, 600 nm grooves, and
300 nm-diameter pillars displayed the greatest level of vinculin and FAK expression in human
neural stem cells (hNSCs). Such patterns were also shown to efficiently induce the

differentiation of hNSCs into neuronal and astrocyte lineages. In another study, it was shown



that hierarchically patterned substrates, consisting of microgrooves decorated with nanotubes,

can synergistically enhance the differentiation of hNSCs, facilitate the alignment of the

cytoskeleton and the formation of focal adhesions.%®
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Figure 1.2: Neuronal differentiation of hippocampal mNPCs after 2 weeks on either
unpatterned or micro-patterned PDMS. (A) unpatterned PDMS and PDMS gratings of
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0.05. % Copyright © 2014 Elsevier Ltd.



Results also demonstrated the importance of 1 integrin-mediated binding and the intracellular
Rho-associated protein kinase (ROCK) pathway in guiding neuronal differentiation. Treatment
of the substrates with either an antibody against B1 integrin or Y27632, a ROCK inhibitor,
significantly decreased neurite alignment and trumped the neurogenic differentiation of
hNSCs, proving the fundamental role played by such proteins in guiding neuronal behavior.
Electrospun nanofibers have been probably the most extensively explored as a class of
scaffolding materials for tissue regeneration, because of their unique capability to mimic some
features and functions of the extracellular matrix, including the fibrous morphology and
mechanical properties, and to a certain extent the chemical/biological cues. Thanks to the
progress in fabrication techniques, researchers have been able to fine-tune the diameter, the
orientation and the chemical make-up (i.e., biomolecule functionalization) of the nanofibers by
which it is possible to elicit preferential neuronal and stem cell responses. For example, many
groups have compared the effects of aligned and random fibers on neurite orientation, and some
have used aligned fibers as a driving force for neuronal differentiation.®®® Generally neural
cells grow in parallel with aligned or anisotropic nanofibers showing a preferential orientation
when compared to random fiber structures. ANSCs cultured on aligned fibers elongated along
the major fiber axis. Upon induction of differentiation with retinoic acid, a higher fraction of
cells on aligned fibers exhibited markers of neuronal differentiation (MAP2 and Tujl) as
compared with cells on random fibers or un-patterned surfaces.’® In another study, spinal cord-
derived neural progenitor cells (NPCs) seeded on electrospun aligned collagen nanofibrous
showed a faster neurite expansion and a higher proliferation when compared to randomly
oriented fibers.”? Furthermore, the authors revealed that the integrin binding to aligned collagen
preferentially activates MAPK signaling cascades that lead cells to exit the GO/G1 phase cycle
faster than randomly distributed fibers. Beyond directionality, other parameters such as the

diameter or the density of fibers also influenced the guidance of neural cell growth.”®™* When



testing poly-L-lactic acid (PLLA) fibers with diameters in the range of 300 nm to 1300 nm,
larger diameter fibers promoted a longer, more directed neurite growth and increased SC
migration distance. Functionalizing aligned fibers can also affect the time required for
differentiation. Pluripotency markers decreased after only 1 day of culture on aligned YIGSR-
tethered PCL fibers, followed closely by increased neural differentiation markers of Tujl and
MAP2 by day 3. Controls contained fibers that were aligned, with no peptide, or randomly

arranged with YIGSR.

1.1.3 Mechanical cues

Over the past decade, it has been established that cells are sensitive not only to the
environmental topography but also to the mechanical properties of their surroundings. The
environmental mechanical characteristics are in fact implicated in development but can also
provide a unique signature of pathological conditions.” Years of research have focused on the
mechanical properties of biomaterials influencing specific cellular behavior and function in
vitro.”8"8 Accordingly, the manufacture and design of biomaterials have been expected to
contribute to optimal tissue repair and development, based upon the activation of biomaterial
mechanical stimulation. Several mechanical properties, including stress/strain,
elasticity/stiffness, and certain time-dependent mechanical properties (e.g., viscoelasticity and
stress relaxation, creep and strain recovery) have been shown to activate specific signaling
pathways that govern fundamental cellular functions (Table 1.1).
It is now widely accepted that cells (from stem cells to mature cells) can sense and respond to
substrate stiffness by three steps: mechanosensation, mechanotransduction, and downstream
mechanoresponses.”® Briefly, when cells first contact the substrate surface, large protein
complexes called focal adhesions (FAs) are formed to tether the cell cytoskeleton to the

substrate. Then the physical signals of the microenvironment are sensed and transduced into
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biochemical signals, activating subsequent changes in cell behaviors, including cell
morphology, growth, differentiation, and death.®® Increasing evidence is pointing at the
matrix’s stiffness (either native ECM or engineered substrates) as the major mechanical
characteristic affecting cellular decisions and tissue development via tissue engineering
approaches. It is now well accepted that soft materials, close to that of neural tissue or <1 kPa
elastic modulus, encourage neuron viability and neurite extension.8! For example, cortical
neurons extended longer neurites on 0.6 kPa elastic modulus, laminin-coated acrylamide gels,
while astrocytes were rounded and had disrupted actin fibers on the same scaffolds. In contrast,
neurite extension was strongly decreased on 27 kPa gels.®? In a similar study, the effects of
varying stiffness and protein coating on hippocampal neuron extension were explored focusing
in particular on actin filament formation, FAK, growth cone formation, and neurite outgrowth
through the ERK1/2 pathway.® Hippocampal neurons had the greatest neurite extension on 88
kPa elastic modulus fibronectin-coated polydimethylsiloxane (PDMS), which correlated to
increased FAK and ERK1/2 phosphorylation compared to poly-L-lysine coated surfaces. The
investigation of surface stiffness effects was also conducted on neural stem cells. For instance,
embryonic NSCs were shown to differentiate into neurons and astrocytes on PDMS of a wide
range of elastic moduli, but softer scaffolds promoted neuronal maturation and increased
neurite outgrowth.8* Specifically, scaffolds with stiffness ranging from 0.1 to 0.5 kPa favoured
neuronal differentiation of NSCs, while more astrocytes formed on 1-10 kPa gels. Although
the absolute range of scaffold stiffness between studies varies, an overall trend emerges where
neurons prefer soft environments with similar stiffness to brain tissue (<1 kPa) and glia prefer
stiffer environments (>5 kPa).

While it has been established that substrate stiffness can be exploited as a driving force to
direct basic cellular functions including neurite outgrowth and neurogenic differentiation, it is

pivotal to understand what are the key players that intervene and guide the
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mechanotransduction signaling process. In this context, a recent study has highlighted the
correlation between cell contractility (cytoskeleton shape) and NSC neuronal differentiation on

0.1-75 kPa laminin-coated PDMS surfaces.**

Table 1.1: Influence of biomaterial mechanical properties on cellular signaling pathways.
Mechanical property Pathway/cell effects

Stress/strain Affecting cell phenotypic change and functions.®
Increasing mesenchymal stem cells (MSCs) differentiation
in terms of ALP activity.®®
Activating the TGFf pathway and the MEK/Erk1/2 pathway

in VICs.8’

Elasticity/Stiffness Influencing the phenotype and functionalization of terminal
cell types.®®
Inducing the differentiation of MSCs into various cell end
points.%®
Activation of B-catenin transduction and integrin/FAK

pathway in ASCs.*

Creep/strain recovery Inducing increased cell spreading and cell traction in
different cell lineage.*
Enhanced human MSCs differentiation towards several
lineages.%

Mediated by a change in cytoskeletal tension in hMSCs.%

It was determined that the specific activation of Rho GTPase regulated both the in vitro and in

vivo cell fate by promoting neuronal differentiation over astrocytes or oligodendrocytes. Lately,
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the Hippo signaling pathway has garnered significant interest due to mounting evidence
highlighting its pivotal role in mechanotransduction.®>% A key effector of this pathway is YAP,
a transcriptional co-activator. The nuclear translocation and consequent transcriptional activity
of YAP are intricately governed by biophysical cues, such as substrate rigidity,®” cytoskeletal

tension,® and alterations in cell morphology.®®1%
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Figure 1.3: YAP and phosphorylated YAP expression on soft and rigid PMA substrates. (A)
Representative immunofluorescence images of hESCs expression of YA when seeded onto
rigid (left) and soft (right) PMA substrates at DIVVO and 3. (B) Percentage of nuclear YAP for
rigid and soft substrates at DIVO and 3. (C) Western blotting for phosphorylated YAP S127 (p-
YAP S127) and YAP in whole cell lysates of hESCs after 3 days of culture on rigid and soft
PMAs.1% Reproduced with permission from Springer Nature.

In a recently published study, the influence of substrate’s stiffness in influencing the activation
of the Hippo pathway and the subsequent impact on the neurogenic differentiation of human

embryonic stem cells (hESCs) was greatly investigated.'%* Specifically, it was shown that soft
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poly(dimethylsiloxane) micropost array (PMASs) promoted YAP1 phosphorylation on Serine
127 that resulted in loss of hESCs pluripotency and neuroectoderm differentiation (Figure 1.3).
Such findings were corroborated by the evidence arising from the silencing of LATS1, a
downstream Hippo kinase that targets serine 127. Notably, LATS1 knockdown hESCs
exhibited a spread morphology on both rigid and soft PMAs, indicating loss of mechanosensory
properties and the enhanced neurogenic differentiation seen for soft PMA was lost, further
supporting that LATS-mediated phosphorylation of YAPL1 plays a pivotal role in sensing

mechanical signals arising from substrate rigidity.

1.1.4 Chemical cues

The main requirement for the survival of cells is the presence of a material fostering their
attachment. In fact, the lack of a permissive substrate for cell adhesion would lead to cell
apoptosis.® Cell adhesion onto materials can naturally occur through either nonspecific
adsorption or adhesion molecule. For instance, chitosan and poly-lysine are examples of,
respectively, natural and synthetic materials that exhibit hydrophilic- and electrostatic-based
neuronal cell adhesion, where the positive charges displayed by their surfaces attract the
negatively charged cell membrane resulting in electrostatic bond formation. Such unspecific
cell binding however greatly limits the possibility of controlling cell behavior and dictating
cellular fate. For this reason, neural tissue engineering has been mainly encompassing the use
of natural ECM-derived biomaterials such as Matrigel and collagen, that can provide cultured
neurons with both adhesive peptide molecules and bioactive soluble proteins/peptides such as
growth factors and chemokines. Alternatively, biomaterials can be decorated with purified or
chemically synthesized components of specific extracellular matrices. Molecules such as
laminin, fibronectin and neural adhesion molecule L1 are known to promote cell

differentiation, adhesion and migration in the CNS.1921% As a matter of fact, materials pre-
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coated with laminin showed significant improvement in neural cell affinity and functional
recovery.'® Moreover, biomaterials coated with L1, which is highly expressed in growing
axons and Schwann cells during development and regeneration, have been proposed as
promising scaffolds.®® However, pathogen transfer, batch variability and cost related to the
usage of full-length protein constitute important drawbacks that are limiting their usage. An
innovative method is the functionalization of biomaterial surfaces with short peptides known
to stimulate cell attachment. These short peptides can be synthesized and covalently attached
to both natural and synthetic materials. Specific functions of several key extracellular proteins
physiologically comprising the tissue microenvironments have been attributed to short peptide
sequences. In the case of laminin, the best characterized and used sequences are YIGSR,
IKVAV and RGD. % Specifically, it has been shown that RGD-functionalized PHPMA
hydrogels and RGD-functionalized PEG polymers are capable of promoting neural tissue repair
and enhancing cell adhesion, respectively.9>107.18 Also RGD-containing HA scaffolds as well
as fibrin gels modified with laminin were shown to increase neuronal cells proliferation.%®
Peptide sequences that incorporate both YIGSR and IKVAV have been found to significantly
increase neuronal adhesion. Moreover, various electrospun nanofibrous tubes made of either
natural, synthetic or biosynthetic materials and functionalized with bioactive molecules, have
demonstrated to be able to support the survival, proliferation and differentiation of neural cells.
110 For instance, the incorporation of the IKVAV sequence in PA nanofiber gels has been
shown to enhance the differentiation of neural progenitor cells (NPCs). Finally, it is important
to underline that cell attachment to materials is related not only to the choice of ligand for the
functionalization but also to ligand density and exposure. Indeed, by using modular biomimetic
interpenetrating network hydrogels, NSC differentiation on substrates with varied functional
motif and mixed functional motif densities has been demonstrated to be sensitive to a minimum

RGD density.'*112 Many ongoing studies aim at optimizing the biomaterial choice,
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discovering new cell-adhesive peptide sequences, identifying the best cell-adhesive functional

motifs and selecting the proper functional motif concentrations.

1.2 Recent in vitro trends for neural tissue engineering applications

Advances in tissue engineering and cell biology greatly rely on cell-based in vitro assays
and models that facilitate the investigation and understanding of specific biological events and
processes under different conditions. The quality of such experimental models and particularly
the level at which they represent cell behavior in the native tissue, is of critical importance for
our understanding of cell interactions within tissues and organs.'** Conventionally, in vitro
models are based on experimental manipulation of mammalian cells, grown as monolayers on
flat, two-dimensional (2D) substrates. Despite the amazing progress and discoveries achieved
with flat biology models, our ability to translate biological insights has been limited, since the
2D environment does not reflect the physiological behavior of cells in real tissues.** TE has
seen continuous evolution in the past two decades. It has also been assimilating of knowledge
and technical advancements from related fields such as material science, rapid prototyping,
nanotechnology, cell biology, and developmental biology. Specific advancements that have
benefited TE as a field in recent years include novel technologies, integration of
nanotechnology, stem cell technologies such as induced pluripotent stem cells (iPSCs), and
gene editing technology such as Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR). Specifically, advances in 3D cell biology and biomaterial science have led to the
development of a new generation of cell culture formats that can better recapitulate the in vivo
microenvironment, allowing us to examine cells and their interactions in a more biomimetic
context.!™ Modern biomedical research can rely on novel technological approaches that
promote the development of more sophisticated and robust tissue engineering in vitro models,

including scaffold- or hydrogel-based formats, organotypic cultures, and organs-on-chips.
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Even though such systems are necessarily simplified to capture a particular range of
physiology, their ability to model specific processes of human biology is greatly valued for

their potential to close the gap between conventional animal studies and human (patho-)

physiology.

1.2.1 Limitations of traditional in vitro assays

Cell culture systems represent an indispensable tool for a wide range of biomedical studies.
Over the years, cell culture has evolved into a useful and vital tool for a wide variety of
applications including drug development, cancer research, and tissue engineering.*'¢ For all
these applications, two-dimensional (2D) cell culture systems dominate, continuing to improve
our perception and understanding of cell biology. These cell systems rely mainly on adherent
cultures, where cells grow as a monolayer attached to a plastic or glass substrate. Although
easy and convenient, 2D cultures exhibit numerous disadvantages. Firstly, they are simplistic
imitations of the in vivo situation, where cells grow within a complex three-dimensional (3D)

microenvironment (Figure 1.4).
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Figure 1.4: 2D vs. 3D cell culture. Comparison between cell cultures on a 2D substrate (left)
and a 3D matrix/scaffold (right), outlining some of the important physiological features that
cue cellular behavior.?” The illustration was created with BioRender.com

This lack of environmental context and structural architecture limits the ability of cells to
communicate with one another and with the surrounding matrix, which is critical for various

cellular processes (e.g., mitosis, self-renewal, and differentiation).t!"118
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Such physical constraints also impede cells from organizing naturally and spreading
vertically, forcing them to flatten out and grow as monolayers.'?> Gene expression, protein
production, and cytoskeletal structure are also altered, leading to loss of cell phenotype and
consequent physiological dysfunction.!'® Furthermore, in monolayer cultures with no oxygen
or nutrient gradients, cells are unable to respond to physiological stimulation, inhibiting basic
cellular processes.

Ultimately, these inherent limitations and flaws in 2D cell systems result in failures to
understand healthy or diseased cell behavior.?® The research community is now beginning to
seek alternative technologies that could facilitate development of models able to more closely
mimic the complexity of whole tissues in vitro. To this end, 3D cell cultures can provide a well-

controlled in vivo-like microenvironment specifically tailored to each application.

1.2.2 Scaffold-based 3D cultures

Developing biomaterials for CNS modeling is complicated by the unusual mechanics of soft
tissues; the brain is neither liquid nor a solid, but rather possesses viscoelastic properties similar
to those of highly hydrated tissues containing heterogeneous polymer networks. Heterogeneity
of structure and composition, together with hierarchical patterning, determine cellular
processes and nonlinear dynamic mechanical behavior that cannot be captured by simplistic
plastic 2D vessels. In this context, hydrogels seem to be ideal biomaterials for CNS modelling
due to their high water content and porous structure enabling diffusion of metabolites, with the
solid-phase polymer network providing relevant mechanical and spatial cues, tunable
mechanics and versatile chemical modification.!?! Hydrogels are hydrated 3D networks of
crosslinked hydrophilic polymer chains that can retain a large amount of water (over 90%)
while maintaining solid form. They are the most common type of biomaterial used to support

bioengineered 3D neural cultures as their physical and chemical properties can be tuned to

18



mimic the native neural ECM.*?? While designing hydrogels for neural tissue engineering is
important to consider several properties and characteristics. For instance, polymerization, or
gelation, is the transitioning process from a liquid to a solid state. The hydrogel polymerization
mechanism strongly determines its suitability for the different biomedical applications.
Similarly, the hydrogel rate of degradation can also quite determine how the hydrogel is used
therapeutically. For example, a fast-degrading hydrogel could be used for the quick delivery of
an immunosuppressive drug to brain tissue for immediate action against the inflammatory
response, while a slowly degrading hydrogel could protect encapsulated cells from this same
initial inflammatory insult and could provide a longer-lasting physical scaffold for rebuilding
tissue. A major benefit of using hydrogels is the ability to incorporate many different types of
molecules and to encapsulate in 3D a variety of different cell types. The performance of a
hydrogel in brain tissue and the release of cells or therapeutics from the hydrogel depends on
the mechanical and chemical properties of the hydrogel and how it is defined during
polymerization and degradation. Finally, biocompatibility, specifically within the brain, is an
especially important consideration, as the brain is a partially immune-privileged site reacting
independently of the peripheral immune system. The structural component of a hydrogel is
composed of a dense collection of hydrated intermeshed polymer chains that form a swollen
matrix within an aqueous medium. The properties of this matrix are extensively customizable
using chemical and physical crosslinking techniques. The simplest form of chemical
crosslinking encompasses the use of crosslinking molecules such as genipin or N-(3-
Dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC) to conjugate the polymers
chains. 122 Such a technique is often used to bind biofunctional molecules into the hydrogels to
provide additional chemical cues to direct neuronal behavior. Another type of chemical
crosslinking encompasses the introduction of photosensitive functional groups in the hydrogel

and the use of a specific wavelength of light to start the polymerization.'?* A third alternative
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is represented by enzymatic crosslinking and uses enzymes such as transglutaminase and
peroxidase to develop fast-gelling, stable and non-toxic hydrogels.*?® In addition to chemical
cross-linking, another class of hydrogels can be formed by the physical association of
components, often by hydrogen bonding at the molecular level.*?612” While there are various
crosslinking methods for hydrogel synthesis, the choice of crosslinking strategy is often chosen
based on the chemistry of the raw material and specific application. In general, physically
crosslinked hydrogels preserve cell viability better. However, the mechanical properties of
physically cross-linked hydrogels tend to be weak, increasing the likelihood of matrix
degradation in longer term cultures. Hydrogels modified through chemical crosslinking can
provide a more stable substrate, supporting longer culture periods.

Beyond the polymerization process, hydrogels are usually classified as either natural or
synthetic. The use of synthetic polymers in neural tissue engineering is advantageous because
of their mechanical strength and flexibility combined with ease of modification (i.e., blending
and copolymerization).'?® Synthetic polymers are also compatible with numerous fabrication
techniques, such as wet-spinning, freeze-drying, and electrospinning.’®*** The most
commonly used synthetic scaffolds in neural tissue engineering are methacrylate(pHEMA) and
polyethylene glycol (PEG) hydrogels, which when functionalized with adhesive motifs have
displayed great compatibility with neuronal cell lines.*****3For instance, a study has reported
that a pHEMA hydrogels photo-crosslinked with nerve growth factor (NGF) has comparable
outcomes in terms of PC12 viability and neurite outgrowth to collagen hydrogel.*3* However,
there are inherent problems with the use of synthetic polymers. Despite synthetic polymers
being mainly non-toxic, there are still concerns regarding toxic residual monomers from
incomplete polymerization as well as degradation products.'3 For this reason, the clinical

translation of synthetic polymers has been greatly hampered.
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In the context of neural tissue engineering, the use of natural polymers is highly beneficial
due to their high biocompatibility and natural biodegradation Kinetics combined with
chemically tunable properties.'?:122128 Often, natural polymers are analogues, if not identical
like in the case of collagen, to substances already present in the human body, minimizing the
risks of cytotoxicity and immunogenic reaction upon implantation in the body. The main two
categories of natural polymers are polysaccharides (chitosan, alginate, hyaluronic acid) and
proteins (Matrigel, collagen type I and 1V, gelatin). The intrinsic properties of natural polymers
create a cell-friendly environment that promotes, either directly or after targeted
physicochemical modifications, relevant cell responses such as adhesion and proliferation,
making this class of materials the “gold standard” for applications in neural tissue engineering

and regenerative medicine.

1.2.2.1 Collagen type I hydrogels in neural tissue engineering

Among the various natural polymer, collagen surely represents one of the most promising
candidates for neural tissue engineering. Such consideration is also validated by the fact that
collagen is the only biopolymer approved for clinical testing in neural tissue engineering and
several collagen-based products are now commercially available.®*35137 Collagen is the most
abundant protein found in the human body. The presence of collagen in all connective tissue
makes it one of the most studied biomolecules of the ECM. This fibrous protein species is the
major component of skin and bone and represents approximately 25% of the total dry weight
of mammals.® Collagen can be extracted from various sources considering that it is one of the
most abundant proteins on earth. Common sources of collagen for tissue engineering
applications include bovine skin and tendons, porcine skin and rat tail among others.**> Among
this protein family, collagen type | has gained great attention in the context of tissue

engineering because of its well-documented role in maintaining the biological and structural
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integrity of ECM and providing physical support to tissues. In addition, collagen type | offers
low immunogenicity, a porous structure, permeability, good biocompatibility and
biodegradability and thanks to its bioactive peptide motifs it can regulate the morphology,
adhesion, migration and differentiation of cells.**® All these good performances make this
natural polymer seem to be a promising biomaterial for scaffolds in tissue engineering. From a
structural point of view, collagen type I is made up of three alpha chains (two al and one a2).
Each collagen chain is made up of approximately 1000 amino acids following a Gly-X-Y
repeating sequence, with X and Y being usually proline and hydroxyproline, respectively.'%
The free functional groups of collagens (amines and carboxyl) can be used to modify their
structure and be used to create physical or chemical cross-links. The ability of collagen to form
intra- and interfibrillar cross-links can be exploited to create hydrogels with a range of
mechanical properties to match the ones showcased by the surrounding tissue when implanted.
The unique fibrillar architecture of collagen I can be also used to create anisotropic hydrogels
that are suitable for contact guidance applications and tissue engineering.**813 Collagen fibrils
can be aligned using a variety of external stimuli. For instance, the application of uniaxial
tensile force during fibrillogenesis has been shown to create highly anisotropic constructs.*
In addition, the application of external magnetic fields in the presence of magnetic
nanoparticles in the collagen solution has displays outstanding results in preferentially aligning
the fibers.*® Collagen type | is a highly versatile material and can be used as a coating material
for existing implants, as a hydrogel or it can be freeze-dried to form 3D porous scaffolds or
thin films. However, the collagen type | extracted and purified from natural sources is
susceptible to low structural stability and, when uses alone, it lacks the desired mechanical
strength.®35-137 To address such issues, collagen is usually crosslinked or used in combination
with other biomaterials to increase the mechanical strength and preserve the scaffold

ultrastructure for an extended period by reducing enzymatic degradation in vivo.'*° Physical

22



crosslinking of collagen includes ultraviolet (UV) irradiation and de-hydrothermal (DHT)
treatment, while chemical crosslinking encompasses the use of crosslinker molecules such as
glutaraldehyde (GTA), EDC and genipin.®13>137140 As mentioned above, collagen type | has
been the preferred material to create Nerve Guide Conduits that are suitable for peripheral
nerve regeneration and sciatic nerve repair.!** For the former, most of the FDA-approved
commercially available NGCs are made up of collagen. The commercial collagen matrices are
in the form of conduit or wrap and serve as a guide for axon regeneration across the nerve gap
and help to align the regenerating axons. Also, they function as a barrier to prevent scar
formation, while allowing nutrient exchange and neurotrophic factors across the matrix.
Beyond being used to engineer tissue substitutes for the regeneration and repair of damaged
tissue, collagen has been incorporated in several biomaterials-based scaffolds that have found
application in 3D in vitro modelling and drug screening systems. In a recent study, collagen
was mechanically aligned through anisotropic strain during fibrillogenesis and used to
reconstruct the hippocampal CA31-CAL circuit.*> The ordered structural organization of
aligned collagen was shown to not only introduce a physical cue that optimally directs neurite
growth and orientation but also to enhance the functional connectivity of the two neuronal
populations. In addition to the several advantages mentioned before, the mechanical properties
of collagen can be easily modulated varying its concentration or the amount of crosslinking
agent. For instance, it has been shown that varying the relative concentration of collagen and
N-hydroxysuccinimide (NHS) can produce a panoply of hydrogels characterized by stiffness
that ranges from 0.15 to 1.5 KPa, which greatly matches the mechanical properties of native
tissue.X*® Collagen has also demonstrated the ability to create a supportive scaffold with
controllable porosity, which it is a fundamental requirement that must be met when developing
3D in vitro models. In a recent study, collagen-based hydrogels characterized by different

porosity were employed to investigate the effect of B-amyloid (AB) deposits, which are
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associated with Alzheimer’s disease (AD), on differentiating neurons.*** The aggregates did
not influence cell viability on construct with small size pores (approximately 0.2 um). On the
other hand, when the AP aggregates diffusion was permitted by the larger pores (1-1.2 pum),
massive neuronal death was observed. In another interesting study, collagen hydrogels were
employed to model the blood-brain barrier (BBB) dysfunctions in AD. The model was able to
successfully recapitulate key aspects of BBB in AD condition, such as increased BBB
permeability, increased expression of oxygen reactive species and enhanced deposition of A
peptides at the vascular endothelium. As mentioned above, the most reported drawback of
collagen is the high degradation rate in physiological condition that greatly depend on its
pronounced swelling behavior. For this reason, when employed in long-term modelling
platforms, collagen is usually chemically crosslinked or used in combination with other
polymers. In a recent study, a collagen/silk-fibroin fibers platform was employed to
characterize the long-term activity of AD patient-derived iPSCs.!*® Interestingly, after 10
weeks of culture both spontaneous and inducible activity were observed, indicating the

presence of healthy and functioning neurons in the construct.

1.2.3 Nanoparticles in neural tissue engineering

Among the possible functionalization strategies inspected in neural tissue engineering,
nanoparticle motifs certainly represent the most promising one. The emergent field of
nanomedicine proposes the application of precisely engineered nanomaterials for the
prevention, diagnosis, and therapy of certain diseases, including neurological pathologies.*4¢-
148 Although still narrow, the application of nanotechnology and nanomaterials to neural tissue
engineering has experienced an impressive growth over the past decades, with an increasing
number of studies proposing scaffolds decorated with nanoparticles to modulate cell behavior.

149 Nanoparticles are materials with a basic structural unit that has at least one dimension
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smaller than 100 nm in length. Due to their small size, nanoparticles can interact with and affect
cells and tissues at the molecular level.**” The use of nanomaterials in the design of tissue
scaffolds in the nervous system is primarily due to their abilities to favor neuronal adhesion, to
re-create an ECM-like microenvironment and to interact with neuronal membranes at the
nanoscale.#6-14% In fact, a fundamental step, in any strategies aimed at improving the nervous
system’s regenerative ability, is the manufacturing of scaffolds which are able to control (and
to selectively tune) cellular adhesion, to govern axonal regrowth, neuronal physiology and
guide neural stem cells differentiation. 6148 Additionally, nanoparticle-based approaches have
the potential to overcome the blood-brain barrier (BBB), which prevents various therapeutic
drugs from penetrating into the brain and therefore limiting the treatment of many
neurodegenerative disorders.'4¢-148150 Therefore, nanoengineered delivery systems potentially
facilitate the targeted delivery of neuronal therapeutic drugs and genes to the central nervous
system. Furthermore, newly developed nanocomposite biomaterials are considered therapeutic
agents themselves since they exhibit important roles in promoting the protection of healthy
neurons or the regeneration of neurons to repair damaged tissues.® Nanoparticles have
different characteristics, i.e., the material they are made of, their size, shape, electric charge,
magnetic and optical properties. Importantly, nanoparticles can be modified by conjugation of
reactive functional groups and bioactive molecules. These characteristics determine the nature
of the interactions between the nanoparticles and cells, such as the ability of nanoparticles to
bind or penetrate cells, or to affect biochemical reactions.'46-148.152153 Qwing to the electro-
active properties of the native nervous system, conductive nanoparticles have emerged as
pivotal tools to study the influence of introducing electro-active motifs that can regulate
neuronal cell functions.*®*1% Conductive nanoparticles, often composed of materials like gold,
silver, or carbon-based derivatives, possess inherent electrical conductivity that can be

exploited to create electroactive biomaterial platforms.15%:152154156-160 \When integrated into
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neural scaffolds or matrices, these nanoparticles can facilitate electrical stimulation, a critical
cue for neuronal growth, synaptogenesis, and electrophysiological maturation. This ability to
recapitulate the native electrical microenvironment not only augments cellular interactions at
the nanoscale but also ensures the translation of external electrical cues to the cellular
membrane, thus emulating endogenous bioelectrical signals. The incorporation of conductive
nanoparticles into neural engineering constructs, therefore, stands as a promising strategy to
enhance tissue regeneration and functionality by harnessing the indispensable role of electrical
signaling in neuronal communication and function. Among the various metallic nanoparticles,
gold and silver nanoparticles surely represent the most promising candidates for neural tissue
engineering because of their versatility and outstanding anti-bacterial properties,t>0:153.158-161
Their surface characteristics also enable the conjugation with biomolecules facilitating targeted
delivery of several growth factors (i.e., nerve growth factor)*® and genes (DNA and
RNA).146:152.159 | the context of neural tissue engineering, nano-constructs could be utilized in
two different ways. They could be used as suspensions, or they could be immobilized on 2D
or 3D substrates that can change the properties of nanomaterials. Regarding their use in
suspension, there is a controversy regarding the possible toxicity associated with the sizes and
shapes of the nanoparticles.'>® For this reason, neural tissue engineering approaches usually
encompass the use of nanoparticles as decorative elements immobilized on a scaffold. In fact,
immobilizing these nanoparticles on different substrates can significantly reduce their toxicity
and provide subcellular chemical cues that could be beneficial for the manipulation of neuronal
behavior and nerve regeneration.!®® For instance, a recent study investigated the effect of
coating gold and silver nanoparticles on culture surfaces for PC12 and SHSY5Y viability,
differentiation and neurite outgrowth.¢° Both nanoparticles coated substrate were found highly
supported for both PC12 and SHSY5Y cells, and enhanced PC12 differentiation with improved

morphological parameters of neurite network such as neurite length and branching number. In
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another study, gold nanoparticles were incorporated into a gelatin fibrous scaffold to study the
effects on neuronal differentiation and maturation.*®® Results clearly demonstrated that the
nanocomposite scaffold encouraged longer outgrowth of the neurites from both primary and
PC12 cells. Despite their several advantages, metallic NPs have been shown to elicit long-term
neurotoxicity both in vitro and in vivo.*%2% Induced oxidative stress and free radical
generation are the primary mechanisms of neurotoxicity, which damage cells (proteins, lipids,
nucleic acids). Oxidative damage to DNA is dangerous due to its nature and mediation of
mutation in cancer formation. More and more studies are being conducted that support the
claim that metallic NPs contribute to neurodegenerative diseases even though they have not
yet been directly linked to the etiology of any of these diseases. Because of the growing
awareness of toxicity elicited by metallic nanoparticles, other materials such as ceramic,
polymeric and carbon-based have been used to synthesize nanostructures that could offer better
biocompatibility. Specifically, carbon nanodots are a newly synthesized type of carbon-based
nanoparticles that encompass the main advantages of metallic nanoparticles together with

outstanding biocompatibility. 152154157

1.2.3.1 Carbon nanodots

Carbon nanodots (CNDs) are a relatively new type of carbon-based nanomaterial typically
composed of carbon, oxygen, nitrogen and hydrogen. They have caught the interest of
researchers due to their diverse physicochemical properties and advantageous characteristics
such as good biocompatibility, low cost, eco-friendliness, abundant functional groups (e.g.,
amino, hydroxyl, carboxyl), high stability, and electron mobility.'®* Owing to their unique
properties, CNDs have evolved as adaptable carbon nanostructures with several potential uses
in a wide variety of biomedical disciplines including bioimaging, sensors and drug delivery

(Figure 1.5).1641%6 For instance, several fluorescent CNDs have been developed to replace
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commonly used cell-tracking dyes with advantages in terms of non-toxicity, faster
internalization in the cells and great bioconjugation with bacteria.’®® Following the intense
interest in using nanoparticles as biochemical sensors, CNDs are being proven more and more
to be helpful in sensing chemical substances or elements. Based on the features of CNDs,
particularly fluorescence capabilities and surface-functionalized chemical groups, several
sensors for biological and chemical applications have been created. For instance, the
application of CNDs as sensory probes to detect metal ions, chemical compounds, microRNA,
pH, hemoglobin, and other biomolecules has been intensively investigated with the progress

of CNDs.167-169

Figure 1.5: Biomedical applications of CNDs. The illustration was created with
BioRender.com

Being a relatively new class of nanoparticles, the potentials of CNDs in the context of neural
tissue engineering has not been fully explored. The few studies reported in the literature that

explore the elicited effects of CNDs on different neuronal lines seem to suggest the necessity
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of using CNDs as immobilized fillers in a hydrogel matrix.>’*1 In fact, pioneering studies
have reported that treating cultured neurons or glial cells with CNDs in suspension caused
apoptosis and the production of cytokines and reactive oxygen species. In addition, it has been
shown that when directly exposed to neuronal cells, carbon-based nanoparticles can directly
alter cellular functions and seed protein aggregation.*’? For instance, a recent study revealed
that nanoparticle infiltration into the brain tissue can induce the accumulation of amyloid
(AP), an oligomer that is toxic for most nerve cells and that was shown to be implicated in
several neuro-pathologies such as Alzheimer’s disease. On the other hand, when carbon-based
nanoparticles are anchored to a biocompatible hydrogel, they not only show low cytotoxicity
but also elicit favorable responses in neurons and neural stem cells in terms of neurite

outgrowth, synaptogenesis, electrophysiological activity and differentiation.16813

1.3 Cell sources for in vitro studies

As the field of tissue engineering evolves, new obstacles appear in the way of the research
and clinical translation of these artificial tissues and organs. The fundamentals of this
interdisciplinary field not only involve identifying biomaterials and designing scaffolds that
can guarantee better in vitro and in vivo performances but also require addressing reliable cell
sources. Specifically in the context of neural tissue engineering, cell source represents a
considerable concern that has hampered the advancement of our understanding of the
functioning of the nervous system as well as the development of successful tissue engineering
strategies. In fact, the hard isolation protocols for primary neurons together with the
consideration that mature neurons do not undergo cell division have pushed the scientific

community to seek alternative cell sources.
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1.3.1 Primary and immortalized neuronal cell lines

Dissociated primary neuronal cultures represent an excellent in vitro tool to study CNS
development, as well as neuronal maturation and functional activity, at the single-cell level and
at the network scale. These cultures allow us to gain mechanistic insights in a simplified but
more controlled context, compared to in vivo conditions.”* The studies on primary neuronal
cultures contributed to many fundamental discoveries regarding development such as neuronal
polarization, neurite outgrowth, axon guidance (pathfinding), synaptogenesis and neuronal
network formation, activity and maturation, recapitulating in vitro many aspects that occur in
vivo. 1 The most frequently used source for culturing primary neurons is the cortex or
hippocampus of late embryonic or early postnatal rodents (i.e., rats and mice).t’*’® Primary
neurons derived from other mammalian species have been less frequently used because of the
scarce ability to maintain in vitro culture for more than 7 days. Primary tissue obtained from
animals can improve biological relevance by containing many of the elements found in vivo;
however, viability is short-term, and models lack adequate species specificity for robust testing.
Studying the extremely specialized cells of the nervous system has always been particularly
challenging, mainly due to the exceptionally specialized morphology of neurons and their
inability to undergo mitosis after maturation. Despite the recent progress made in cell culture
methods (i.e., use of advanced culture supplement formulations) that enable long-term in vitro
survival of isolated mature neurons, the ethical concern of animal use still remains unaddressed.
176 In addition, most used primary neuron isolation protocols at best generate a neuron-
enriched, mixed culture that also includes glia and stromal cells which may create undesired
artefacts for certain applications.

Immortalized cell lines, such as human neuroblastoma SH-SY5Y, are cost-effective
alternatives that provide preliminary insight into the responses of single cells. For purposes of

modelling neuro-pathologies and simulating specific aspects of neuronal behavior driven by
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the scaffold’s physicochemical properties, the use of immortalized cell lines is likely the most
easily accessible approach. These are isolated from neural tissue tumors or derived from cells
transfected with oncogenes and provide readily proliferating cells that possess some neuronal
characteristics.’"1’® For example, SH-SY5Y cells, one of the most used lines, are human
neuroblastoma cells that are able to establish proliferative quiescence and differentiate into
neuron-like cells. They can display dopaminergic phenotype and spontaneous/stimulated
electrical activity and are often utilized in early compound testing for Parkinson’s disease.!’®
Other commonly reported cell lines include PC12 (rat pheochromocytoma cells), H4 (human
glioma cells) and LUHMES (human mesencephalon cells), among others, all of which can be
rapidly expanded simply using conventional cell culture media and FBS.'"® This practical
utility is offset by significant limitations that make translation of in vitro results to humans
challenging. For example, some of these lines have been employed for decades and have drifted
phenotypically and genetically from their original cellular identity. This may lead to inter-
laboratory and even inter-passage variability with inconsistent experimental results for a single
cell line. 8181 Fyrthermore, although the differentiated cells acquire several biochemical and

electrophysiological neuronal characteristics, they fail to faithfully recapitulate the cellular

phenotype of mature, fully differentiated neurons,!82183

1.3.2 Mesenchymal stem cells

Stem cells are a population of unspecialized cells with the ability to both self-renew and
give rise to multiple cell types.'® Such characteristics are the main reasons that have made
stem cells garner significant attention from the scientific community. As most mature cells in
the nervous system cannot replicate, stem cells represent an incredibly valuable source for both
cell therapy and tissue engineering applications due to their immortal nature and ability to

differentiate. There is an exciting potential for stem cells in tissue regeneration and repair that
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may provide an alternative therapy to cell-based therapies in various diseases, particularly those
affecting the nervous system. In this context, mesenchymal stem cells (MSCs), which are adult
stem cells derived from the mesoderm and neuroectoderm, exhibit a high differentiation
plasticity.8 MSCs present some advantages compared to other stem cells namely accessibility,
ease of in vitro expansion, reduced immunogenic properties and secretion of neuroprotective
growth factors such as NGF.'8¢187 |n addition, recent studies have confirmed that MSCs have
shown the capability to undergo neurogenic differentiation, expressing mature neuronal
markers.'8 Taken together, such characteristics make MSCs an attractive cell source for
several tissue engineering applications such as nerve repair, treatment/in vitro modelling of
neural disorders and drug screening platforms. Several NGCs intended for peripheral nerve
regeneration have been loaded with MSCs. A previous study showed that bone marrow MSCs
in a polyglycolic acid nerve conduit could repair facial nerve defects in rats. 8 The results
demonstrated that bone marrow MSCs can be successfully integrated into the conduits and
survive up to 6 weeks in nerve tissue. In another study, researchers loaded bone marrow MSCs
into a chitosan nerve duct and observed that the cells survived and proliferated within the
construct for a period of 8-16 weeks, successfully promoting the repair of 8 mm nerve
defects.® In a subsequent study, chitosan nerve conduits loaded with bone marrow MSCs not
only accelerated the efficiency of nerve repair but also improved the quantity and quality of
regenerated nerve fibers, obtaining a therapeutic effect comparable to autologous nerve
transplantation.®* The most promising application of mesenchymal stem cells in neurological
disorders appears to be in the treatment of stroke and traumatic brain injury (TBI).**° Regarding
the former, the transplantation of MSCs in animal models, has been shown to reduce brain
edemas while increasing axonal density and improving functional recovery.'® The therapeutic
effects of MSC transplantation were attributed to the secretion of factors such as NGF, and

bFGF that promote axonal growth and neurogenesis and create a neuroprotective
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environment.® Direct infusion of MSCs into injured brain attenuated TBI-induced motor and
cognitive deficits in animals.*® The experimental data showed that the treatment with MSCs
stimulated the injured brain to induce trophic factors contributing to promoting neurogenesis,
neuroprotection, and neural repair in TBI rats and mice. In a recent study, it was also
demonstrated that MSC transplantation downregulated proinflammatory genes and upregulated

anti-inflammatory genes in TBI rats' brains.%

1.3.3 Induced pluripotent stem cells (iPSCs)

Stem cells derived from embryonic tissues (ESCs) exhibit extensive self-renewal
capabilities and can differentiate into cells belonging to the three germ layers. This makes them
the most prominent stem cells for use in tissue engineering and regenerative medicine.
However, the use of these cells is faced with practical and ethical problems. Isolation of stem
cells from human or animal embryos is not only faced with legal and ethical obstacles but there
is no general agreement on use.'% Moreover, in practice, there are problems such as lack of
histocompatibility, tumorigenicity, and infection during transplantation. As a result of
introducing genetic modifications with four defined factors, Takahashi and Yamanaka obtained
induced pluripotent stem cells (iPSCs), an inestimable source of autologous cells that present
similar biological characteristic of ESCs but address their clinical and ethical that while
preserving the biological characteristics of ESCs, can also address both their clinical and ethical
shortcomings.'®” In fact, because of the large availability of sources (i.e., fibroblast, renal
epithelial cells, peripheral blood cells) from which reprogrammable cells can be extracted, the
need for invasive procedures is trumped. Since their discovery, iPSCs have become an
invaluable source of differentiated cells and have paved the way to gain new insights on
development, disease modelling and mechanisms, disease target identification, and therapeutic

development.??® Specifically, in vitro models of different neurodegenerative diseases such as
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Parkinson’s, Alzheimer’s and Huntington’s, have recently greatly advanced thanks to iPSCs as
they can be derived from patients, providing a source of neurons carrying the same genetic
variants associated with pathogenesis (Figure 1.6B). In the earliest study, iPSCs were cultured
in undiversified 2D layers which were of limited value as disease models because they did not

recreate authentic interactions between cells.?%!
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Figure 1.6: iPSCs-derived region-specific brain spheroids and dissociated neuronal
population. (A) Schematic illustration of the main steps for the generation of brain region-
specific spheroids from hiPSCs.*%® Reproduced with permission from Springer Nature. (B)
Patient-specific reprogramming and neuronal differentiation of iPSCs cells.*®® Copyright ©
2021 http://creativecommons.org/licenses/by/4.0/.

To overcome this drawback, more sophisticated 3D culture models were developed,
including spheroids, hydrogels, scaffolds derived from the ECM, and organ-like cultures
(Figure 1.6A). For instance, organoids/spheroids preserve the cellular interactions that capture
key structural and functional aspects of real organs at the micrometre to millimetre scale. 2°2
Brain organoids/spheroids have recently emerged as invaluable tools to model the
pathophysiology of diverse neurodegenerative diseases, facilitating a range of research
applications including the analysis of disease mechanisms and progression, drug and testing,

and cell therapy.
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CHAPTER 2: Compounded topographical and physicochemical cueing by
micro-engineered chitosan substrates on rat dorsal root ganglion neurons
and human mesenchymal stem cells.

2.1 INTRODUCTION

A deeper and more sophisticated understanding of structure-function relationships
governing cellular events at interfaces is a fundamental prerequisite not only to advance our
knowledge of interfacial phenomena but also to develop better-performing biomaterials
capable of directing key cellular processes for applications in neural tissue engineering and
regenerative medicine.?%>2% In this context, increasing experimental evidence resulting from
the employment of micro- and nano-engineered surfaces has unveiled the fundamental role of
the substrate’s topographical and physicochemical features in affecting the activity and
ultimately determining the fate of neurons and stem cells, two of the most important cell types
involved in nerve regeneration.?%2% In particular, while on one hand the introduction of
rationally designed topographical features (e.g., parallel microchannels, pillars) showed to
direct neuronal and stem cell alignment and trigger morphological transitions,?%2!3 on the
other hand substrate’s elasticity demonstrated to regulate activities such as adhesion, survival,
proliferation, and differentiation.?**2'® In addition, signaling events that regulate cell-substrate
interactions were shown to be sensitive to morphological parameters (porosity and roughness)
as well as to the chemical make-up of the material 26:217

In this context, chitosan has been the material of choice for numerous neuronal tissue
engineering applications, including hollow conduits for peripheral nerve regeneration and
spinal cord repair.?8?1® To date, few studies have employed micro-patterned chitosan
substrates to investigate the response of neuronal cells for advances of both fundamental and
practical importance.??22* However, such previous work focused on the role of a dissociated

variable (i.e. topography), overlooking the multifactorial nature of chitosan interfaces to which
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cells are exposed in vivo during biomaterial-guided nerve regeneration.??2%# It is in fact well
known that, regardless of the type of interface, adhering cells are subjected to compounded
physicochemical effects.??>22® In order to obtain a more comprehensive understanding of how
cells respond to chitosan substrates, it is thus critical to investigate cell behavior with in vitro
platforms that allow modulating multiple properties in a systematic fashion.

To bridge this gap, we applied electrophoretic replica deposition (EPrD) to fabricate arrays
of parallel microchannels with variable widths (20 and 60 pm) on chitosan, creating testing
substrates consisting of variable micro-topographical features. Notably, this approach also
allowed to introduce a surface roughness which better mimics the inner texture of implantable
neuronal conduits.??’ In addition, since surface stiffness of both natural and synthetic
biomaterials is a key variable at both the cellular and tissue levels,??222° we applied a chemical
crosslinking process to (i) increase the long-term stability of chitosan in the cell-culture
medium, (ii) replicate the mechanical requirements (i.e. bulk and surface stiffness) for hollow
conduits employed in peripheral nerve regeneration and spinal cord repair®°2%? and
successively (iii) to vary surface stiffness for the investigation of its role on cell behavior. This
resulted in an experimental matrix which encompasses compounded topographical (i.e.,
surface roughness and microtopography), chemical (i.e., chitosan’s surface chemistry and
degradation products) and physical (surface stiffness) variables. Finally, we investigated the
concerted effects of these topographical and physicochemical properties on dictating the
response of neonatal rat dorsal root ganglia neurons (DRGs) and bone marrow-derived human
mesenchymal stem cells (hMSCs). Our cellular results demonstrate that chitosan substrates
exert geometry- and stiffness-dependent differential cueing on DRG neurons’ alignment,
network complexity, branch length, and number of neurites per soma, as well as on hMSC
alignment, spreading and morphology. In addition, we investigated the direct role of

micropatterns and substrate’s elasticity in promoting the transition towards neurogenic
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differentiation of human mesenchymal stem cells by ruling out any potential effect exerted by
chitosan and/or citric acid molecules in solution. In conclusion, our study provides novel
insights into the interplay between chitosan’s physicochemical properties and the activity of
relevant cells for neuronal tissue engineering applications. We discerned the individual role of
topographical and physicochemical cues within a multifactorial platform which recapitulates

key requirements for chitosan hollow conduits for nerve repair.

2.2 MATERIALS AND METHODS
2.2.1 Electrophoretic Replica Deposition (EPrD)

Medium molecular weight chitosan powder, with a degree of deacetylation of 83% (Sigma-
Aldrich, USA, Cat. No. 448877, Lot # STBG1894V) was added to a concentration of 5 g L™
in a solution of 1% (v/v) acetic acid (AcOH) and distilled water (dH20). The resulting solution
was first stirred for 24 hours (h) at room temperature (RT) to ensure complete dissolution of
the chitosan powder and successively used as the electrolyte in an electrochemical cell
composed of a central double-faced 2 x 1 cm? titanium cathode and two graphite rod anodes.

A 2425 Sourcemeter potentiometer (Keithley Instruments, USA) was used in potentiostatic
mode to generate a square waveform with 30 second (sec) periods consisting of Vimax = 100 V
for 10 sec and Vmin = 0 V for 20 sec (Figure 2.1A, Step I). The deposition was carried out for
a total of 30 minutes (min) at 23 °C at a pH of 3.6. The cathode was laser-engraved with parallel
grooves of variable geometry to instruct the electrodeposition of chitosan into positive replicas
consisting of aligned ridges with regular spacing and height. This ultimately allowed to
engender chitosan substrates exhibiting arrays of parallel channels with a pitch distance of 20
pm (P20) and 60 um (P60). A smooth cathode was used to generate un-patterned chitosan
controls (NP) (Figure 2.1A, Step Il). After the EPrD process, coated cathodes were immersed

in a 0.1 M solution of NaOH for 5 min to permit the detachment of deposited chitosan. The
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resulting substrates were rinsed with dH20 and dried at 37 °C for 2 h between silicone sheets
to avoid sample crumpling. Crosslinking of chitosan was achieved via a novel multistep
protocol that combined the use of citric acid (CA) and high-temperature treatment. In
particular, as-deposited (NC) un-patterned controls and patterned substrates were first coated
with 200 pL of a crosslinking solution consisting of CA (5% w/w with respect to chitosan
sample weight) and NaH2PO4 (2.5% w/w) in dH20. Samples were air-dried for 2.5 h at 37 °C
(Figure 2.1A, Step I11) and successively incubated at either 165 °C (C165) or 190 °C (C190)
for 15 min (Figure 2.1A, Step 1V) to promote the pyrolytic decomposition and decarboxylation
of CA to cyclic anhydride.?® These highly reactive molecules induce the formation of covalent
bonds between their -COOH groups and the amine groups of the chitosan chains (Figure 2.1A
, Step V).2%

Notably, while for the physicochemical characterization and biological assays presented in
this work we used planar substrates (Figure 2.1B), this method lends itself to the generation of
hollow cylindrical structures (Figure 2.1C), a fundamental prerequisite for the clinical

translation of EPrD towards the fabrication of micropatterned chitosan peripheral nerve

conduits.
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Figure 2.1: Schematic overview of chitosan sample preparation. (A) Visual representation of
the experimental protocol for the creation of chitosan micropatterned/crosslinked substrates
investigated in this study. Electrodeposited chitosan (B) film and (C) cylindrical structure.
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2.2.2 Swelling and Degradation
Water and degradation were quantified over time on all experimental conditions of both as-

deposited (NC) and crosslinked (i.e., C165, C190) chitosan. The dry weight was measured
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before immersion in 4 ml of phosphate-buffered saline solution (PBS, pH 7.4) and incubation
at 37 °C to simulate physiological conditions. At different time intervals, samples were
removed from the solution, gently blotted and weighed in their swollen state on a high-

sensitivity (10 pg) scale. Finally, samples were dried at 37 °C for 24 h before recording their

final dry weight. The swelling ratio (SWR) was calculated as SWR (t) = (W%;”“),m where

Wo is the initial dry weight and w is the weight in the swollen state at a specific time point.

Percent degradation (%DEG), signified by mass loss, was calculated as %DEG (t) =

Wo—w;

100 (1 - ( ),236'237 where wpo is the initial dry weight and w is the final dry weight of

Wt
samples at a given time point. The PBS solution was renewed every 3 days to mimic cell
culturing conditions. The supernatant was collected for the subsequent FT-IR spectroscopy
analysis to complement the degradation data with information on the chemical composition

and concentration of the degradation products in solution.

2.2.3 Fourier Transform Infrared (FT-IR)

A Nexus 870 (ThermoFisher, USA) FT-IR system was used in transmission mode. Spectra
were collected at a resolution of 2 cm-1 in the 700-1900 cm-1 region and consisted of 128
scans at 1 sec per scan. Five randomly selected samples per condition were analyzed, and one
spectrum per condition was recorded (n = 5). Baseline subtraction, data normalization and
Voigt (Lorentzian/Gaussian) deconvolution for identification of vibrational components were
performed in OriginPro (OriginLabs, USA). The 1151-1156 cm-1 band, representing the -1,4
glycosidic bond between chitosan monomers, was used as the reference peak for the
normalization and comparison of spectra.?8240 The degree of crosslinking was assessed by
tracking changes in the 1581-1587 cm-1 and 1306-1322 cm-1 bands associated with N-H

stretching of amide I1 and the C-N stretching relative to the amide 111, respectively.?*1:24? Peak
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assignment of the additional bands considered in this study was carried out according to
previous literature (Table 2.2).206.233:242-245,234-241

To gain additional insights on the possible effects of degradation on neurogenic
differentiation, ATR-FTIR (SMART ARK module, ThermoFisher) was used to analyze the
degradation products released by as-deposited (NC) and crosslinked (C190) chitosan immersed
in PBS 1X for 3 weeks. To this end, the supernatant was collected every 3-4 days during the
3-week interval in order to imitate the medium change during culturing. While the C-C
stretching / O-H deformation (1032 cm™) and the C-H. deformation (1467 cm™) bands were
employed to detect the presence of citric acid and highlight chemical differences in the
degradation products between the two conditions, the C-N stretching band (1311 cm™)
provided relevant insight on the chemical configuration of citric acid molecules within the
sample byproducts. The three bands were normalized with respect to a common reference peak
centered at 1142 cm™ (C-O-C glycosidic bond) to neutralize potential errors due to inter-sample
variability. To account for potential variations of acidity/alkalinity, the pH of the supernatants

was also measured.

2.2.4 Atomic Force Microscopy (AFM).

Topographical and nanomechanical characterizations of substrates were achieved with the
AFM module of the alpha300 RSA system (WITec) in contact mode. Topography was imaged
by using the rectangular SisN4 Cantilevers of the CONTV-A chip (Bruker, USA), characterized
by a nominal spring constant (k) of 0.2 N m™, a resonant frequency (Ares) of 13 kHz and nominal
tip radius (R) of 8 nm. 3D micrographs were processed in Gwyddion to quantify depth profiles
for both the cathodes and chitosan patterns.?*® Root mean square roughness (RMS) was
extracted from 5 x 5 um? regions randomly selected along the microchannels. Nanomechanical

data were recorded using the FMV-A chip (Bruker), characterized by k = 2.8 N m™, Ares = 75
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kHz and R =8 nm. A time course of nanoindentations was performed on samples immersed in
PBS at 37 °C, with timepoints ranging from 1 h to 14 days (d). Raw data were converted to
force—indentation curves in OriginPro according to a previously published protocol,?*"?*¢ and
the determination of stiffness values were obtained by linear regression of the first 250 nm of

indentation from the contact point.

2.2.5 Uniaxial Tensile Test.

All samples were preconditioned in PBS 1X to achieve their swollen equilibrium state. The
tensile tests, performed on a Biotester machine (CellScale, Canada), consisted of an initial
deformation ramp at a constant loading rate of 1.8 cm min up to 40%, followed by a 30 sec
hold phase and the final recovery. The axial test was performed in the longitudinal direction
with respect to the channels’ principal axis. The bulk stiffness was calculated by fitting the
linear portion of the force-displacement curve. Stress and strain were calculated from the raw
data as the change in length divided by the initial length and the force divided by the nominal
sectional area of the specimen, respectively. The Young’s modulus was calculated from the

initial slope of the stress-strain curve.

2.2.6 Culturing and Imaging of Dorsal Root Ganglia Neurons (DRGS).

Rat neonatal DRGs from QBM Cell Science (Ottawa, Canada) were suspended in
Neurobasal™ medium (ThermoFisher) complemented with 10% fetal bovine serum (FBS,
Gibco, USA), B27 (2%), L- glutamine (1%), penicillin (1%) and streptomycin (1%), all
purchased from Fisher Scientific (USA). Successively, cell suspension aliquots, with a cell
density of 40,000 cells mI, were seeded onto the chitosan samples, previously coated with a
50 pg mi?t poly-D-lysine (Sigma-Aldrich, Cat. No. P6407) solution overnight at RT and

subsequently with a 2 pug ml* laminin (Sigma-Aldrich) solution for 2h at 37 °C. After 4 h of
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incubation, the medium was replaced with Neurobasal™ complemented with 0.5% uridine
(Sigma-Aldrich) and 0.5% 5-Fluoro-2-deoxyuridine  (Sigma-Aldrich) for mitotic
inhibition.After 14 days, DRGs were fixed in 4% paraformaldehyde (PFA) for 10 min at room
temperature and then washed three times in PBS. The fixed cells were permeabilized with
0.25% Triton-X100 (Sigma-Aldrich) and blocked in 3% bovine serum albumin (BSA, VWR,
USA) PBS solution for 4 h at room temperature. The DRGs were successively labelled with a
primary anti-beta 111 tubulin, mouse monoclonal antibody (ab78078, Abcam, UK) at a dilution
of 1:1000 overnight at 4° C, followed by a secondary Goat anti-Rabbit IgG antibody,
conjugated to Alexa Fluor 488 (ThermoFisher) at a dilution of 1:500 for 35 min at 37 °C.
Neurons were imaged on an LSM880 AxioObserverZ1 confocal microscope (Zeiss) with a
10X EC Plan-Neofluar (Phl) objective (NA = 0.3, Zeiss). An automated Strahler analysis
(ImageJ Neurite Tracer plugin) was applied to defined 500 um square ROIs, enabling the
quantification of the branching complexity of the neural architecture and the average branch
length. Specifically, by employing the Skeleton analysis, we calculated the percentage of triple
and quadruple points, defined as junctions with three and four branches, respectively. This also
allowed us to calculate double points as the total number of junctions minus the sum of triple
and quadruple points. Furthermore, the number of neurites per soma as well as the confinement
index, defined as the percentage of neurites confined within the channel walls, were manually

quantified.

2.2.7 Culturing and Imaging of Bone Marrow-Derived Human Mesenchymal Stem Cells
(hMSC:s).

To mitigate inter-donor variability, different sources of hMSCs from two different

distributors (Lonza and RoosterBio, USA) were used in this study. hMSCs from Lonza (Lot.

603525) were expanded in their MSCGM Bulletkit (Lonza). hMSCs from RoosterBio (Lot.
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00082) were expanded in their Rooster-Nourish-MSC media kit (RoosterBio). Culturing was
performed in Dulbecco’s Modified Eagle Medium (DMEM, Corning, USA) with 4.5 g L ™!
glucose and L-glutamine (Corning), supplemented with 8% fetal bovine serum (FBS, Gibco),
100 U mlI™* penicillin and 100 U ml™* streptomycin (Gibco). Passaging was performed with 1X
TrypLE (Gibco), inactivated by dilution with serum-containing media and centrifuged at 170
g for 10 min. The cell-laden pellet was resuspended in fresh media to attain the desired
experimental concentration of 15,000 cells ml. Cells were cultured in a humidified 37 °C
water-jacketed incubator with 5% CO..

After 1 and 4 d, cells were fixed in fresh 4% PFA at RT for 10 min and subsequently washed
in PBS. Cells were permeabilized with 0.25% Triton-X100 (Sigma-Aldrich) for 10 min and
blocked with 3% BSA at RT for 4 hours. Nuclei were stained with NucBlue ReadyProbes
reagent (ThermoFisher) and the actin cytoskeleton was stained via Rhodamine conjugated
Phalloidin (ThermoFisher) using manufacturer guidelines. Multi-channel images, to assess
morphology, were captured on an AxioObserver.Z1 inverted epifluorescence microscope
(Zeiss) through a 20X Plan-Apo (Ph2) objective (NA = 0.8, Zeiss). The extraction of relevant
parameters associated with cell morphology was carried out on ZEN 2.6 software (Zeiss). The
spreading area was manually calculated from randomly selected individual cells. The aspect
ratio, a morphological index describing the body elongation in a specific direction, was
determined by calculating the ratio between the major and minor axes. The degree of
orientation of the cell body with respect to the channel’s longitudinal axis was evaluated by
quantifying the offset angle formed by the closest channel wall and the cellular body’s major
axis. To visually display the relative frequency distribution of alignment angles, we divided

the 90° angle range into six 15°-wide bins.
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2.2.8 Neurogenic Differentiation of hMSCs.

To evaluate the capacity of the chitosan surfaces to induce neurogenic differentiation, two
different culture media were used for comparison. Unadulterated culture media, composed of
DMEM (Corning) with 4.5 g L™ glucose and L-glutamine (Corning), supplemented with 8%
FBS (Gibco), 100 U mI™* penicillin and 100 U ml™* streptomycin (Gibco), was selected as the
control condition. In the second experimental culturing condition, control media with the
addition of 25 ng mlI"* human basic fibroblast growth factor (bFGF, PeproTech, USA, #100-
18B) was employed to stimulate the neurogenic differentiation.?4*2° At 1 (control) and 21
days, cells were fixed in fresh 4% PFA, permeabilized with 0.25% Triton-X100 (Sigma-
Aldrich) and blocked with 3% BSA at RT for 4 hours. The microtubule element BIII-tubulin,
encoded by the neurogenic TUBB3 gene, was labelled with a primary Tuj-1 rabbit pAb
(ab18207, Abcam) at a dilution of 1:1000 overnight at 4 °C, followed by a secondary goat anti-
rabbit IgG, conjugated to Alexa Fluor 488 (ThermoFisher) at a dilution of 1:500 for 35 min at
37 °C. The actin cytoskeleton was stained via rhodamine-phalloidin (ThermoFisher) following
the manufacturer guidelines. Cells were imaged with a Leica BMI116000B inverted microscope
(Leica Microsystems, Germany) configured with a Quorum Spinning-disk Confocal (Quorum
Technologies, Canada) through a 20X HC Plan APO objective (NA = 0.7, Zeiss). Multi-
channel z-stack images were acquired with constant exposure time. Image sets were
successively processed in FIJI for background subtraction and the generation of a maximum
projection. Each channel of the corresponding sets was made binary according to a fixed
threshold. Neurogenic differentiation was quantified via the activity of the TUBB3 gene,
indicated by the expression and distribution of BIII-tubulin in the cell. For the quantification of
neuronal differentiation, we calculated the ratio BIII-tubulin signal (GFP) over actin

(Rhodamine). In addition, we quantified the aspect ratio of the cell body to track the
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morphological transition towards a neuron-like cellular shape, as previously reported in

literature.

2.2.9 Statistical Analysis.

All biological experiments in this work were performed in triplicates (three samples per
condition) and repeated for at least three independent experiments (n = 9). The Shapiro- Wilk
test was used to test the normal distribution of the data sets. One-way analysis of variance
(ANOVA) was used to compare the values among multiple groups supplemented with Tukey’s
post-hoc test for mean comparisons. Differences were considered statistically significant at p

<0.05.

2.3 RESULTS AND DISCUSSION
2.3.1 Morphological Characterization

Smooth and laser-engraved titanium electrodes were employed individually as cathodes in
the EPrD process to create, respectively, un-patterned controls (NP) and micropatterned
chitosan substrates characterized by parallel microchannels with variable widths (i.e., 20 pm
and 60 um) and constant spacing and depth (i.e., 20 um and 10 um, respectively), hereafter
referred to as P20 and P60. To validate the dimensional accuracy of the transfer process, a 3D
morphological investigation was carried out by AFM. Micrographs of the engraved cathodes
and the resulting micropatterns are shown in Figure 2.2A and 2.2B, respectively. Profile
analysis (Figure 2.2C) allowed us to quantitatively compare the channels’ geometry, i.e., width
(w), spacing (s), and depth (d) to that of the cathodes (Table 2.1). For both P20 and P60, no
significant differences were measured between the chitosan substrate and the engraved

cathode. Moreover, this fabrication technique intrinsically yielded a variable surface
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roughness. As shown in Figure 2.2D, the highest RMS values were displayed by the un-

patterned samples.
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Figure 2.2: Topographical characterization of the employed titanium cathodes and of the
electrodeposited chitosan substrates. AFM micrographs of (A) micromachined titanium
electrodes and (B) the resulting electrodeposited chitosan substrates. (C) Representative AFM
line profiles of both titanium cathodes and deposited chitosan films. (D) RMS roughness
values. For patterned samples, RMS roughness measurements were carried out in the central
region of the channels (c), at the channel/wall interface (c/w) and on the wall (w).

NC-NP and C190-NP displayed respectively an average RMS roughness of 187 nm and 208
nm with no statistically significant differences. Interestingly, both the patterned samples
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displayed a roughness gradient along the surface profile in which the highest values were
detected at the channel/wall interface (144 + 24 nm for NC-P20 and 128 + 36 nm for NC-P60)
while the channel’s central region was characterized by the lowest values (86 £ 29 nm for NC-
P20 and 78 + 30 nm for NC-P60). The same trends were also found for the crosslinked
conditions. In this case, the average RMS roughness found at the channel/walls interface was
138 + 36 nm for C190-P20 and 143 + 27 nm for C190-P60, while in the central region of the
channel, the values decreased to 91 + 25 nm and 88 = 31 nm, respectively. This constitutes an
important aspect in the in vitro recapitulation of clinically relevant properties since roughness
is known to positively influence cell adhesion,?12° a parameter which was overlooked in

previous work with micro-engineered chitosan channels.

Table 2.1: Topographical analysis of patterned titanium electrodes and their corresponding
chitosan films. Data are expressed as average + SD.

Channel/Engraving 20 pym Channels 60 pm Channels
Parameter Electrode Chitosan Electrode Chitosan
Width (w) 23+3 22+3 60+ 3 61+3
Spacing (s) 17+3 18+2 18+ 2 19+3
Depth (d) 9+2 9+1 10+2 9+2

2.3.2 FTIR Results

We complemented the morphological characterization with FTIR analysis to close in on the
chemical make-up of chitosan substrates. Figure 2.3A displays a representative FTIR spectrum
of the as-deposited chitosan (NC, black) as well as of the material crosslinked at 165 °C (C165,
blue) and 190 °C (C190, red). The main bands related to the vibrational modes of specific

functional groups were assigned according to literature and are reported in Table 2.2. Evident
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differences can be observed between the NC and the crosslinked conditions. In particular, the
presence of CA molecules in the crosslinked samples was revealed by the statistically
significant increase of the absorption band centred at ~ 1034 cm™ (F2), which corresponds to
the C-C stretching and O-H deformations in citric acid. As shown in Figure 2.3B (left), the
area relative to this band doubled in the crosslinked samples and increased from an average of

0.8 for the NC samples to 1.6 and 1.9 for the C165 and C190 conditions, respectively.
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Figure 2.3: FTIR analysis of the pristine and crosslinked chitosan substrates. (A)
Representative FTIR spectra for as-deposited (NC) and CA crosslinked chitosan treated at 165
°C (C165) and 190 °C (C190). For clarity, each band was labeled with a code ranging from F1
to F9, reported in Table 2. (B) Quantification of F2/F4, F8/F4 and F5/F4 band area ratios
obtained from FTIR spectra.

Table 2.2: FTIR vibrational modes.

FTIR ASSIGNMENT

Ref. Position Description
(em-)

F1 897 +1 C-H (def. out plane)
F2 1034+4 C-O(stretch.), O-H (def.)
F3 10752 C-O (stretch.)

F4 11562 C-O-C (stretch.)

F5 1314+8 C-N(stretch.); [Amide Il
F6 1375+3 C-Hs (def. sym)

F7 14162 G-Hz (def. sym.)

F8 1584+3 N-H; [Amide Il

F9 1660+3 C=0; [Amide ]

The formation of covalent bonds between the NH2 group of chitosan and the COOH group

of CA driven by the thermal treatment was demonstrated by considering the bands at 1584 cm”
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1 (F8) and 1314 cm (F5), which represent the amide 11 associated with N-H vibrations and the
amide 111 related to C-N stretching, respectively. The evident increase of both these peaks in
the treated samples with respect to as-deposited controls indicates the transition from a primary
to a secondary amine group resulting from the formation of a new amide. The average
normalized area relative to N-H vibrations (Figure 2.3B, middle) was found to be 2.6 for NC,
and it increased to 3.8 and 3.9 for C165 and C190, respectively.?33236:238.242-244 Eina|ly, the
normalized area of C-N vibrations increased from 0.7 for NC to 1.5 and 1.6 for the treated
samples (Figure 2.3B, right).

FTIR spectroscopy provided consistent information regarding the chemical arrangement
resulting from a successful CA-based crosslinking, reflecting the presence of CA molecules as
well as the formation of new C-N covalent bonding in the crosslinked conditions when
compared to as-deposited chitosan. These findings were further supported by Raman

spectroscopy analysis (Figure S2.1, Table S2.1, Appendix).

2.3.3 Swelling and Degradation Studies

To mirror the dynamic changes which occur in chitosan substrates due to medium
absorption during cell cultures, which may change the surface stiffness while releasing
degradation products in solution, we characterized the swelling and degradation behaviors.
After validating that the surface micropatterns do not affect the physical stability of chitosan
in the culture medium (Figure S2.2A, B, Appendix), we focused our analysis on the NP
conditions to specifically single out the effects of crosslinking. As expected, treating chitosan
with CA played a key role not only in decreasing the early water uptake but also in slowing
down the overall swelling process. As shown in Figure 2.4A, while the NC samples reached
their maximum swelling (8.6) after 1 h, both C165 and C190 reached their swelling plateau

(i.e., 5.8 and 2.7, respectively) after a much longer time (24 h). These findings can be attributed
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to the reduced availability of the highly hydrophilic free amines and intermolecular covalent
bonds within the polymeric chain network of cross-linked samples. After this initial phase, all
three conditions achieved the equilibrium state. After 4 days, however, NC samples began to
experience a decrease in water content due to a likely mass loss, peaking at a 33% reduction
after two weeks. On the other hand, C165 and C190 maintained a constant water content over
the entire length of the experiment. The same trend was observed by accounting for the mass
loss in the calculation of the swelling ratio (Figure S2.2C, Appendix). Because of the high
variability in published results due to several variables that have a significant impact on the
resulting swelling behavior (e.g., degree of deacetylation, molecular weight, fabrication
technique), how our swelling data compare with the existing literature is not univocal. 25325
We can nonetheless explain the slightly higher swelling ratios obtained in this study by
considering that EPrD is known to introduce a significant porosity in the deposited substrates,
thereby facilitating water absorption.

Mass loss resulting from PBS immersion is shown in Figure 2.4B. This is a particularly
important factor since the release of chitosan degradation products and/or the presence of citric
acid in solution could potentially affect cellular response, in particular stem cell
differentiation.?®® As expected, the surface topographies did not affect the degradation rate of
the samples (Figure S2.2D, Appendix). While the NC samples exhibited a mass loss of 9%
within the first 6 h, C165 and C190 only lost 4% and 3%, respectively. The total mass loss after
2 weeks was 21% for NC, 9% for C165 and 8% for C190. Notably, the values obtained for the
NC condition as well as the lower degradation rates showed by the CA-treated samples are
supported by previous studies.?>"?58

To gain additional insights on chitosan degradation, we carried out ATR-FTIR analysis of
the supernatant to rule out potential effects of chitosan monomers and/or free citric acid

molecules on the subsequent cellular assays. Because the degradation between the two
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crosslinked conditions was similar (Figure 2.4B), we only considered the C190 samples for
this analysis. Figure 2.4C displays representative ATR-FTIR spectra of the supernatant
collected from NC-NP (top) and C190-NP (bottom) in the 3-week interval. The presence of
citric acid in the degradation products of the treated C190 samples was revealed by the
increased normalized area of two characteristic bands, namely the C-C stretching / O-H
deformation (1032 cm™) and the C-H vibrations (1467 cm™).
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Figure 2.4: Swelling and degradation study of pristine and crosslinked chitosan substrates and
ATR-FTIR analysis of degradation supernatant. Percentage variations of (A) swelling and (B)
degradation as a function of time for as-deposited (NC) and CA crosslinked chitosan treated at
165 °C (C165) and 190 °C (C190). (C) Representative ATR-FTIR spectra of the supernatant
collected from a PBS solution in which NC-NP (top) and C190-NP (bottom) samples were
immersed. (D) Normalized area of the C-C stretching / O-H deformation (F1/F2) and CH>
deformation bands at different timepoints. (E) Normalized area of the C-N stretching band at
different timepoints.

As shown in Figure 2.4D, the normalized area of the former (F1/F2) was significantly
higher for C190 samples (~ 10.2-9.1) when compared to untreated (~ 4.0-3.6) for all the time
points tested. Such consideration was also valid for the normalized area of the C-H:
deformation band (F4/F2) that was significantly higher in the treated group (~ 1.3-0.9) with

respect to the untreated (~ 0.5-0.3) throughout the entire experiment. Taken together, these

trends unveil the presence of citric acid molecules within the degradation products of the
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treated samples. We successively analyzed changes in the C-N stretching band. This band is
related to vibrations of the covalent bond which forms during the crosslinking process between
the citric acid -COOH groups and the amine groups of the chitosan chains. As shown in Figure
2.4E, C190 samples displayed a normalized area ranging from 1.1 to 0.9 which was
significantly higher than the values found for the NC condition (~ 0.5-0.4) throughout all the
recorded timepoints. This finding suggests that rather than being liquid-dispersed standalone
byproducts, the citric acid molecules detected in the C190 supernatant are covalently bound to
amine groups of the chitosan chains.

Furthermore, the analysis of the pH fluctuations provided supplementary evidence
supporting this conclusion. While the presence of citric acid molecules in solution is expected
to give rise to a more acidic environment, the supernatants collected from both conditions (NC
and C190) were indeed characterized by the same pH values of ~ 7 after 4 days, indicating that

no free citric acid was dissociated in solution.

2.3.4 Mechanical Characterization

The nano- and micro-scale mechanical properties of chitosan samples were investigated by
quantifying the surface and bulk stiffness, critical parameters that, respectively, dictate the in
vivo interfacial biological events (e.g., adhesion, proliferation, and matrix deposition) and
determine the overall biomechanical performance of tissue engineering constructs. 2525 With
this analysis we aimed at confirming that the surface stiffness and variations thereof remained
within the viable range for implantable neuronal conduits.

To this end, we first carried out AFM indentation curves over 2 weeks on samples immersed
in PBS 1X at 37 °C to simulate the physiological environment cells are exposed to during
cultures. Notably, we carried out comprehensive AFM characterization of NP samples for each

of the three crosslinking conditions, after having ensured that the surface micropatterns do not
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affect the nanomechanical properties (Figure S2.3A, Appendix). Figure 2.5A highlights the
significant enhancement of the surface stiffness in C165 and C190 samples when compared to
the NC condition. NC samples exhibited stiffness of ~ 0.2 N m™ at 1 h, which experienced a
40% reduction after 14 days. On the other hand, C165 and C190 showed a less pronounced
decrease of their nanoscale stiffness of ~ 30%, with a maximum in the 0.6-0.7 N m™ range at
1 h and a minimum in the 0.4-0.5 N m™ range after 14 days. On top of an overall mechanical
enhancement, statistical analysis demonstrates the beneficial impact of the crosslinking process
in preserving the mechanical properties for a prolonged period. While in the NC samples the
mechanical properties deteriorated within the first 4 days, the treated samples did not undergo
significant changes during the first week of the experiment.

Successively, we conducted uniaxial tensile tests on samples in their swollen equilibrium
state to ensure that the values obtained for both NC and crosslinked conditions matched the
clinical requirement, i.e. proximity to the Young’s modulus of human nerves.??222% Because of
the similarities between the C165 and C190 conditions unveiled by degradation (Figure 2.4B)
and AFM analysis (Figure 2.5A), we opted for only considering the latter, which encompassed
both un-patterned and patterned substrates. Figure 2.5B shows the loading cycle to which the
samples were subjected, together with the images of the macroscopic samples before and after
uniaxial deformation. Figures 2.5C-D display the stiffness and Young’s modulus, respectively,
measured when NC and C190 un-patterned controls and patterned samples were stretched
longitudinally with respect to the channel's direction. Our measurements indicate that the
crosslinking also enhances the bulk stiffness, thereby demonstrating that the treatment affected
the entire thickness of the samples and not only the surface exposed to CA. As shown in Figure
2.5C, the stiffness values increased from 0.3-0.4 N m* for the NC condition to 0.5-0.6 N m*
in C190 samples. As expected, the patterned samples of both un-treated and crosslinked

conditions, revealed a decrease in the longitudinal stiffness compared to the flat samples.
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ANOVA analysis depicted a significant difference between NC-NP and NC-P20 and C190-NP
and C190-P20. These findings are associated with a significant reduction in the thickness of
patterned samples (Figure S2.3D, Appendix) due to a higher deposition area on the cathode
surface (2.0 cm? NP, 2.9 cm? P60 and 3.5 cm? P20). Finally, to investigate the potential
presence of mechanical anisotropy introduced by the preferential alignment of the channels, all
patterned samples were also submitted to axial tensile tests with the load applied transversally
to the channels’ orientation. The results obtained in this configuration did not show any
significant differences with the ones obtained with the load applied longitudinally (Figure

S2.3B, C, Appendix).
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Figure 2.5: Macro- and micro-mechanical characterization of chitosan substrates. (A) Surface
stiffness obtained by AFM nano-indentation of as-deposited (NC) and CA crosslinked chitosan
treated at 165 °C (C165) and 190 °C (C190). (B) Experimental loading condition (bottom) used
for uniaxial testing and optical images (top) of samples before and after loading. (C) Bulk
stiffness and (D) Young’s modulus obtained by uniaxial testing of un-patterned (NP) and
patterned (P20/P60) chitosan, both as-deposited (NC) and CA crosslinked at 190 °C (C190).

The mechanical reinforcement provided by the crosslinking process was confirmed by the
average longitudinal Young’s modulus, which increased from 3.2-3.4 MPa for NC to 5.2-5.4
MPa for C190 substrates (Figure 2.5D). The observed mechanical strengthening of C190

samples can be attributed to the additional inter-/intra-molecular chain bonds formed during
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the crosslinking process, which results in reduced freedom of movement within the 3D chain

network.

2.3.5 Evaluation of the cellular response.

To elucidate the cellular response to micropatterned/crosslinked chitosan substrates and to
extract the role of individual parameters from the compounded cueing on cell behavior, we
employed mouse DRGs and hMSCs. Based on our physicochemical characterization, we
decided to only consider the C190 condition for our biological assays.

DRGs. Figure 2.6A shows representative fluorescence images for un-patterned controls
(NP) and the two patterned conditions tested, in their un-crosslinked (NC) state. It is evident
that aligned channels (i.e., P20 and P60) guided cell orientation in a preferential direction when
compared to un-patterned controls (i.e., NP), resulting in much more aligned neuronal
networks. We subsequently assessed the branching complexity by quantifying the percentages
of single, double, triple and quadruple points within the network (Figure 2.6B). The percentage
of single branches strongly increased in the patterned conditions, particularly in the NC-P20 (~
20%), when compared to the un-patterned control (~ 6%). In addition, the combined amount
of triple and quadruple points accounted for ~ 57% of the total junctions in NC-NP. The
respective values decreased to ~43% for NC-P60 and to ~ 29% for NC-P20. While it is evident
how the micro-topographies strongly affect the neuronal network complexity, statistical
analysis revealed a marginal role of the stiffness as no significant differences between NC and
C190 conditions were detected.

In terms of the average branch length (Figure 2.6C), NC-P20 showed the highest average
value of 230 um. The average branch length decreased to 114 pm for the NC-P60 and to 42
pm for the NC-NP Each set of values (i.e., NC and C190) associated with the same topography

was significantly different from the other patterning conditions. Conversely, no significant
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differences were detected between crosslinked and non-crosslinked samples within the same

type of surface topography.
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Figure 2.6: DRGs cultured onto chitosan substrates. (A) DRGs adhering onto chitosan
substrates with different surface topographies: un-patterned (NP, top), arrays of parallel 20 um-
wide channels (P20, middle), arrays of parallel 60 um-wide channels (P60, bottom). Scale bar:
200 um. (B) DRGs network complexity expressed in terms of branching order. Figure legend
shows examples of the four types of junctions extracted from fluorescence images. (C) Average
branch length. (D) Average number of neurites per soma. (E) Confinement index expressed as
the number of channel embedded DRGs over the total number of DRGs.

From a single-cell analysis, we also quantified the number of neurites per soma. As shown
in Figure 2.6D, neurites per soma were significantly higher in NC conditions when compared

to both P60 and P20 samples. These results followed the trend observed for the branching
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complexity, as a higher number of neurites per soma is expected to lead to a more complex
neuronal network.

Finally, we evaluated the efficiency of the microchannels in restraining neurite outgrowth
within their walls. P20 substrates showed an overall confinement ability significantly superior
to that found for the P60 conditions (Figure 2.6E). The neurite’s tendency to cross a wall is
influenced not only by the channel depth but also by the ratio wall/channel width. It was
reported that a ratio equals to 1 constitutes the most effective configuration at enhancing neurite
alignment, 261262 as confirmed by our results.

Micro-topography: the introduction of topographical cues was shown to strongly affect

DRGs behavior. In particular, the narrower geometry (i.e., P20) elicited a reinforced alignment
of neurites along the channel’s direction and promoted the formation of longer branches from
the neuronal soma when compared to the P60 and un-patterned samples. On the other hand,
the higher compartmentalization determined a reduction of the number of neurites spreading
from the soma and a lower network complexity with rare inter-channel junctions.

Stiffness: despite substrate elasticity’s fundamental role in regulating neural processes
response,?832%> DRGs adhering onto treated and un-treated chitosan samples showed similar
behaviors within the same topographical condition. We hypothesize that the difference in
stiffness between the untreated and crosslinked conditions was not sufficient to elicit a
differential DRGs response.

Surface roughness: the key role played by surface roughness in influencing cell-substrate

interactions has been widely investigated. Notably, the cell’s propensity to adhere on rougher
surfaces is well-known.?%® The higher surface roughness detected at the channel/wall interfaces
provided preferential sites of adhesion that ultimately determined a higher concentration of
neurons in proximity to the wall. Moreover, several studies have demonstrated that the distance

between the adhering site and the physical cue strongly determines the alignment degree of the
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neurons. In particular, neurons adhering in proximity of the physical cue exhibited a high
tendency to spread their neurites following a preferential direction.?®” For this reason, the
roughness gradient detected on patterned samples (higher values at the channel/wall interface
and lowest at the channel’s center) may encourage an optimal alignment of the neurons.

Taken together, our findings demonstrate that the introduction of a highly constraining
pattern geometry (i.e., P20) together with a higher surface roughness at the channel/wall
interface resulted in highly aligned neurons and more uniform networks characterized by fewer
ramifications, lower neurites per soma, and, in most cases, a bipolar neurite outgrowth in which
single branches extended from opposite sides of the cell body. These effects likely derive from
the limited surrounding space in which neurites can sprout from the soma, as well as from the
outgrowth inhibition in directions different from those of the physical cueing.?6”2%8 Conversely,
the DRGs cultured on the control samples showed multipolar neurite outgrowth, resulting in a
more complex neuronal network.

In agreement with several studies reported in the literature, 267269270 our results demonstrate
the ability of the microchannels to increase the overall length of neuronal branches. The P20
condition exhibited the highest branching length and well-comparted networks characterized
by poor inter-channel junctions. On the other hand, the P60 condition constituted a valid
compromise, exhibiting a higher growth rate than the controls while guaranteeing higher
neurites per soma and better inter-channel connections, when compared to P20 substrates.

hMSCs. We evaluated the short-term ability of hMSCs to adhere and proliferate on
electrodeposited chitosan samples, with a particular emphasis on the influence of the
microchannels in dictating the morphology and orientation of cell bodies and filopodia. Figure
2.7A displays hMSCs adhering onto un-patterned controls and patterned samples after 4 days
of culturing. It can be readily observed that microchannels play a fundamental role in

preferentially orientating cells. While the orientation on the NP surfaces is random, patterned
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samples, and namely the condition with the narrowest channel width (P20), guided cell
orientation towards a preferential direction. To quantify variations in cell orientation, we
measured the offset angle between the cell’s principal axis and the channels’ longitudinal axis
(Figure 2.7B) which was then plotted as a relative frequency distributed across 15°-wide
angular bins. Rose plots in Figure 2.7C illustrate the angular relative frequency at 1 (top) and
4 (bottom) days relative to both the bodies (left) and filopodial protrusions (right). On day 1,
the P20 conditions showed a relative frequency in either of the first two bins of ~ 0.7. This
value decreased to ~ 0.4 for theP60 and P60 conditions. Similar differences were also found in
the orientation of the filopodial protrusions. Most protrusions sprouting from the body of cells
seeded on NC-P20 and C190-P20 revealed a marked preference to follow the channel’s
orientation. The cumulative frequency of filopodia characterized by an offset angle lower than
30° was similar for the NC-P20 and C190-P20 conditions (~ 0.7). Conversely, the respective
cumulative frequency associated with NC-P60 and C190-P60 samples was ~ 0.3. The results
obtained after 4 days confirmed the more efficient alignment determined by the narrower
microchannels. Nonetheless, we also detected an overall improvement in the bodies and
protrusion orientation toward the channels’ direction. In the case of P20 substrates, the relative
frequency of bodies aligned within a 15° angle was found to be ~ 0.5, showing a significant
20% increase when compared to 1 day. A similar consideration can also be applied to the P60
conditions. The cumulative frequency of bodies aligned within 30° was ~ 0.6. Regarding the
filopodial protrusions, both patterns showed a slight increase in the cumulative frequency in
the 30° range compared to day 1. ANOVA analyses revealed the marginal role played by the
surface stiffness in dictating the body and filopodia alignment as no significant differences
were found between untreated and the respective crosslinked conditions.

As previously demonstrated, cellular morphology constitutes a useful and reliable predictor

of hMSCs differentiation that can be greatly altered by surface topography.?’*?"® Figure 2.7D
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shows a transition in the cell morphology, from rounded on NP substrates to more elongated
in both the patterned conditions. In particular, the aspect ratios calculated at 1 day for NC-P20
and C190-P20 were respectively ~ 3.2 and ~ 3.1. The aspect ratios for NC-P60 and C190-P60
extracted at the same timepoint significantly dropped to ~ 2.5 and ~ 2.6. All the tested
conditions revealed a significant increase in the index within the two timepoints, while keeping
a significant difference between the two patterns. For both timepoints, we did not detect any
significant differences introduced by the crosslinking process.

Finally, the analysis of the hMSCs spreading area revealed the influence of both pattern’s
geometry and substrate’s stiffness (Figure 2.7E). At day 1 our results showed a significant
increase of MSCs spreading area seeded on the P60 samples when compared to P20, regardless
of the crosslinking condition. Despite lower values found for the crosslinked conditions in both
topographies, ANOVA analysis revealed no statistically significant differences (p>0.05). After
4 days, on top of an overall increase in the MSCs spreading area for all the conditions tested,
the trends found for the first timepoint were confirmed. Regarding the P20 topography, despite
higher values found in untreated samples, no statistically significant differences were detected.
On the other hand, the values found for P60 samples revealed a significant increase in the
spreading area in the untreated samples. The reduced cellular area associated with P20 samples
likely depends on more marked physical constraints, which induce cells to acquire an elongated
shape, as demonstrated by the aspect ratios obtained for this topography. In a less constrained
geometry (i.e., P60), our results confirmed the well-known impact of the substrate’s stiffness
on cell spreading,?’*2" by showing a reduced cellular area in the treated samples.

Micro-topography: as per DRGs, the microchannels strongly affected hMSCs behavior. The

P20 conditions (NC-P20 and C190-P20) displayed the highest degree of orientation toward the
preferential direction provided by the physical cues. On the other hand, hMSCs adhering to un-

patterned samples were randomly oriented. Moreover, our results suggest the primary role
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played by the microchannels in directing a morphological transition of hMSCs from a rounded
toward a neuronal phenotype characterized by an elongated shape and several filopodia

sprouting from the cellular body.
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Figure 2.7: hMSCs cultured onto chitosan substrates. (A) hMSCs adhering onto chitosan
substrates with different surface topographies: un-patterned (NP, top), arrays of parallel 20 pm-
wide channels (P20, middle), arrays of parallel 60 um-wide channels (P60, bottom). Scale bar:
200 um. (B) Schematic representation of the parameters calculated. (C) Relative frequency
distribution of the angular orientation of cell bodies (left) and filopodia (right) with respect to
the channels’ principal direction at 1 (top) and 4 days (bottom) (D) Average aspect ratio at 1
(left) and 4 days (right). E) hMSCs average spreading area at 1 (left) and 4 days (right).

Stiffness: while no significant differences were found in the degree of alignment and in the
morphology of hMSCs between the untreated and the respective treated samples, the average
spreading area was modulated by the substrate’s stiffness. Notably, our results showed a

significant increase in the average spreading area on the C190-P60 when compared to the NC-
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P60 conditions. Therefore, unlike the case of the DRGs, stiffness differences within the range
considered in this study can induce a differential response by hMSCs.

Surface roughness: surface roughness plays a fundamental role in determining hMSCs

behavior in terms of adhesion and morphological changes.?’” The channel/wall interface
displayed an RMS roughness which favored hMSCs adhesion, ultimately determining an
efficient alignment on both the patterned samples. Furthermore, surface roughness also
regulates important morphological parameters such as filopodia formation. From Figure 2.7A,
it is evident that the longest and densest filopodia were observed at the channel/wall interface
of patterned substrates and on un-patterned samples, while, at the center of the channels, the
length and the amount of filopodia sprouting from the body were significantly reduced.

Our results suggest synergistic effects exerted by the surface topography and roughness in
determining a preferential orientation and triggering a gradual morphological transition.
hMSCs alignment was determined by the direct guidance provided by the microchannels as
well as by surface roughness that offered a preferred adhesion site in proximity to the
channel/wall interface. Concerning the morphology, hMSCs seeded onto patterned samples
(namely P20) displayed an elongated shape, suggesting a potential early stage of neuronal
differentiation. Furthermore, in agreement with different studies reported in the literature, we
found a marked influence exerted by the surface roughness in determining the density and the
length of filopodia. Finally, while no differential response in terms of alignment and

morphology was observed, surface stiffness impacted the spreading area at day 4.

2.3.6 hMSC neurogenic differentiation.
In recent years, the combination of stem cell therapy together with the optimization of
biomaterial-based constructs has led to significant advances in neuronal tissue

engineering.?’®2® In  particular, mesenchymal stem cells undergo neurogenic
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transdifferentiation, secrete important neuroregulatory molecules that ultimately promote the
regeneration process.?%28! For this reason, we evaluated the neurogenic potential of chitosan
substrates by focusing on the role of topographical and mechanical cueing. We considered both
a morphological characterization to track the transition toward a neuron-like phenotype and the
expression of BIII-tubulin, the major component of neuronal microtubules which is often used
as a neuron-specific marker for positive neuronal identification.?®>%8% To offset potential
interference in the fluorescence signal, we normalized the intensity of the BIII-tubulin against
that of the F-actin cytoskeleton.

As shown in Figure 2.8A, hMSCs on micropatterned substrates expressed a significantly
higher amount of tubulin (green fluorescence) when compared to un-patterned controls. The
tubulin/actin ratio relative to NC-NP was 0.4, and it increased to 1.5 and 1.4 for NC-P20 and
NC-P60, respectively, under normal culturing conditions (Figure 2.8B). As revealed by the
one-way ANOVA analysis, hMSCs seeded onto NC-P20 were characterized by a significantly
higher intensity of tubulin when compared to both NC-NP and NC-P60. Interestingly, we
noticed a significant increase in tubulin expressed in the un-patterned crosslinked condition
(NP-C190), with a ratio of 0.8, which nearly doubled the un-crosslinked condition (NC-NP).
Conversely, C190-P20 and C190-P60 showed similar tubulin content with respect to the
untreated conditions (i.e., 1.6 and 1.3, respectively). As a comparison, we also carried out cell
cultures in DMEM supplemented with bFGF, a growth factor that has been used to induce
neurogenic differentiation of stem cells.?3428° The tubulin content of hMSCs seeded onto NC-
NP samples in the presence of bFGF increased by 93% when compared to standard culturing
conditions, reaching a tubulin/actin ratio of 0.8. In all the other conditions, the bFGF’s presence
led to minimal variations, comprised within a 13% range. Despite some studies in literature

having reported the hMSCs’ spontaneous expression of neural markers,?® the discrepancies
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resulting from different harvesting protocols, isolation methods, cell commercial sources,

batch-to-batch variability and culturing conditions, make these findings unspecific.
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Figure 2.8: hMSCs neurogenic differentiation onto chitosan substrates. (A) PIII-tubulin
(green) and f-actin (red) expressed after 3 weeks by hMSCs seeded onto chitosan with different
surface topographies: un-patterned (NP), arrays of parallel 20 um-wide channels (P20), arrays
of parallel 60 um-wide channels (P60). Scale bar: 100 um (B) tubulin fluorescence intensity
normalized against the f-actin content in hMSCs cultured in DMEM 8% (left) and percentage
variation of the tubulin/actin ratio between cell cultures with standard (DMEM 8%) and bFGF-
supplemented media (right). (C) Aspect ratios of hMSCs cultured in standard condition
(DMEM 8%, left) and percentage variations of the aspect ratio between cell cultures with
standard (DMEM 8%) and bFGF-supplemented media (right). (D) Spearman index for the
correlation between BIII-tubulin content and aspect ratio relative to hMSCs cultured in DMEM
8%.

For this reason, we carried out an early evaluation at 24 h as a benchmark to quantify the

presence of tubulin in undifferentiated hMSCs at a short-time interval to offset any signal from

the native neuronal marker. Our results revealed that less than 1% of hMSCs expressed the
64



neuronal marker PBIII-tubulin (Figure S2.3E, Appendix), thereby proving the initial
undifferentiated state of hMSCs.?®" In addition, to further offset the contribution of BIII-tubulin
in undifferentiated hMSCs, we expressed our results in relative terms by comparing changes
observed across the different conditions tested. It can thus be postulated that, even if, at later
intervals, undifferentiated hMSCs naturally expressed neuronal markers, the physicochemical
properties of chitosan substrates induced changes in BIII-tubulin levels.

Moreover, as anticipated by the proven correlation between cell morphology and neurogenic
differentiation,?6>2% the quantification of the aspect ratio displayed a trend similar to the one
found for the tubulin/actin ratio. Indeed, as shown in Figure 2.8C, hMSCs seeded onto NC-
NP substrates exhibited the least elongated shape, with an average aspect ratio of 2. In
compliance with our previous results found at 1 and 4 days, hMSCs seed onto NC-P20 and
NC-P60 presented higher aspect ratio values of 7.1 and 4.2, respectively. On top of an
elongated neuron-like phenotype resulting from cytoplasmatic retraction toward the nucleus,
the large amount of cytoplasmatic extensions found on hMSCs seed onto patterned samples
constitutes further evidence of neuronal transdifferentiation.?®® The active role played by the
crosslinking process in promoting neurogenic differentiation was well exhibited by the
significant increase in the aspect ratio found for the C190-NP. Conversely, despite slightly
higher average aspect ratio values found for both C190-P20 (7.4) and C190-P60 (4.8), no
significant differences were detected with their respective untreated conditions. Finally, the
comparison with the positive bFGF culturing revealed a marked effect of the soluble factor on
the hMSCs morphology. hMSCs cultured onto NC-NP in the supplemented media showed a
37% increase in the average aspect ratio when compared to the corresponding condition in
DMEM. Similar considerations were also valid for both the treated and untreated P60
conditions. Finally, we did not notice any significant variations in the hMSCs morphology

determined by the bFGF for both NC-P20 (+ 20%) and C190-P20 (+ 7%).
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Notably, an interesting relationship emerged whereby more elongated hMSCs expressed
relatively higher amounts of tubulin. For this reason, we quantified the correlation between
tubulin expression and aspect ratio of cells, by determining the non-parametric Spearman index
(Figure 2.8D). NC-P20 and NC-P60 samples showed a moderate positive correlation (i.e.,
Spearman index of ~ 0.60). Among all conditions tested, the Spearman index was close to 0
only for cells adhering to the NC-NP substrates, thereby revealing the independence between
the two parameters. Our findings suggest that crosslinked substrates enhanced the positive
correlation between tubulin expression and morphology. Indeed, C190-NP displayed a weak
correlation between the two parameters with a Spearman index of 0.40. The effect of the
crosslinking process was also appreciable in both the patterned conditions. C190-P60 exhibited
a Spearman index of 0.66 which delineates a moderate-strong positive correlation. Finally, we
found a Spearman index of 0.78 for C190-P20, revealing the strongest correlation between the
two parameters. Figure 2.8D also reports the Spearman indexes found for all the conditions
when the culturing was carried out in bFGF-supplemented media. It is evident the significant
increase found for the NC-NP condition that displayed a weak correlation characterized by a
Spearman index of 0.45. For all the other conditions, the corresponding conditions cultured in
the two different media gave rise to the same magnitude of the correlation between tubulin
amount and aspect ratio.

Our results demonstrate the ability of engineered chitosan guides to not only align and direct
morphological transformations in hMSCs as previously shown, but also to support their
neurogenic differentiation by (i) constraining effects exerted by the channels and direct (ii)
physical cueing exerted by the substrate’s stiffness and chitosan or, more likely, by the
synergistic combination of these factors.

Micro-topography: the surface patterns are expected to direct a marked morphological

transition from a spindle-like to a more elongated neuron-like shape, with a higher amount of
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cytoplasmatic processes emerging from the cellular body. This was observed in hMSCs
adhering to both P20 and P60 substrates, which expressed a higher content of BIII-tubulin when
compared to un-patterned controls. Within the non-crosslinked conditions, hMSCs seeded onto
NC-P20 displayed the highest aspect ratio and tubulin expression in normal culturing
conditions, with no statistically significant differences when compared to bFGF positive
controls. Conversely, for the NC-P60 condition, while the culturing conditions did not affect
the expression of tubulin as for the NC-P20, bFGF determined a significant increase in the
aspect ratio, leading to a more accentuated neuronal phenotype. We demonstrate that the
introduction of topographical cues, as well as channel width, greatly impacts the cytoskeletal
composition of hMSCs. Both patterned conditions displayed stem cells expressing higher
tubulin amounts when compared to the un-patterned condition. Nonetheless, our results suggest
that narrower geometries could fasten the neurogenic differentiation, as the highest amount of
tubulin was expressed by hMSCs seed onto P20 samples.

Surface stiffness. Previous works have shown that neurogenic differentiation is privileged

on softer materials.?8%2%° However, most studies have been comparing the responses elicited
by hydrogels that are considerably softer than the chitosan samples employed in this study. Our
findings revealed the more marked effects exerted by stiffer substrates in promoting the
neuronal differentiation of hMSCs. In fact, C190-NP expressed a significantly higher value of
B-tubulin when compared to the untreated condition. This confirms the role of physical cueing
in directing the differentiation of mesenchymal stem cells towards a specific lineage by
291

matching the substrate’s stiffness to that of the target tissue.

Surface roughness: different roughness values have been employed to direct hMSCs

differentiation toward specific lineages.?®2% In this work, both un-patterned conditions,
which displayed the lowest amount of tubulin expression, were characterized by highly

heterogeneous surfaces (i.e., roughness standard deviations of 52 nm for NC-NP and 59 nm for
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C190-NP). On the other hand, all the patterned samples, despite the heterogeneous
morphological characteristic found in the different (i.e., highest roughness values at the
channel/wall interfaces and lowest at the channel centers), displayed an intra-region uniformity
with roughness standard deviation within 35 nm. We thus believe that the improved
morphological uniformity on the patterned samples is likely a key factor to favor the neuronal
differentiation of hMSCs.

Surface chemistry and degradation products: previous work showed the key role exerted on

cell morphology and proliferation using citric acid as a supplement in the culturing media.
Also, it has been reported that environmental acidity greatly mediates enzyme activity and
cellular biochemical reactions thus potentially directing cellular differentiation. 2*> However,
the results obtained from our ATR-FTIR analysis of the degradation products of C190 samples
revealed that the citric acid molecules released during degradation are covalently bound to the
chitosan chains, which indicates the absence of free acid molecules in solution. In addition, the
similar acidity found in the solutions containing NC and C190 degradation products, aside from
confirming the absence of ionized citric acid molecules, also rules out the pH as a key
contributing factor in guiding the neurogenic differentiation of hMSCs. We can thus conclude
that potential environmental effects on stem cell differentiation can be excluded, thereby
proving that direct cueing from the substrate is what controls the differentiation.

Taken together, our results suggest the primary role of the surface topography in
determining a neuronal phenotype as well as a high expression of B-tubulin. In fact, regardless
of the geometry (P20/P60) and the crosslinking degree (NC/C190), hMSCs seeded onto the
patterned samples showed significantly higher amounts of tubulin and higher aspect ratios
when compared to both the un-patterned conditions. The differential output elicited by the
substrate’s stiffness was appreciable solely on the un-patterned samples with hMSCs,

displaying a significantly higher expression of the neuronal marker when seeded onto the
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treated and stiffer samples. However, such a beneficial effect provided by the CA-based
crosslinking was trumped by the introduction of microchannels. In fact, within the same pattern
condition, treated and untreated samples elicit a similar output in terms of tubulin expression
and morphology thus reaffirming the pivotal role of surface topography. Finally, we
hypothesize that the intra-region roughness uniformity found on the patterned samples (i.e.,
channel/wall interface and channel’s center) was a key factor that ultimately determines an

enforced neuronal differentiation of hMSCs.
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2.4 CONCLUSIONS

In this study, we fabricated chitosan substrates with parallel microchannels and successively
crosslinked with a CA-based method to investigate the compounded effects of physiochemical
parameters on the response of DRGs and hMSCs. Our cellular studies reaffirmed the role of
surface microtopography, roughness and stiffness in directing cellular functions, and how these
variables can be modulated to exert differential cueing on adhering cells. While the substrate’s
stiffness predominantly affected hMSC spreading, the modulation of the channels’ design
directed the neuronal architecture’s complexity, the branching length, as well as the orientation
efficiency of the neurites, while guiding the morphological transition of hMSCs from a spindle
to an elongated neuron-like shape. Finally, the combined analysis of tubulin expression and
cell morphology allowed us to cast new light on the synergy between microchannels and CA-
crosslinking in the process of hMSCs neurogenic differentiation. In conclusion, our study
hence provides new evidence regarding the interfacial interactions of DRGs and hMSCs with
micro-engineered chitosan surfaces, highlighting the role of selected physicochemical
parameters. These are important aspects in the development of better-performing material-
based approaches for in vitro studies as well as for more effective solutions for clinical neuronal

tissue engineering applications.
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CHAPTER 3: Electroconductive Collagen-Carbon Nanodots nanocomposite
elicits robust neurite outgrow, supports neurogenic differentiation and
accelerates electrophysiological maturation of iPSCs in neural progenitor
spheroids

3.1 INTRODUCTION

Neuronal disorders, including neurodegenerative conditions such as Alzheimer's and
Parkinson's disease, as well as traumatic injuries and stroke, are associated with neuronal loss
and/or the deterioration of neuroanatomical connectivity, severely affecting the quality of life
of patients. The first attempts to regenerate lost neuronal functions date back to the 1970s and
explored the transplantation of primary dopaminergic (DA) neurons sourced from human
embryos.?%-2% However, inconsistent protocols, excessive dopamine transmission, low
availability of fetal tissues and ethical concerns hindered their clinical success,?* inspiring
researchers to turn to emerging alternatives for scalable and traceable sources, such as
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). The well-established
protocols and the efficacy in preclinical models have made stem cells an excellent candidate
for cell-based therapies,?®” but low (5-10%) survival rates, inadequate differentiation into the
desired phenotype and adverse host immune responses, have negatively affected the
therapeutic outcome.?®®2% To address these limitations, researchers have turned to original
approaches that synergistically integrate concepts of stem cell regenerative medicine with
biomaterial-based neural tissue engineering.2°%3% One of the fundamental design criteria for
effective clinical translation emphasizes the use of biomaterials that recapitulate key
physicochemical features of the intended target tissue to recreate a biomimetic
microenvironment that ultimately enhances cell survival, guides differentiation and promotes
functional integration within the host tissue. Among the material properties deemed
fundamental to achieve neuro-regenerative abilities (e.g. biocompatibility, native tissue-like

mechanical properties, and proper degradation rate),®3%%3% recent findings have highlighted
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the pivotal role of electroconductivity in guiding several developmental processes associated
with cell proliferation and synaptic plasticity.>’>%% Based on this evidence, the use of
electroconductive hydrogels has emerged as an effective approach to recapitulate the
physicochemical and electrical microenvironment of neural tissues.>*43% In fact, while widely
used hydrogels (e.g. collagen, alginate, and gelatin) offer a cell-instructive microenvironment
that mimics the physicochemical properties of native extracellular matrix (ECM) to enhance
the adhesion, growth and differentiation of neuronal cell populations, they are characterized by
a low electrical conductivity.3®3%" One of the most investigated strategies to integrate this
additional functionality is the incorporation of metal- or carbon-based nanomaterials.3%3 In
this context, nanocomposites consisting of nanomaterials such as carbon nanotubes (CNTS)
and graphene nanoparticles dispersed within a hydrogel matrix have been shown to promote
highly desirable cellular effects, such as neuronal differentiation, axonal elongation and
network formation. In particular, the exceptional electrical conductivity of CNTs and their
capacity to integrate with the extracellular matrix led to enhanced electrical signaling among
neurons, which is vital for the formation of functional neural networks.3'2313 Likewise,
nanomaterials including graphene oxide and reduced graphene oxide offer a conducive
environment for cell adhesion and neurite expansion, in addition to modulating the expression
of neuronal markers.343!> Notably, the extensive body of literature which investigated the
potential of these candidate electroconductive nanocomposites for neuro-regeneration, mostly
employed simplified experimental conditions (e.g., conventional monolayer) that do not
recapitulate the native ECM and/or adopted primary immortalized cells (i.e., PC12 and SH-
SY5Y) that do not replicate the cellular phenotype of mature differentiated neurons, ultimately
widening the gap between in vitro research and the in vivo reality.316-318 |n fact, it is well known
that for central nervous system neurons, the two-dimensional cellular microenvironment

associated with conventional cell monolayer cultures leads to aberrant cell—cell contacts and
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network formation, unrealistically flattens soma and growth cones and limits axon-dendrite
outgrowth.31%320 Similarly, culture systems that employ dissociated immortalized cells do not
fully capture the physiological complexity (i.e., cell-cell and cell-extracellular matrix
interactions) and the cellular architecture of the native nervous tissue.®?*?? Taken together,
these observations reaffirm the importance of the selection of a physiologically accurate in
vitro testing platform and relevant cell models, as an important early step for the development
of novel neuro-regenerative biomaterials and the investigation of their therapeutic potential.
In this context, we have developed a novel electroconductive nanocomposite consisting of
a collagen type | matrix functionalized with carbon nanodots fabricated from glycine
precursors (GlyCNDs). The rationale behind this novel strategy is that collagen has already
shown great promise as a therapeutic solution for central nervous system injuries and
degeneration.®135141143144 \When used in its hydrogel form, collagen provides unique
physicochemical and biological cues that support cellular adhesion, growth and proliferation.
It is also a biopolymer approved by the FDA for clinical testing in neural tissue engineering
and several collagen-based products are already commercially available® However, collagen’s
fast degradation rate in physiological conditions represents a factor that cannot be overlooked.
In addition, native collagen cannot recapitulate the electroactive environment of native nervous
tissue. In parallel, the choice of CNDs, a relatively new type of carbon-based nanoparticles (1-
10 nm in diameter), is supported by the fact that they offer diverse physicochemical properties
and advantageous characteristics such as biocompatibility, low cytotoxicity, ease of synthesis,
abundant functional groups (e.g., amino, hydroxyl, carboxyl) and high physicochemical
stability.32232* CNDs can be synthesized from a wide variety of carbon-containing precursors
all of which dictate the resultant surface functional groups. Because they are a relatively new
class of nanoparticles, the potential of CNDs in the context of neural tissue engineering is only

beginning to be explored.
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In this work, we synthesize and carry out a comprehensive physicochemical characterization
of the collagen-GlyCND nanocomposite and evaluate its biological impact by employing both
mouse-induced pluripotent stem cells (iPSCs) -derived neural progenitor (NP) spheroids (and
3D cultures of primary cortical neurons as a confirmatory cell model), specifically selected to
recreate a more realistic cellular microenvironment that recapitulates that of native tissues.
Spheroids (hereafter also referred to as neurospheres) offer several advantages over
conventional in vitro systems, making them a more physiologically relevant model for studying
neural tissue engineering. Firstly, spheroids mimic the three-dimensional (3D) architecture of
the ECM, thereby enabling more accurate cell-cell and cell-ECM interactions, which are
essential to investigate cellular behavior and functions.®?® Secondly, spheroid cultures better
recapitulate the spatial organization and cellular heterogeneity of native tissues, providing a
more realistic environment for studying neuronal differentiation and network formation. 325326
Additionally, spheroids exhibit improved nutrient and oxygen gradients, closely resembling in
vivo conditions.3?’

From a morphological point of view, significantly more neurite sprouting occurs in both
spheroids and primary neurons when compared to collagen and collagen with suspended
GlyCNDs, showing a significantly higher branching tendency. In addition, the GlyCNDs
positively enhance additional functions, such as neuronal differentiation and
electrophysiological maturation. In particular, the significantly lower number of cells positive
for Ki-67, a nuclear proliferation marker, and the lower expression of nestin (proliferating
neural precursor marker) coupled with higher expression of both -111-tubulin and MAP2 (early
and mature neuronal marker), suggests that the nanocomposite accelerates neurodifferentiation
of NP spheroids without exogenous factors. Moreover, the electrical activity displayed by the
neural spheroids, as determined by multi-electrode arrays (MEA) measurements, was

significantly higher when they were embedded in the nanocomposite (vs in collagen and in
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collagen with suspended GlyCNDs) in terms of both single electrode and network activity.
Interestingly, only the electrophysiological activity of spheroids in the nanocomposite was
significantly more sensitive to NMDAR compared to AMPAR blockers, thereby indicating an

interplay between the NMDA-dependent network and the immobilized GIlyCNDs.

3.2 MATERIALS AND METHODS
3.2.1 Nanocomposite hydrogels preparation

Collagen hydrogels were prepared by dilution of rat tail type | stock (Corning, USA, 9.38
mg/ml, #354249) in differentiation medium (DM) and PBS 10X to reach a final concentration
of 2 mg/ml. The medium recipe is outlined in “Derivation and culture of iPSCs-derived NP
spheroids” section. GlyCNDs were introduced in the collagen solution either in their pristine
or activated state. For the latter, GlyCNDs were immersed in MES buffer (pH=6.0) containing
(1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide  hydrochloride) (EDC) and  N-
hydroxysuccinimide (NHS) (ratio 2:1) for 1 h at 4 °C. The mass ratio between the GIlyCNDs
and EDC was fixed at 1:1. Upon the introduction of the GIlyCNDs, the pH of the collagen
solution was neutralized through the addition of 1N NaOH. The collagen hydrogels were then
incubated at 37 °C to allow complete polymerization. Three GIyCNDs concentrations were
tested (for both pristine and activated GlyCNDs states) based on cytotoxic data available for

other carbon-based nanoparticles in the literature (Table 1).323-3%

Table 3.1: GIyCND concentrations tested in this study.

Pristine GlyCNDs
Abbreviation EDC/NHS [mM] GlyCNDs [mg/mL]
C_CNDO05 / 0.5
C_CND1 / 1.0
C_CND4 / 40
Activated GlyCNDs
CE_CNDO05 25 0.5
CE_CND1 5.0 1.0
CE_CND4 20.0 4.0
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3.2.2 Atomic force microscopy (AFM)

The spatial distribution of the GlyCNDs within the collagen matrix was revealed by using
non-contact AFM on am Alpha300 RSA system (WITec, Germany). Surfaces (1 x 1 pm?) were
scanned using the triangular SisNs Cantilevers of the DNP-S10 chip (Bruker, USA),
characterized by a nominal spring constant of 0.2 N m, a resonant frequency of 13 kHz and
nominal tip radius of 10 nm. 3D micrographs were then processed in Gwyddion?*® to extract

depth profile and GlyCNDs’s diameter.

3.2.3 XPS characterization

GlyCNDs were analyzed using XPS with a K-Alpha X-ray photoelectron spectrometer
(Thermo Scientific, USA). Three randomly selected regions of the sample were analyzed in
triplicate, with each scan consisting of 10 runs. The results were averaged and plotted for both

the survey and the high-resolution scans.

3.2.4 Raman spectroscopy

Single spectra for each experimental condition were acquired with the Raman module of the
Alpha300 RSA system. Spectra were collected through a 50X objective (EC Epiplan
NEOFLUAR, N.A.=0.9, Zeiss) with an excitation wavelength of 524 nm provided by a doubled
Nd:YAG laser (12.5 mW, acquisition time of 2 s). Baseline subtraction, data normalization and
Voigt (Lorentzian/Gaussian) deconvolution for the identification of vibrational components
were performed in OriginPro (OriginLabs, USA). The bands related to C-N stretching of both
the Amide I1l1 (1271 cm™) and Amide 1l (1558 cm™) groups were used to confirm the
immobilization of the GlyCNDs into the collagen matrix.**-33 The 1098 cm™* band, associated
to the N-C-H deformation of the collagen proline ring, 3** was used as the reference peak for

the normalization and comparison of spectra across conditions.
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3.2.5 Conductivity measurements

A conductivity meter (CON 110 Conductivity/TDS Meters, Oakton® Instruments, USA)
was used to assess the electrical conductivity of the collagen matrices used in this work, with
a variable GIlyCND concentration, namely 0.5, 1.0 and 4.0 mg/ml. The matrices were incubated
at 37 °C for 2 h to allow for complete polymerization prior to the conductivity measurements.
Three samples per concentration were analyzed and compared to the control condition

represented by EDC-crosslinked collagen.

3.2.6 Degradation studies

The structural stability of the collagen matrices with variable GlyCND concentration was
evaluated by carrying out both hydrolytic and enzymatic degradation studies. For the latter, the
degradation solution consisted of collagenase type IV from Clostridium histolyticum (305
U/mg, # LS004188, Worthington Biochemical Corporation, USA) dissolved in phosphate-
buffered saline solution (PBS 1X) containing 2 mM CaCl; at a concentration of 10 U/ml. In
both studies, 400 ul of degradation solution (PBS 1X for hydrolytic) was added to 250 pl of
the matrix. At specific timepoints, the supernatant was collected, and the collagen
concentration was estimated following the microplate procedure of the colorimetric BCA assay
(Pierce™ BCA Protein Assay Kit, # 23225, Thermo Fisher Scientific, USA) and calibration
curves, obtained collagen standards (0-500 pg range) diluted in both degradation solutions. The
percentage of the nanocomposites’ mass loss was calculated at any selected timepoint by

subtracting the collagen mass in the supernatant from the initial one (i.e., 500 pug).

3.2.7 Derivation and culture of iPSCs-derived NP spheroids
Commercially available mouse iPSCs (Alstem, iPS02m) were propagated in feeder-free

conditions on gelatin-coated culture surfaces. Cultures were periodically tested for
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mycoplasma with Lookout mycoplasma PCR detection kit (Sigma Aldrich, MP0035). iPSC
maintenance medium was composed of KnockOut DMEM (Gibco, 10829018) supplemented
with 15% knockout serum replacement (Gibco, N10828028), 1% MEM non-essential amino
acid solution (Stemcell, 07600), 200 uM L-glutamine (Gibco, 25030), 1% penicillin-
streptomycin (Gibco, 15070063), 100 uM 2-mercaptoethanol (Gibco, 31350) and 1000 U/ml
leukemia inhibitory factor (LIF). Embryoid body (EB) formation was initiated by detaching
iIPSCs from culture surfaces using TryplE (Gibco, 12604013) and re-suspending in fresh iPSC
maintenance medium without LIF. Cell suspensions were transferred to Aggrewell 800 plates
(Stemcell, 34811) treated with anti-adherence rinsing solution (Stemcell, 07010) and embryoid
bodies were allowed to form overnight. Finally, EBs were transferred to anti-adherence treated
6 well plate. After 72 h, the media was switched to neuronal expansion (EM) consisting of 1:1
mixture of DMEM/F12 and Neurobasal medium (Gibco, #21103049) supplemented with 1%
GlutaMAX, 1% pen/strep, 1% B-27™ Plus Supplement (Gibco, #A3582801), 0.5% N-2
Supplement (Gibco, #17502001), 200 uM ascorbic acid (Sigma Aldrich, #AX1775) and the
following inhibitors: 5 uM SB-525334 (Tocris, 3211), 250 nM dorsomorphin (Tocris, 3093),
3UM Whnt agonist CHIR99021 (Millipore, SML1046). After 10 days, the neurospheres
expanded and formed spheroids. Prior to usage, the spheroids were passages 3X with TrypLE
(ThermoFisher, #12604013).

The resulting spheroids were embedded in the collagen matrices and culture for 4 days in
differentiation medium (DM), consisting of EM without the inhibitors. The media was
successively switched to maturation media (MM) consisting of DM supplemented with 100
MM brain-derived neurotrophic factor (BDNF, Stemcell Technologies, #78005), 100 uM glial-
derived neurotrophic factor (GDNF, Stemcell Technologies, #78058) and dybutyryl-cAMP
(db-cAMP, Stemcell Technologies, #73882). During the spheroids culture, the maturation

medium was refreshed every 3 days.
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3.2.8 Cytotoxicity assays

To evaluate potential cytotoxic effects associated to both immobilized and medium-
suspended GlyCNDs, the level of lactate dehydrogenase (LDH) was measured using CytoTox
96® Non-Radioactive (Promega, USA, G1780) assay. Briefly, 50 ul aliquots were collected
from the culture media at 6 and 72 h and then transfer to a 96 well plate. Subsequently, 50 pl
of the Citotox96 reagent were added to each sample aliquot. The plate was then covered with
tin foil and incubated for 30 min at room temperature. Finally, 50 pl of the stop solution were
added to each well and the absorbance band at 492 nm was collected using a Sinergy H1 plate
reader (BioTech® Instruments, USA). The percent of cytotoxicity was calculated as:

Percent cytotoxicity = bermental LDH release (ODuso) ,
ereent CytoroXttY = T aximum LDH release (0Dyo0)

where the Maximum LDH release was obtained by adding 10 uL of 10X Lysis solution to a
negative control sample, 1 h before adding the Cytotox96a Reagent.

In addition, at 3 DIV, the samples were stained with Pl (ThermoFisher, #BMS500PI) and
Hoechst 33342 (ThermoFisher, R37605) and visualized under an LSM880 AxioObserverZ1l
confocal microscope (Zeiss, Germany) with a Plan-Apochromat 20X objective (NA = 0.8,
Zeiss). The resulting images were processed on ImageJ to quantify the number of Pl-positive
(P1+) nuclei that was used as a measure of cell death.

According to the results obtained from the cytotoxicity assays, the 1mg/ml concentration of
GlyCNDs was selected (labelled CE_CND1) for all the subsequent cellular studies. This
condition was compared with the control condition consisting of pristine collagen crosslinked
with EDC/NHS (CE). Notably, we added an additional condition (labelled CE_CNDL1 5s) in
which the spheroids were embedded in a CE matrix, supplemented with GIlyCNDs dispersed
in the medium to simulate the release profile previously quantified for the CE_CND1
condition. In this way, we were able to isolate the effect provided by both immobilized

(CE_CND1) and dispersed unbound GlyCNDs released by the matrix (CE_CNDL _5s).
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3.2.9 Immunohistochemistry (IHC) staining

At 14 DIV, the spheroids were fixed in fresh 4% paraformaldehyde (PFA) at room
temperature for 2 h. Fixed samples were permeabilized with 0.25% Triton-X100 (Sigma-
Aldrich, #11332481001) and blocked with 5% horse serum (ThermoFisher, #31874) overnight
at 4 °C. Samples were successively incubated with primary antibodies for 24 h at 4 °C, rinsed
for a minimum of 10 times with blocking buffer, and lastly incubated overnight at 4 °C with
donkey secondary antibodies. The details and working dilutions of primary and secondary
antibodies are listed in Table 3.2. After 5 rinses, the nuclei were stained with 4-6-diamidino-
2-phenylindole-dihydrochloride (DAPI) for 4 h at room temperature.

Protein visualization

Spheroids were imaged on LSM880 AxioObserverZ1 confocal microscope through a Plan-
Apochromat 20X objective (NA = 0.8, Zeiss). The multi-channel z-stack images were
successively processed in FIJI for background subtraction and the generation of a maximum
projection.’

Table 3.2: List of primary and secondary antibodies, with their working dilution, used in this
study.

Primary antibody Dilution Secondary antibody Dilution
B lI-tubulin (Abcam, ab78078) 1:1000 anti-goat Alexa 488 1:500
MAP2 (ThermoFisher, PA5-17646) 1:500 anti-rat Alexa 555 1:500
Ki-67 (ThermoFisher, 14-569) 1:250 anti-mouse Alexa 594 1:500
Synapsin (Phosphosolution, 1927-SYNP) 1:500 anti-rabbit Alexa 647 1:500
NMDAR2D extracellular (ThermoFisher, PAS77425) 1:200

Nestin (Abcam, ab105389) 1:500

Calretinin (Abcam, ab92341) 1:500

Morphological analysis

Spheroids were imaged on an LSM880 AxioObserverZl confocal microscope (Zeiss,
Germany) with a 10X EC Plan-Neofluar (Ph1) objective (NA = 0.3, Zeiss). To evaluate neurite
branching complexity and ramification, a semi-automated Sholl analysis centered around the

spheroid body with a 20 um-step between consecutive hemispheres was performed on ImageJ
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(Neurite Tracer plugin). ** The coefficient (Sholl’s decay index) of the linear regression model
was used as a measure of the rate of decay of the number of branches with distance from the
center of analysis. As a measure of branch ramification, Schoenen index (i.e., maximum
number of intersections divided by the number of primary branches) was used. In addition, a

semi-automated Strahler analysis was performed to extract the mean branch length.

3.2.10 Western blotting

Spheroids cultured in CE, CE_rCND1 and CE_CND1 were harvested into cold RIPA buffer
by scraping and sonication of the collagen matrix. The total protein concentration of the cell
lysates was determined by BCA assay (Pierce™ BCA Protein Assay Kit, # 23225,
ThermoFisher). The lysates were successively boiled for 10 min at 95 °C in the sample loading
buffer. The proteins were electrophoretically resolved on a 10% SDS-PAGE gel at 100 V.
Resolved proteins were transferred to PVDF membranes for 30 min at 20 V using Transblot
Turbo (BioRad, USA). After washing, the membranes were blocked in 5% BSA for 1 h at room
temperature. Subsequently, the PVDF membrane were blotted with primary antibodies
overnight at 4 °C, washed 5 times with TBST buffer and incubated 2h at room temperature
with peroxidase-conjugated secondary antibodies. After washing, the membranes were imaged
by a ChemiDoc XRS+ (BioRad) system and the bands were analyzed with the ImageJ software.
Primary antibodies targeting the following proteins were used: p I1I-tubulin (ab78078), MAP2

(PA5-17646), synapsin (1927-SYNP), GAP43 (ab16053), NMDAR2D (PA577425).

3.2.11 Muilti-electrode arrays (MEA) readings
The spheroids were cultured on Cytoview MEA 48-well plates (Axion BioSystem, USA,
M768-tMEA-48B-5), after pre-coating with poly-L-lysine and laminin. Baseline recording of

spontaneous activity were performed in a Maestro MEA system and AxIS software (Axion
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Biosystems) by using a bandwidth with a filter for 10 Hz to 2.5 kHz cut-off frequencies. Spikes
were detected by using an adaptive threshold set to 6 times the standard deviation of the
estimated noise on each electrode. Each plate rested for 1 min for acclimatization in the Maestro
instrument and was then recorded for an additional 2 min. The electrophysiological data
analysis was performed using the Axion Biosystems Neural Metrics Tool. Bursts were
identified in the data recorded from each individual electrode using an adaptive Poisson
surprise algorithm. Network bursts were identified for each well using a non-adaptive
algorithm requiring a minimum of 40 spikes and of 25% of active electrodes with a maximum
inter-spike interval of 100 ms.

Based on baseline recording at 14 DIV, the most active wells electrodes (> 0.1 spikes/sec)

were selected for treatment with either dizocilpine (MK-801 maleate) or 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo(f)quinoxaline (NBQX). Briefly, the medium of the selected wells was
complemented with either 0.1 M MQ-801 or 0.1 M NBQX. After 30 minutes of incubation,
spontaneous neuronal activity was measured for 2 min to identify the effect of the specific
blocker. After recordings, the samples were washed 5X with PBS 1X and fresh medium was
added. The same procedure was followed for the

treatment at 28 DIV. For each experimental condition, a total of 3 independent experiments

were performed using a minimum of 9 wells per plate.

3.2.12 Culture and imaging of mouse primary cortical neurons

Primary cortical neurons from QBM Cell Science (Canada, #171003) were suspended in
Neurobasal medium complemented with 1% GlutaMAX, 1% pen/strep, 1% B-27™ Plus
Supplement, and 0.5% N-2 Supplement. To incorporate the cells into the hydrogels, the cell
suspension and hydrogel solution were mixed in a 1:1 ratio, achieving a final cell density of

5.0 x 10° cells/ml and a final collagen concentration of 2 mg/ml. The cell-hydrogel mixture
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was then pipetted into glass bottom 96-well plates (Greiner Bio-One, #655892, USA) and
incubated at 37 °C for 30 minutes to allow gelation. Successively, 200 pl of complete culture
medium was added to each well. The hydrogels were maintained in culture for up to 7 days
with media changes performed every 2 days. At 7 DIV, the samples were fixed in fresh 4%
PFA at room temperature for 2 h. Fixed samples were permeabilized with 0.25% Triton-X100
and blocked with 5% horse serum (ThermoFisher, #31874) overnight at 4 °C. Finally, the
samples were stained for B III- tubulin and MAP2 and imaged on LSM880 AxioObserverZ1
confocal microscope through a Plan-Apochromat 20X objective (NA = 0.8, Zeiss). The multi-
channel z-stack images were successively processed in FIJI for background subtraction and the

generation of a maximum projection.

3.2.13 Data analysis

Data are reported as mean + standard deviation (SD) or standard error of the mean (SEM) from
at least 3 separate experiments. Data were plotted with GraphPad software, version 8.0. The
normality of the distribution was assayed by different tests, such as Pearson normality test and
Shapiro-Wilk normality test. For normally distributed data, one-way, two-way analysis of
variance (ANOVA) test followed by Tukey's Honestly Significant Difference (HSD) post hoc
test was used. For non-normally distributed data, Kolmogorov—-Smirnov test analyses was

carried out. Significance was set at p < 0.05.

3.3 RESULTS AND DISCUSSION
3.3.1 Characterization of the nanocomposite

The detailed fabrication process and physicochemical characterization of the GIlyCNDs have
been previously reported by Naccache and co-authors.®3 Here, we carried out a complementary

high-resolution X-ray photoelectron spectroscopy (XPS) analysis (Figure S3.1A, Appendix)
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to confirm the nature of the surface functional sites on the GlyCNDs. Upon deconvolution of
the O1s peak (Figure 3.1A), we observed a substantial presence of COOH functional groups
(531.87 eV), expected to create amide bonds as a result of their interactions with the free amines
(NH) along the collagen chain.®®" To test the resulting binding affinity, we incorporated the
GlyCND:s in a collagen suspension at a concentration of 1 mg/ml both in their pristine state
(hereafter referred to as C_CND1) and upon EDC/NHS activation (hereafter referred to as
CE_CND1) and compared them to collagen crosslinked with EDC/NHS. The degree of
immobilization was evaluated by Raman spectroscopy. Figure 3.1B displays the representative
Raman spectra for CE, C_CND1 and CE_CND1. A greater presence of GlyCNDs in
CE_CND1 is attested by the appearance of a wide fluorescence band spanning from ~1800 to
3600 cm* that is characteristic of the nanoparticles (see Raman spectra of GIlyCNDs in Figure
3.1B-insert). Furthermore, the formation of new C-N bonds between the COOH groups of
GlyCNDs and NH2 groups of collagen is demonstrated by quantifying the area of the bands
associated with the C-N stretching of both Amide 111 (1286 cm™) and 11 (1589 cm™),331:333.334
Specifically, the average normalized area relative to C-N stretching of Amide 111 (Figure 3.1C)
is 0.04 for CE, and it increases to 0.12 and 0.17 for C_CND1 and CE_CND1, respectively.
Finally, the normalized area of the C-N stretching of Amide Il (Figure 1C) increases from 0.12
for CE to 0.24 and 0.38 for C_CND1 and CE_CND1, respectively. By exploiting the native
fluorescence of GIlyCNDs at an excitation wavelength of 380 nm (Figure S3.1B, Appendix),
we carried out release studies to further confirm the role of EDC/NHS coupling in achieving a
stable immobilization of the GlyCNDs within the collagen matrix. As shown in Figure 3.1D,
the release of GIyCNDs displayed by CE_CND1 is significantly lower compared to that of
C_CND1 condition throughout the full experiment timeframe (30 days). Notably, the release
percentage from CE_CND1 at day 4 (~20%) is used to include one additional control for the

cellular experiments (referred to as CE+rCND1, and further described in Section 2.3), where
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we supplemented the culture medium with the same amount of GIlyCNDs released from the
CE_CND1 condition at this time point. This enabled us to isolate the cellular effects solely due

to the immobilized GlyCNDs from those associated with suspended nanoparticles.
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Figure 3.1: Physicochemical, electrical and structural stability characterization of the
nanocomposite and relevant control conditions for comparison. (A) Representative high
resolution XPS spectrum showing the deconvolution of the Ols region of GlyCNDs. (B)
Representative Raman spectra of GlyCNDs (insert), CE, C_CND1 and CE_CND1. (C)
Quantification of C-N stretching associated with the Amide Il and Amide Il groups,
normalized against the N-C-H deformation of collagen proline ring. (D) Release profile from
collagen hydrogel of both pristine and EDC/NHS-activated GlyCNDs. (E) AFM micrograph
of CE_CND1 showing the spatial distribution of GlyCNDs within the collagen fibrous matrix.
(F) Representative depth profile extracted from AFM micrograph. Scale bar: 150 um. (G)
Quantification of hydrogel conductivity with variable concentrations of GIlyCNDs spanning
from 0 (CE) to 4 mg/ml. (H) Hydrolytic and enzymatic degradation of pristine Collagen (C),
CE and CE_CNDL1. All numerical data are presented as mean + s.d. Statistical significance was
determined using one-way analysis of variance (ANOVA) and Tukey's Honestly Significant
Difference (HSD) post hoc test: ** p<0.01, * p <0.05, non-significant (ns) p > 0.05)
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Successively, non-contact Atomic Force Microscopy (AFM) was employed to visualize the
GIlyCND spatial arrangement within the collagen matrix (Figure 3.1E), characterized by
randomly distributed clusters of the carbon nanodots. The AFM linear depth profiles (Figure
3.1F) confirm a size distribution of the GIlyCNDs ranging from ~6 to 16 nm, as previously
reported by Naccache and co-authors.®*® Conductivity measurements assessed how the
incorporation of GlyCNDs into the collagen matrix modulates the overall electrical properties
of the nanocomposite. To this end, different GlyCND concentrations, ranging from 0.1 to 4.0
mg/ml, were tested and the resulting conductivity was compared to the one displayed by CE.
As shown in Figure 3.1G, the relatively poor conductivity of CE (2.8 mS/cm) significantly
increases from the addition of the GIyCNDs up to 1 mg/ml. Interestingly, a higher
concentration (i.e., 4 mg/ml) does not result in additional changes. We hypothesize that
concentrations higher than 1 mg/ml saturate the availability of free NH2 groups, thereby
resulting in unreacted GlyCNDs that ultimately become suspended and thus do not contribute
to the overall conductivity. Finally, we evaluated the chemical stability of the nanocomposite.
In accordance with results already reported in the literature,3*%33 we found that the presence
of EDC/NHS greatly improves the resistance to both hydrolytic (Figure 3.1H) and enzymatic
(Figure 3.1H) degradation of pristine collagen (hereafter referred to as C). Both CE and
CE_CND1 conditions display a significantly lower mass loss due to hydrolytic degradation
when compared to C. The same consideration is also valid for enzymatic degradation in the
presence of collagenase IV. This increased stability of the CE_CND1 condition highlights the
potential of our novel nanocomposite to overcome one of the major limitations of collagen
hydrogels for tissue engineering and neural applications.

Finally, we performed a comprehensive mechanical characterization of the novel
nanocomposite against the relevant control conditions via AFM nanoindentations (see Chapter

6.2.1 in the appendix for the detailed description of the experimental set up and data post
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processing). The analysis of the AFM force-indentation curves enabled the extraction of
sample's stiffness and Young's modulus. As shown in Figure S3.1D, pristine collagen
displayes the lowest stiffness (1.92 x 10-3 N m—1) and Young's modulus (609 Pa). As
expected, EDC/NHS cross-linking in the CE condition results in a higher stiffness (2.28 x 10—3
N m—1) and Young's modulus (735 Pa). In agreement with the rheological measurements, the
mechanical properties are not altered by the incorporation of GlyCNDs. The nanocomposite
CE_CDNI displays stiffness and Young's modulus values of 2.37 x 10—3 N m—1 and 744 Pa,
respectively, with no statistically significant differences with the CE condition. The results
found for CE and CE_CND1 enabled us to conclude that the rheological and mechanical
properties, namely viscosity and stiffness, are not expected to be a major contributing factor

for the cellular results reported in the following sections.

3.3.2 Cytotoxicity assays

Despite the considerable efforts to characterize the potential neurotoxicity of carbon-based
nanomaterials,34%-342 the results reported in the literature remain controversial, likely due to
inter-study variations in size, physicochemical properties and concentration. Here, to evaluate
the cytocompatibility of both collagen-immobilized and suspended GlyCNDs with iPSCs-
derived NP spheroids, we carried out a colorimetric LDH assay complemented with propidium
iodide (PI) live staining of dead cells. Three different concentrations (i.e., 0.5 mg/ml, 1 mg/ml
and 4 mg/ml) of GlyCNDs were both immobilized within the collagen matrix by EDC/NHS
coupling (hereafter referred to as CE_CNDO05, CE_CND1, CE_CND4) and suspended in the
culture medium (hereafter referred to as CE+CNDO05, CE+CND1, CE+CND4). Pristine
collagen (C) and EDC/NHS crosslinked collagen (CE) were used as controls. Figure 3.2A

displays the percentage values of released LDH found for the different conditions at 6 and 72h.
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The results indicate that the viability of NC spheroids is not impacted by GlyCNDs
immobilized within the collagen matrix at concentrations of 1 mg/ml or lower. In fact, the
percentage values of released LDH of CE_CNDO5 and CE_CND1 are not statistically different
from the ones displayed by the control groups at both time intervals. Conversely, we observed
that CE_CNDA4 significantly increases cell mortality at both time points, with LDH percentage
values that doubled in comparison to those displayed by the controls. When GlyCNDs are
suspended in the culture medium, significantly higher levels of LDH are observed for both time
points. In particular, the cytotoxicity increases proportionally with the GlyCNDs concentration,
with CE+CND4 displaying the highest LDH release values. These results were further
complemented by PI staining of the NP spheroids at 72 h. Figure 3.2B displays representative
images of controls, immobilized and suspended GlyCNDs conditions. It is evident that NP

spheroids cultured in the GlyCNDs-supplemented medium display significantly higher
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amounts of dead cells compared to both controls and collagen with immobilized GlyCNDs.
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Figure 3.2: Cytotoxicity study of both suspended and immobilized GlyCNDs. The
immobilization of GIlyCNDs within the collagen matrix hinders potential cytotoxic effects
arising from the presence of suspended nanoparticles, yielding a cell viability similar to that of
pristine collagen. Different concentrations of GlyCND were both immobilized within the
collagen matrix (_) and suspended in culture medium (+). Pristine collagen (C) and EDC/NHS
crosslinked collagen (CE) were employed as controls. (A) LDH percentage release for the
different conditions tested. (B) Representative PI/DAPI staining images for control conditions
C and CE, suspended GlyCNDs at a concentration of 1 mg/ml and 4 mg/ml and immobilized
GlyCND:s at a concentration of 1 mg/ml and 4 mg/ml. Scale bar: 25 um. (C) Cell death for the
different conditions. All numerical data are presented as mean * s.d. Statistical significance
was determined using one-way analysis of variance (ANOVA) and Tukey's Honestly

Significant Difference (HSD) post hoc test: ** p<0.01, * p<0.05, non-significant (ns) p
>0.05).
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Cell death percentage (Figure 3.2C) was calculated as the Pl-positive (PI7) cells over the
total amount of nuclei. Not surprisingly, Pl staining mirrors the results obtained with the LDH

assay. Immobilized GIlyCNDs display similar cell death percentages to control groups, while
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suspended GlyCND:s yield higher cytotoxicity. Overall, our results provide additional evidence
to support recent arguments that emphasize the need for immobilization of carbon-based
nanomaterials within scaffolds to mitigate undesirable outcomes that are associated with their
use as suspended particles, such as bioaccumulation (Figure S3.1C, Appendix).330:342:343
Furthermore, the consistent LDH values found at 6 and 72 h across all conditions with
suspended GIlyCNDs indicate cell death onset within the first 6 h of exposure. Most
importantly, the cytotoxicity assays played a crucial role in determining that immobilized
GlyCNDs at a concentration of 1 mg/ml displayed viability results that were comparable to
those of the control groups, while greatly improving the poor electrical conductivity of pristine
collagen. For this reason, we selected CE_CND1 as the experimental condition for the cell

studies presented in the following sections.

3.3.3 Neurite growth and formation of a complex neuronal network

One of the primary goals of neural tissue engineering is to develop functional scaffolds that
favor neurite spreading and extension while supporting the establishment of complex neural
networks. After only 5 days in culture, several neurites spreading from spheroids embedded in
the CE_CND1 nanocomposite are visible, while none/few are observed in control conditions
(i.e., CE and CE+rCND1) (Figure S3.2A, Appendix). To quantitatively characterize
morphological differences, the spheroids were stained for  ITI-tubulin and imaged via confocal
microscopy at 14 days. The CE_CND1 promotes a significantly more extensive neurite
outgrowth when compared to CE and CE+rCND1 (Figure 3.3A). The overall branching
complexity was evaluated using a semi-automated Sholl analysis centred on the spheroid’s
body. In particular, the total number of neurite intersections was calculated using 20 um-spaced
concentrical hemispheres (Figure 3.3B). As shown in Figure 3.3C, spheroids within the

CE_CND1 condition exhibit an average number of neurite intersections of 95 + 28, which is

90



significantly higher than when they are placed within CE (58 £ 21) and CE+rCND1 (47 * 18)
matrices. To evaluate the neurite ramification tendency, we utilized the Schoenen index,
defined as the maximum number of intersections divided by the number of primary branches

exiting from the spheroid’s soma.
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Figure 3.3: Morphological analysis of NPs spheroids cultured into the novel nanocomposite.
CE_CND1 matrix promotes neuritogenesis and the formation of complex neural networks (A)
B-111 tubulin expression of NP spheroids embedded in CE, CE_rCND1 and CE_CND1. Scale
bar: 250 um (B) Semi-automated Sholl analysis performed on NP spheroids encompassing the
use of 20 um-spaced concentric hemispheres (centered around the spheroid’s soma). Scale bar:
600 mm. (C) Number of neurite-hemisphere intersections and Schoenen ramification index.
(D) Representative linear regression applied to the area-normalized intersections as a function
of the distance from the spheroid’s soma. (E) Sholl’s regression index. (F) Quantification of
neurites’ length. (G) Relative expression of GAP43. All numerical data are presented as mean
+ s.d. Statistical significance was determined using one-way analysis of variance (ANOVA)
and Tukey's Honestly Significant Difference (HSD) post hoc test: ** p <0.01, * p <0.05, non-
significant (ns) p >0.05).
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As shown in Figure 3.3C, the CE_CND1 condition displays the highest average index of
3.6 + 0.8. Interestingly, the significantly lower average value found for spheroids in the
CE+rCND1 condition when compared to CE (i.e., 1.7 vs 2.1), indicates that the released
GlyCNDs have detrimental effects on the formation of a complex neuronal network, thereby
confirming previous similar observations with carbon nanomaterials.30°312313318 The overall
increased branching complexity of spheroids in CE_CNDI is also validated by Sholl’s
regression index, a parameter that quantifies the rate of decay of the number of branches with
distance from the center of analysis (Figure 3.3D). As shown in Figure 3.3E, the CE_CND1
condition is characterized by the lowest index (0.3) when compared to that of the CE (1.6) and
CE+rCND1 (1.8) matrices.

In addition to the increased neural network complexity, spheroids embedded in the
CE_CND1 also display the highest neurite length (Figure 3.3F) of 369 + 113 um. Interestingly,
in the CE+rCND1 matrix, neurites are significantly longer when compared to the CE condition
(i.e., 273 £ 78 um vs 207 + 53 um). To unveil the underlying mechanisms that drive such
divergent morphology, we investigated via Western blotting the expression of growth-
associated protein 43 (GAP43), a crucial protein for neuritogenesis.**34 As shown in Figure
3.3G, spheroids in CE_CNDL1 express a significantly higher amount of GAP43 at 14 days
compared to those within the control conditions. Taken together, our findings reveal that
immobilized GlyCNDs upregulated NP spheroid expression of GAP43, which is decisive in
neurite outgrowth and complex neural network formation. In contrast, although GlyCNDs
released in solution facilitate the development of longer neurites, they exhibited significantly
lower ramifications than NP spheroids embedded in CE.

To investigate whether the ability of the nanocomposite to support neuritogenesis extends
to mature neurons, we used the CE_CND1 nanocomposite as a matrix for a scaffold-based 3D

culture of mouse primary cortical neurons, confirming that the establishment of a complex

92



neural network is observed within 7 days (Figure S3.2B, Appendix). Compared to CE, cortical
neurons grown in the CE_CND1 matrix show a significant increase in neurite outgrowth that
enabled the formation of intricate networks. Notably, the morphology elicited by CE_CND1
was comparable to the one observed in Matrigel, the gold standard matrix in neurobiology.34
The use of a different cell type offers a compelling validation of the nanocomposite's distinctive
ability to support key processes associated with neuro-regeneration. The consistency of results
between NP spheroids and primary cortical neurons supports in fact the evidence that the
nanocomposite's beneficial effects transcend specific cell types and in vitro testing platforms.
Both spheroids and the 3D culture of primary neurons emulate more closely than conventional
2D monolayer systems the in vivo cellular environment, thereby providing a physiologically
relevant representation of neuron-biomaterial interactions. Taken together, our findings

highlight the potential wide-ranging applicability of the CE_CND1 nanocomposite for the

reconstruction of lost neuroanatomical connectivity.

3.3.4 Neuronal differentiation

To expand the breadth of the investigation of the beneficial effects of the nanocomposite,
we evaluated the expression levels of key neuronal maturation markers by immunofluorescence
(IF) imaging and Western blotting. Figure 3.4A displays representative IF images of NP
spheroids embedded in CE, CE+rCND1 and CE_CND1 after 2 weeks of culture. Samples were
stained for Ki-67, a nuclear proliferation marker,3*® as well as for f III-tubulin and MAP2, an
early and a mature neuronal marker, respectively.3**350 The overall expression of these proteins
indicates that the differentiation of the neurospheres embedded in the CE_CND1 matrix is
promoted, showing significantly lower amounts of Ki-67-positive cells and higher levels of
[11-tubulin and MAP2 (Figure 3.4B). These findings are also corroborated by the relative

expression of calretinin (an early neuronal marker) and nestin (a neural progenitor
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marker).%13%2 |n particular, spheroids cultured in CE and CE+rCND1 matrices display a higher
amount of nestin when compared to the ones embedded in CE_CNDJ, which instead express

higher levels of calretinin (Figure S3.3, Appendix).
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Figure 3.4: Evaluation of neuronal differentiation of NPs spheroids cultured into the novel
nanocomposite. CE_CNDL1 supported the early differentiation of NP spheroids into mature
neurons (A) Representative immunofluorescence images showing the expression of Ki-67,
MAP2 and B III-tubulin in spheroids cultured in CE, CE_rCND1 and CE_CNDL1 for 14 days.
Nuclei were stained with DAPI. Scale bar: 100 um. (B) Quantification of the percentage of Ki-
67 positive cells (Ki-67"). (C) Western blot analysis of 8 III-tubulin and MAP2 c/d expression.
(D) Quantification of B III-tubulin expression level. (E) Quantification of MAP2 c/d expression
level. All numerical data are presented as mean * s.d. Statistical significance was determined
using one-way analysis of variance (ANOVA) and Tukey's Honestly Significant Difference
(HSD) post hoc test: ** p<0.01, * p<0.05, non-significant (ns) p > 0.05).
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Quantitative Western blot analysis (Figure 3.4C) confirms IF imaging results by showing
a higher relative expression of B Ill-tubulin for neurospheres in CE_CND1 (0.29) when
compared to CE and CE+rCND1 (0.17 each) (Figure 3.4D). As shown in Figure 3.4E, similar
considerations are also valid for MAP2, with higher expression (0.48) in the CE_CND1
nanocomposite.

Taken together, our findings indicate that the immobilized GlyCNDs induce a rapid
neuronal differentiation and maturation of NP spheroids. This evidence is supported by the fact
that the nanoparticles released from the matrix (CE_rCND1) do not elicit any effect on
differentiation, similar to the condition where they are absent (CE). The positive effects of
immobilized GlyCNDs strengthen the potential and impact of carbon-based nanomaterials in
neural tissue engineering. Specifically, the accelerated neuritogenesis and the elevated
expression of the mature neuronal marker MAP2 highlight the remarkable capacity of our
nanocomposite to accelerate neuronal differentiation of NPs (compared to previous literature
on miPSCs)***%4 and ensure their complete electrophysiological maturation, two crucial

aspects for biomaterial-driven neural development and regeneration.

3.3.5 Electrophysiological maturation and neuronal network communication

Lastly, we evaluated the spontaneous electrical activity of NP spheroids, both at the single-
electrode and network level, by capitalizing on commercially available multi-electrode arrays
(MEAs) (Figure 3.5A). Starting at day 5 and consistently throughout the entire experimental
duration (28 DIV), NP spheroids in the CE_CND1 matrix exhibit a remarkable enhancement
in single-electrode activity. Specifically, the firing rate, which reflects the frequency of action
potentials, is significantly higher than the other experimental groups (Figure 3.5C).

Furthermore, an increased number of active electrodes (Figure 3.5D) and an enhanced burst
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frequency can be observed (Figure 3.5E), indicating an increased synchronized activity among

the cells in the spheroids.
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Figure 3.5: Evaluation of the electrophysiological maturation and neural network formation of
NPs spheroids cultured into the novel nanocomposite. Spheroids cultured in the CE_CND1
nanocomposite show faster and more integrated electrophysiological maturation. (A)
Representative image of NP spheroids cultured in MEAs well plates. Scale bar: 300 um. (B)
Representative activity traces at 14 days in vitro (DIV) for CE, CE_rCND1 and CE_CNDL1.
Single detected spikes are represented by the black lines in the raster plots, while blue lines
indicate single electrode burst. Neural networks are shown as pink rectangles. (C) Heating map
showing the weighted mean firing rate during 28 DIV. (D) Number of detected active
electrodes during 28 DIV. Shadowed areas represent mean + s.d (E) Single electrode burst
frequency. (F) Network burst frequency. (G) Representative 1s- binning raster plots showing
singular spikes detected within network activity at 14 DIV for CE, CE_rCND1 and CE_CND1.
(H) Spikes per network activity during 28 DIV. All numerical data are presented as mean + s.d,
except for (G) where mean £ SEM are presented. Statistical significance was determined using
one-way analysis of variance (ANOVA) and Tukey's Honestly Significant Difference (HSD)
post hoc test: ** p<0.01, * p<0.05, non-significant (ns) p > 0.05).

In addition to the single-electrode level, the CE_CND21 nanocomposite also positively

influenced the network burst frequency, a measure of large-scale synchronized activity among
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different electrodes, which is consistently and significantly higher for the spheroids embedded
in CE_CNDL1 (Figure 3.5F). This result indicates that the CE_CND1 nanocomposite facilitates
the formation of functional connections among cells, yielding a more integrated neuronal
network. In addition, the average number of spikes per network burst is notably higher (Figure
3.5 G,H), suggesting that the spheroids cultured in the nanocomposite established more
complex and intensified network communications. By day 14, neurospheres show remarkable
single-electrode activity and the generation of intricate neuronal network connections (Figure
3.5B). The importance of immobilizing the GlyCNDs within the collagen matrix is further
demonstrated by the electrophysiological recordings relative to the CE_rCND experimental
group. In fact, released GIlyCNDs did not elicit noticeable or consistent alterations from the
electrical signature that was displayed by CE, neither at the single electrode nor at the network
level. These findings demonstrate that collagen-immobilized GlyCNDs provide a favorable
microenvironment that accelerates the electrophysiological maturation and the establishment
of effective neural network formation. Together with the neuronal differentiation and the
morphogenesis data reported in the previous sections, these results demonstrate that the
electroconductive nanocomposite enhances the maturation of functionally active neuronal cells
and promotes their communication through an intensified neural network. To gain a deeper
understanding of the underlying mechanisms that contribute to such enhanced
electrophysiological activity, we investigated by immunofluorescence and Western blotting the
expression of synapsin (i.e., a crucial phosphoprotein known to promote the establishment and
maintenance of synaptic connections by actively regulating the release of neurotransmitters)
and that of NMDA receptors (NMDAr), which are primarily involved in the transmission of
excitatory information.®*>3 Figure 3.6A shows that NP spheroids embedded in CE_CND1

exhibit higher levels of synapsin, namely 0.27 versus 0.16 and 0.18 for the CE and CE_rCND1
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groups, respectively (Figure 3.6C, D). On the other hand, NMDA receptor levels are

comparable for the conditions tested (Figure 3.6B, C, E).
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Figure 3.6: NMDA receptors greatly influence the electrophysiological signature of NP spheroids
embedded in the nanocomposite. (A) Representative immunofluorescence images showing the 14-day
expression of synapsin and B III-tubulin in spheroids cultured in CE, CE_rCND1 and CE_CND1
matrices. Nuclei were counterstained with DAPI. Scale bar: 100 um. (B) Representative IF images of
NMDAr and B ITI-tubulin in spheroids cultured in CE, CE_rCND1 and CE_CND1 matrices. Nuclei
were stained with DAPI. Scale bar: 100 um. (C) Western blot analysis of synapsin and NMDAr
expressions. (D) Quantification of synapsin expression levels. (E) Quantification of NMDAr expression
levels. (F) Percentage firing rate deviations from baseline recordings following acute MK-801 and
NBQX treatment performed at 14 and 28 DIV. (G) Network burst frequency deviations from baseline
recordings following acute MK-801 and NBQX treatment performed at 14 and 28 DIV. All numerical
data are presented as mean + s.d. Statistical significance was determined using one-way analysis of
variance (ANOVA) and Tukey's Honestly Significant Difference (HSD) post hoc test: ** p<0.01, *
p <0.05, non-significant (ns) p > 0.05).

However, acute treatment with MK-801, a non-competitive NMDA receptor antagonist,
significantly affects the electrical activity and namely that of the spheroids embedded in the

CE_CND1 nanocomposite. As depicted in Figure 3.6F, upon treatment with MK801 on day
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14 and 28, the firing rate exhibits a reduction of 63% and 61%, respectively, compared to the
spontaneous baseline recording. Furthermore, MK-801 acute treatments are also found to
reduce the network activity (Figure 3.6G). Notably, the impact of NMDAr antagonist is
significantly more severe on the firing rate and network burst of the spheroids embedded in
CE_CND1, indicating an overall activity that is heavily dependent on the availability of
NMDA receptors. In comparison, acute treatment with NBQX, a commonly used AMPA and
kainate receptor blocker, yields the opposite trend, whereby neurospheres in CE_CND1 are
significantly less susceptible to AMPA receptor antagonist than those in the CE and
CD_rCND1 matrices at both 14 and 28 days.

This differential impact of the two antagonists suggests that the electrophysiological activity
of NP spheroids is mainly governed by NMDAr activation. Based on these findings, we
hypothesize the presence of direct interactions between the GIyCNDs in the CE_CND1 and
NMDAr alters the channel dynamics and ultimately leads to channel activation. Although this
theory needs further scrutiny since other surface receptors (e.g., neurotrophin and nerve growth
factor) can regulate NMDAr-dependent currents,®® our findings nonetheless indicate
biomaterial-derived effects on the NMDA receptors which may, either completely or in part,
explain the reported cellular effects, as NMDAr activation is known to drive neurite growth,

neural differentiation and maturation as well as electrical activity.
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3.4 CONCLUSION

In conclusion, this work presents a novel electroconductive nanocomposite consisting of a
collagen type | matrix decorated with GlyCNDs, ultimately demonstrating its promising
potential as a biomaterial for applications ranging from neural tissue engineering and neuro-
regenerative medicine to bioinks and matrices for 3D cultures and biomimetic in vitro models.
After establishing an effective anchorage method for GIlyCNDs within the collagen matrix
through EDC-NHS coupling, we carried out a cytotoxicity assay to inform the optimization of
GlyCNDs concentration towards a biocompatibility comparable to that of pristine collagen.
The biological characterization of the nanocomposite was carried out with mouse iPSCs-
derived NP spheroids (and, in part, with a 3D culture of primary neurons) for a more
physiologically accurate representation of in vivo conditions towards enhancing the reliability
and translatability of our findings. The CE_CND1 nanocomposite substantially enhances the
neuronal differentiation of NP spheroids and promotes neuritogenesis, with conspicuous
dendritic arborization and axonal outgrowth, ultimately facilitating the formation of functional
and highly integrated neural networks. Furthermore, acute MK-801 treatment suggests a direct
interaction between collagen-immobilized GIlyCNDs and post-synaptic NMDA receptors.

Results from this work thus provide the fundamental knowledge for a new biomaterial-based
tissue engineering strategy for the treatment of neuronal disorders via the restoration of lost
neurons and neuroanatomical connectivity, thereby aiming to address the key pathological
substrate of these pathologies and ultimately improving the life of millions of patients

worldwide.

CHAPTER4: Neuro-regenerative potentials of anisotropically oriented
collagen hydrogel via remote magnetic field application.
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4.1 INTRODUCTION

The ability of mammalian neuronal cells to self-regenerate following either physical trauma
or neurodegenerative disease is limited.®® Many efforts have thus been made toward the
development of scaffolds that guide neuronal regeneration.3®%%! Among the different
materials’ physicochemical properties known to modulate cellular responses, topographical
guidance has been shown to play a pivotal role.*®? Several works have shown the ability of
specific physical cues (i.e., microchannels, pillars)>" 58646588 to guide the orientation of
neurons, to determine significant morphological transitions and to guide the neurogenic
differentiation of stem cells.®1.66.68.74

Collagen type | has been traditionally recognized for its excellent biodegradability,
biocompatibility, and accessibility.%®® In addition, its fibrillar nature coupled with high
versatility enables the fabrication of highly anisotropic scaffolds, making collagen a promising
candidate for neural tissue applications. For these reasons, many researchers have been
actively exploring different fabrication techniques such as electrospinning,®43

366 and strain-induced®’ alignment to generate anisotropically oriented collagen

microfluidics
fibrous hydrogels. Despite their proven effectiveness, these methods necessitate ex-vivo
manipulations prior to the interactions with cells or the implantation site, which could lead to
changes in the biological properties of the scaffold and increase the fabrication complexity.
Hence, there is a pressing need to conceive a fabrication approach that encompasses the
alignment of collagen in vivo that could guarantee the preservation of the biological and
mechanical characteristics of the scaffold while fostering a more natural interaction with the
native tissue environment.

To bridge this gap, we demonstrate that a collagen-based hydrogel containing functionalized

paramagnetic beads can be aligned via the remote application of a magnetic field. While this

set-up has been tested by many throughout the years,*¢%%° the unique peculiarities of our
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approach encompass: i) the functionalization of the paramagnetic beads with laminin ii) the
establishment of an optimized timing for magnetic induction during collagen fibrillogenesis
and iii) the use of a 3D culture system.

Regarding bead functionalization, our findings revealed that laminin-functionalized beads
yield superior collagen alignment, outperforming both pristine (-COOH) and streptavidin-
functionalized beads (the most reported choice in literature). In addition, we hypothesized that
laminin, greatly known for facilitating neuronal cell population adhesion and spreading,®-686°
could serve in establishing additional anchorage points for better cellular adhesion. Regarding
magnetic induction timing, a parameter whose importance in influencing the collagen
alignment outcome has been greatly overlooked in the past, this study establishes an optimized
protocol based on the in-depth study of collagen fibrillogenesis.

Mouse iPSCs-induced neural stem cells (NSCs) were employed to evaluate the biological
activity of the novel collagen hydrogels. The aligned hydrogel (hereafter referred to as
A_LAM) was shown to facilitate NSCs adhesion with the formation of significantly higher
focal adhesion points when compared to collagen alone (hereafter referred to as COL).

Our study revealed that the anisotropic distribution of collagen fibers significantly
influenced the differentiation dynamics of NSCs. In fact, within 48 hours of magnetic
induction, NSCs seeded within A_LAM were found to express a significantly higher amount
of NeuroD1 marker compared to COLL and to its not aligned counterpart (hereafter referred
to as LAM), suggesting that A LAM elicits an early onset toward the neurogenic
differentiation. In addition, we observed that NSCs seeded within A_LAM presented a notable
reduction in the levels of active-YAP1, the main effector of the Hippo pathway. This finding
suggests that the anisotropic topography presented by A LAM plays a role in eliciting
differential activation patterns within the Hippo pathway, readily guiding cells toward a

neurogenic fate as opposed to proliferative trajectories.
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Finally, we evaluated the effect of anisotropic fiber in modulating the orientation and neurite
outgrowth of NSCs, two critical aspects that greatly determine the success of neural
regeneration strategies. Our findings revealed the outstanding ability of A _LAM in
preferentially orienting NSCs along with the fibers’ direction. In addition, despite the similar
average neurite length found across conditions, NSCs embedded in A_LAM displayed a
significantly higher average longest neurite length compared to the control conditions. This
implies that the anisotropic orientation of collagen fibers characteristics of A_LAM facilitates
a subset of NSCs to develop more elongated neurites, which could potentially serve as pivotal

guides during the neuronal regeneration process.

4.2 MATERIALS AND METHODS
4.2.1 Paramagnetic beads functionalization

Carboxyl functionalized paramagnetic microbeads (Dynabeads™ MyOne™, USA, 65011)
were introduced in the collagen suspension. The beads were used either in their pristine state
or were further functionalized with biomolecules that have a high affinity with collagen (i.e.,
laminin and streptavidin) by EDC-NHS coupling. Briefly, the pristine beads were immersed
for 1h in the activation buffer consisting of 50mM MES buffer (pH 6.0) containing 10mM EDC
and 5mM NHS. The beads were then centrifuged and washed twice in MES buffer and
immersed for 30 min in the reaction buffer consisting in 50 mM MES and one of the proposed
biomolecules at a concentration of 80ug/ml. The functionalized beads were then washed twice
with dH2O and stored in the fridge for future use. To confirm the effective biomolecule
functionalization, the beads were labeled with Alexa Fluor™ 555 NHS Ester (ThermoFisher,
A20000) and imaged with a brightfield AxioObserver Z1 microscope (Zeiss) using a 40X

objectives (0.95 NA).
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4.2.2 Hydrogel preparation

Hydrogels were prepared using rat tail-derived type | collagen (Corning, 9.38 mg/ml,
#354249). All reagents were pre-cooled at 4 °C and placed on ice to prevent any premature
gelation upon mixing. The gelling procedure was performed following the manufacturer's
instructions. Briefly, under sterile conditions, collagen stock was diluted in Neurobasal
expansion media (see protocol below) and PBS 10X to achieve a final matrix concentration of
1mg/ml. To ensure the proper collagen polymerization, the solution was buffered to a pH of
7.4 by adding 1N NaOH. Finally, the paramagnetic beads were introduced into the mixture at
different concentrations ranging from 0.5 to 10 %vol/vol to assess the resulting alignment.
Aliquots of 10uL were pipetted in 96 well-plate and a commercially available bar magnet (K&J
Magnetics, USA, #BY088) was then placed atop the samples at different timepoints that were
chosen according to the turbidity curve obtained by gathering the absorbance peak at 400nm.
After 1h, the samples were incubated at 37 °C to ultimate the polymerization. The magnet was

removed the following day.

4.2.3 Turbidity studies

The dynamics of collagen fibrillogenesis was evaluated via absorbance readings. Sinergy
H1 plate reader (BioTech® Instruments, USA) was employed to gather the absorbance peak at
400nm at different timepoints.}”” The absorbance values were then employed to optimize the

timing of collagen’s magnetic induction which would lead to the most efficient alignment of

the fibers.

4.2.4  Fiber alignment quantification
Collagen samples were visualized via confocal reflectance on a LSM880 AxioObserverZ1

equipped with a superhigh resolution Airyscan detector using a 405nm laser and W Plan-
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Apochromat 20X/1.0 NA objective. Several z-stacks were gathered throughout the thickness
of the samples. The images were then analyzed in ImageJ using the OrientationJ plugin to
extract the fiber orientation distributions. The curves were then fitted to a Gaussian distribution
on OriginPro software to determine the FWHM values.

Considering the orientation analysis, we delineate the experimental for the subsequent cell
culture studies. In particular, the collagen configuration that provided the best fiber alignment
(i.e., collagen matrix incorporating laminin-functionalized beads aligned through magnetic
field applied after 10 minutes) was chosen as the aligned condition (hereafter referred to as
A _LAM) and compared to different control conditions where the collagen fibers where not
aligned. Pristine collagen (hereafter referred to as COL) and composite hydrogel made of
collagen matrix incorporating pristine beads (hereafter referred to as COOH) were used to
elucidate the cellular effects elicited by the introduction of laminin-functionalized beads within
the collagen matrix. In addition, we included an additional control condition consisting of
composite hydrogel made of collagen and laminin functionalized beads (same as A_LAM) that
did not undergo fiber alignment via magnetic field (hereafter referred to as LAM), enabling us

to single out the topographical effects of fiber alignment on cell functions.

4.2.5 iPSCs conversion into NSCs

Mouse iPSCs (Alstem, #1IPS02m) were expanded on a mitomycin-treated mouse embryonic
fibroblasts (MEFs) layer in growth media consisting in knockout DMEM (Gibco, 108290180)
supplemented with 20% knockout serum replacement (Gibco, N10828028), 1% GlutaMAX
(Gibco, 35050-061), 1% pen/strep (Gibco, 15070063), 1% nonessential amino acids (Gibco,
11140-050), 0.1 mM 2-mercaptoethanol (Sigma, M3148), and 1000U/ml leukemia inhibitor

factor (LIF, Gibco, PMC9484). Once the colonies were formed, the cells were transferred onto
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a gelatin (0.1% wi/v) coated 100mm tissue culture dish to eliminate the iMEFs. The iPSCs were
allowed to recreate colonies and were expanded for at least 3 passages.

Then, iPSCs were plated onto gelatin-coated 6-well tissue culture plate at a density of 8x10*
cells/well and cultured in induction medium composed of a 1:1 mixture of DMEM/F12 and
Neurobasal supplemented with 2% B27 (Invitrogen). Cells were maintained in such medium
for 12 days to induce neurogenic differentiation. Then, iINSCs were dissociated and expanded
as single cells on uncoated 100 mm plates in Neurobasal medium supplemented with 1% N2
and 20 ng/ml of both human epidermal growth factor (EGF, Gibco, PHG0313) and human
basic fibroblast growth factor (bFGF, Gibco, PHG0367). The cells were finally passaged 2-3
times to establish the line and stored in expansion medium supplemented with 10% dimethyl
sulfoxide (DMSOQO). To confirm the successful neural induction, iNSCs were cultivated on
laminin and poly-D-lysine coated coverslips for 24h, stained with nestin and b-111- tubulin and
observed under the confocal microscope.

The different steps involved in iPSCs conversion into NSCs and the staining of NSCs final

stage can be seen in the Appendix section (Figure S4.1, Appendix).

4.2.6 NSCs culture

INSCs suspension was mixed at a 1:1 volume ratio with the collagen solution to obtain a
final collagen concentration of 1mg/ml. 10uL aliquots of the mixture (50 000 cells per well)
were then seed in 96 glass-bottom well-plate previously coated with poly-D-lysine and laminin.
The collagen alignment was performed following the same procedure described above (see
Section 4.2.2). Once the complete polymerization of collagen was achieved, differentiation
media consisting of Neurobasal medium supplemented with 1% pen/strep, 1% GlutaMAX, 2%
B27, 1% N2, 10 ng/ml bFGF, 20 ng/ml BDNF (PeproTech, 450-02), and 1 mM valproic acid

(Sigma Aldrich) was added to each sample. The media was changed every other day.
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4.2.7 Cytotoxicity evaluation

Invitrogen™ LIVE/DEAD™ Viability/Cytotoxicity Kit (Catalog number: L3224) was
employed to assess the potential cytotoxic effects of paramagnetic beads on NSCs viability.
Briefly, at DIV1 and 3, the sample were washed with PBS1X prior to incubation with the
staining solution consisting of 2 UM calcein (Component A), 4 uM ethidium homodimer-1
(Component B) that was complemented with Hoechst 33342 (ThermoFisher, R37605) for total
cell counting. The samples were incubated for 30 min at 37C and imaged on LSM880
AxioObserverZ1 confocal microscope through a Plan-Apochromat 20X objective (NA = 0.8,
Zeiss). The multi-channel z-stack images were successively processed in Fiji and the number
of dead cells was calculated as the ratio between ethidium homodimer-1 positive cells and

Hoechst 33342.

4.2.8 Presto blue assay

A resazurin-based PrestoBlue microplate assay was used to assess cell viability at specific
time points. Briefly, a fresh 10% dilution of stock PrestoBlue (ThermoFisher, A13262) in the
cell-specific culture media is prewarmed to 37°C. The original cell culture media were removed
from the experimental 96 well plate and replaced with 100uL PrestoBlue solution. The media
were transferred to fresh 96-well F-bottom plates after incubation at 37°C for 60 minutes, and
the absorbance was determined using the BioTek Synergy H1 microplate reader (Agilent) with

the ex-wavelength and e-wavelength at 570 nm and 600 nm respectively.

4.2.9 Immunofluorescence analysis
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At 1, 2 and 7 DIV, the samples were fixed in fresh 4% paraformaldehyde (PFA) at room
temperature for 2 h. Fixed samples were permeabilized with 0.25% Triton-X100 (Sigma-
Aldrich, #11332481001) and blocked with 5% horse serum (ThermoFisher, #31874) overnight
at 4 °C. Samples were successively incubated with primary antibodies for 24 h at 4 °C, rinsed
for a minimum of 5 times with blocking buffer, and lastly incubated overnight at 4 °C with
donkey secondary antibodies. The details and working dilutions of primary and secondary
antibodies are listed in Table 4.1. After 5 rinses, the nuclei were stained with 4-6-diamidino-
2-phenylindole-dihydrochloride (DAPI) for 4 h at room temperature.

Vinculin-based analysis of focal adhesion

Samples fixed at 1DIV, were employed to evaluate the adhesion of NSCs to the different
constructs. Focal adhesion structures were classified into focal complexes (FC) and focal
adhesion (FA) based on their size. The small FC (< 2 um) are primary cell-ECM adhesion
structures at the cell periphery, which either disassemble rapidly or mature into larger FAs (2—
5 um).3° To this end, Samples were imaged on LSM800 AxioObserverZ1 confocal microscope
through a Plan-Apochromat 40X oil objective (NA = 1.3, Zeiss). The multi-channel z-stack
images were successively processed in FIJI for background subtraction and the generation of a
maximum projection. Particle analysis plug in was then employed to quantify the size and the
number of FCs and FAs.

Considering the significantly higher cytotoxicity and consequently reduced metabolic
activity, we opted to exclude the COOH condition from the following cell culture work.

Evaluation of early neuronal differentiation

Samples fixed at 2 DIV, were employed to investigate the differentiation stage of NSCs
cultured within the different conditions. Samples were imaged on LSM800 AxioObserverZ1

confocal microscope through a Plan-Apochromat 20X objective (NA = 0.8, Zeiss). Particle
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analysis plug in was employed to extract the average number of cells positive for NeuroDland
the average nuclear expression of active-YAP1.

NSCs orientation and morphological analysis

Samples fixed at 7 DIV we employed to evaluate NSCs orientation with respect to the
preferential direction of collagen fibers following magnetic field application. To this end,
samples were stained with Calretinin and p-111 tubulin and imaged on LSM800
AxioObserverZ1 confocal microscope through a Plan-Apochromat 20X objective (NA = 0.8,
Zeiss). The cellular orientation angle was manually extracted on ZenLite 3.8 software. A
minimum of 100 cells per condition and 5 samples per condition were considered.

Finally, we performed a morphological analysis mainly focusing on neurites elongation and
spreading. To this end, an automated Strahler analysis (ImageJ Neurite Tracer plugin) was
applied to defined 250 pum square ROIs, enabling the quantification of average branch length

and average longest branch length.

Table 4.1: List of primary and secondary antibodies, with their working dilution, used in this
study.

Primary antibody Dilution Secondary antibody Dilution
B Hl-tubulin (Abcam, ab78078) 11000 anti-goat Alexa 488 1:500
Vinculin (SigmaAldrich, V9264) 1:400 anti-rat Alexa 555 1:500
Ki-67 (ThermoFisher, 14-569) 1:250 anti-mouse Alexa 594 1:500
NeuroD1(ThermoFisher, 1PA5-78075) 1:500 anti-rabbit Alexa 647 1:500
HDAC1 (SantaCruz, sc81598 1:200

Nestin (Abcam, ab105389) 1:500

Calretinin (Abcam, ab92341) 1:500

YAP1 (proteintech, 3A7A9) 1:1000

Active-YAP1 (Abcam, ab205270) 1:1000

4.2.10 Western blot
Cells cultured in COL, LAM and A_LAM conditions were harvested into cold RIPA buffer
by scraping and sonication of the collagen matrix. The total protein concentration of the cell

lysates was determined by BCA assay (Pierce™ BCA Protein Assay Kit, # 23225,
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ThermoFisher). The lysates were successively boiled for 10 min at 95 °C in the sample loading
buffer. The proteins were electrophoretically resolved on a 10% SDS-PAGE gel at 100 V.
Resolved proteins were transferred to PVDF membranes for 30 min at 20 V using Transblot
Turbo (BioRad, USA). After washing, the membranes were blocked in 5% BSA for 1 h at room
temperature. Subsequently, the PVDF membranes were blotted with primary antibodies
overnight at 4 °C, washed 5 times with TBST buffer and incubated 2h at room temperature
with peroxidase-conjugated secondary antibodies. After washing, the membranes were imaged

by a ChemiDoc XRS+ (BioRad) system and the bands were analyzed with the ImageJ software.

4.2.11 Statistical analysis

Data are reported as mean = standard deviation (SD) or standard error of the mean (SEM)
from at least 3 separate experiments. Data were plotted with GraphPad software, version 8.0.
The normality of the distribution was assayed by different tests, such as Pearson normality test
and Shapiro-Wilk normality test. For normally distributed data, one-way, two-way analysis of
variance (ANOVA) test followed by Tukey's Honestly Significant Difference (HSD) post hoc
test was used. For non-normally distributed data, Kolmogorov—-Smirnov test analyses were

carried out. Significance was set at p < 0.05.

4.3 RESULTS AND DISCUSSION
4.3.1 Optimization of collagen alignment

In this study, we aimed to create a robust and reproducible method to produce aligned
collagen hydrogels via the integration of paramagnetic micro-beads and the application of a
remote magnetic field. To reach this goal, we focused on the functionalization of the beads
with different biomolecules and the optimization of the magnetic field application timing via

the in-depth study of collagen fibrillogenesis. We selected paramagnetic microbeads with a
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diameter of 1 um and we tested concentrations ranging from 0.5 to 10%vol. In accordance with
several reported studies, 313839 our investigation revealed that increasing the beads
concentration beyond 1%vol did not elicit a significant enhancement of the resulting collagen
fibers. For this reason, the results presented below adopt the same bead concentration of 1%vol.
In addition, we observed that the majority of the studies reported an enhanced alignment of
collagen fibers attained by the use of either carboxylic or streptavidin functionalized beads
when compared to non-functionalized beads.>®®3"* For this reason, we employed COOH-
functionalized beads that enable us to covalently bond, via EDC-NHS coupling, different
biomolecules. We opted to functionalize the beads with streptavidin due to the notable
alignment outcomes previously documented by others.3’* In addition, we conducted laminin
functionalization of the beads. We hypothesized that, given its crucial role in facilitating anchor
points for neuronal cell adhesion and spreading,%#1%>1% along with its established native
interactions with collagen in the extracellular matrix (ECM)3"? laminin-functionalized beads
might not only promote superior collagen alignment but also foster a biologically advantageous
microenvironment. Figure 4.1A illustrates representative confocal images of the paramagnetic
beads labelled with NHS ester conjugated with Alexa Fluor 555. It is evident that the NHS
ester groups reacted with the primary amines present in both streptavidin and laminin, thus
confirming the successful functionalization of COOH- beads via EDC-NHS coupling.

Our investigation cast new light on the importance of the timing of application of the
magnetic field in determining the resulting collagen alignment. While several studies reported
the alignment obtained via the instantaneous application of the magnetic field, in this study we
performed an in-depth analysis of the fibrillogenesis dynamics of collagen and we tested
different timing of magnetic field application, uncovering the great influence of such variable.
Figure 4.1B shows a representative turbidity curve in the first hour of collagen fibrillogenesis.

It is possible to discern three separate phases: i) the lag phase during which collagen monomer
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starts to form nucleation sites, ii) a fast growth phase during which the nuclei develop into

fibrillar structure and iii) a plateau phase where the monomers are depleted. 373374
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Figure 4.1: Optimization of collagen hydrogel alignment via remote magnetic field. (A)
Paramagnetic beads were introduced in the collagen solution either in their pristine state
(COOH) or after EDC-NHS coupling with streptavidin or laminin. The successful
functionalization of the beads with the biomolecules was shown via NHS ester labelling. Scale
bar: 5 um (B) Representative turbidity curve during collagen fibrillogenesis that was used to
pick different timepoints at which applying the remote magnetic field to align collagen fibers.
Scale bar: 25 um. (C) Representative confocal images of collagen using pristine (left),
streptavidin- (center) and laminin- (right) functionalized beads. The magnetic field was applied
either at the onset of fibrillogenesis (t=0min, top) or at the lag/growth transition phase
(t=10min, bottom). Scale bar: 100 um. (D) Orientation frequency distribution obtained for the
two timing of magnetic field application. (E) FWHM values obtained from Gaussian fitting of
the frequency distributions.
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Based on the turbidity curve of collagen, we identified different timepoints to apply the
magnetic field. Specifically, we chose to apply the magnetic field at the beginning of the
fibrillogenesis (t=0 min) and at the lag/growth phase transition (t=10 min).

Representative images of the obtained degree of collagen alignment obtained for different
timing of magnetic field application are shown in Figure 4.1C. It is evident that the application
of the magnetic field in concomitance with the lag/growth phase compared to the beginning of
fibrillogenesis led to enhanced collagen fibers alignment for the different bead
functionalizations tested (left to right). Figure 4.1D shows the fiber orientation frequencies for
both timing of magnetic field application. The distributions were fitted to a Gaussian curve to
extract the full width at half maximum (FWHM), as an indicator of distribution spreading and
dispersion (Figure 4.1E). From such analysis, we found that the FWHM values significantly
decreased for all functionalization tested when the magnetic field was applied after 10 minutes
compared to an instantaneous application of the magnetic field. In particular, for both timing
of magnetic field application, we found that laminin-functionalized beads displayed the lowest
FWHM values compared to the other functionalization tested (i.e., pristine and streptavidin).
The lowest FWHM values were found for magnetic induction at t=10 (at the lag/growth phase
transition) with laminin-functionalized beads.

In accordance with the presented results, we chose this condition (A_LAM) as the aligned
experimental condition to conduct the following cell culture experiments. For completeness
of the study, this condition will be compared to several controls. Specifically, pristine collagen
(COL) will be used as a control condition as it will enable us to single out the effect elicited by
the introduction of the pristine beads in the collagen matrix (COOH). The effects of laminin-
functionalization of the beads will be pinpointed by the condition LAM. This condition will

also provide a great control to point out the effect of aligned topography in the experimental
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condition A_LAM. In fact, as shown in Figure S4.1C we did not detect any significant

differences in stiffness between LAM and A_LAM conditions.

4.3.2 Cytotoxicity assays
When designing a novel biomaterial, it is important to comprehensively evaluate its

potential cytotoxic effects on cell survival. In this study, we employed mouse iPSCs-derived

NSCs. We evaluated NSCs survival at 1 and 3DIV through immunofluorescence imaging.

Composite B
; 25 1DV EEcoL
T [71COOH
20 [ LAM
7 *k [ A_LAM

15

10 4

Dead cells [%]

3 7 C 3DIV

*%

Dead cells [%)]

i

Figure 4.2: Live/dead assay performed on NSCs at 1 and 3DIV. (A) Representative confocal
images of NSCs seeded into the different conditions and stained with live/dead assay Kit at
1DIV. The aligned experimental condition (A_LAM) was compared to its not aligned
counterpart (LAM), to collagen hydrogel supplemented with pristine beads (COOH) and

standalone collagen hydrogel (COL). Scale bar: 150 um. (B) Percentage of dead (ethidium
homodimer-1 positive) cells after 1 DIV and 3 DIV (C).

Figure 4.2A shows representative images of NSCs stained with live/dead assay kit seeded

on the different conditions tested at 1 DIV. As can be seen in Figure 4.2B, COOH condition
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displayed a mean percentage of dead cells significantly higher compared to the other tested
conditions. While COL, LAM and A_LAM, displayed a mean percentage of dead cells of
respectively 4.9, 4.7 and 5.4 %, COOH exhibited a dead cell percentage of 13.7 %. The same
trend was also depicted at 3 DIV (Figure 4.2C). In fact, both A_ LAM (7.4 %) and LAM (6.1
%) conditions displayed similar average values of dead cell percentages compared to COL (6.3
%), whereas COOH exhibited the highest values (18.2 %). This observation, previously noted
by other researchers,>">%"® led us to hypothesize that the COOH functional groups of the
paramagnetic beads might engage in strong interactions that result in cellular membrane
damage and compromised integrity. Compared to pristine beads (COOH), laminin-
functionalized beads (both LAM and A_LAM) foster beneficial interactions that facilitate a
more specific and controlled cell-bead interaction, likely reducing potential membrane

damages and ultimately ensuring a more sustained cellular viability.

4.3.3 Proliferation and adhesion analysis

To evaluate the metabolic activity of NSCs seeded in the different conditions, we performed
Presto blue assay. As shown in Figure 4.3B, LAM and A_LAM conditions showcased a
significantly higher metabolic activity during the first 24h of culture when compared to COOH
and COL. In particular, the absorbance readings (normalized with respect to COL) captured at
2h for LAM and A_LAM were 1.28 and 1.23, while COOH was characterized by an average
value of 0.97. Similar trends were also observed at 6h and 24h, with LAM and A_LAM
normalized absorbance values further increasing to respectively 1.67 and 1.78 at 6h, and to
1.75 and 1.64 at 24h. In addition, we noticed that the metabolic activity of COOH was
significantly decreased at 24h, with a normalized absorbance value of 0.78. This data aligns
with the previously discussed cytotoxicity analysis, illustrating a rise in cell death rates, which

is reflected in the diminished overall metabolic activity of NSCs seeded into COOH construct.
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At 48h, we noticed that A_LAM condition exhibited a significant decrease in metabolic

activity, with an average absorbance value that was significantly lower than COOH and LAM.
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Figure 4.3: Proliferation assay and adhesion analysis of NSCs. (A) Representative confocal
images of NSCs stained for HDAC1 (magenta), actin (green) and vinculin (yellow) 1DIV.
Scale bar: 20 um. (B) Relative metabolic activity observed over 96 hours of culture in NSCs
seeded onto various scaffolds. White asterisks highlight significant differences with COL
condition (C) Average adhesion points found for the different conditions. According to their
size, adhesion points were categorized as either focal complexes (< 2 um, FC) or focal
adhesions (> 2 um, FA) (D) Average normalized HDAC1 expression found for the different
conditions tested,

Specifically, the normalized mean absorbance value for A_LAM was observed to be 0.92.
In comparison, LAM and COOH displayed values of 1.13 and 0.69, respectively. This sudden
shift in the metabolic trajectory observed in the A_LAM setup might be indicative of an
accelerated initiation of neurogenic differentiation processes, potentially overtaking the

proliferative phase of NSCs and ultimately impacting the overall absorbance readings. In the
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next section, we will delve deeper into investigating the early differentiation stages of NSCs
seeded into the different hydrogels.

Finally, at 96h, both A_LAM (1.08) and LAM (1.04) conditions displayed a metabolic
activity comparable to COL, while COOH group data (0.77) confirmed the overall lower
metabolic activity that likely results from an increased cytotoxicity.

In light of the interesting metabolic trends showcased by NSCs in the first 24h, we
performed a vinculin staining of the samples to gain more insights on the integrin-mediated
NSCs adhesion when seeded within the different conditions. Specifically, to obtain a deeper
understanding of the underlying cell-substrate interactions, we distinguished between focal
complexes (adhesion points smaller than 2 um) and focal adhesions (adhesion points larger
than 2 um). Focal complexes, which are smaller and more transient, usually appear in the early
stages of cell adhesion, reflecting initial cellular response to the surroundings. Conversely, the
larger focal adhesions indicate well-established and enduring cell-substrate connections and
have been shown to play a significant role in cellular mechanotranduction.®”-3"° The resulting
confocal images, depicted in Figure 4.3A, underlined a significant augmentation in the overall
NSCs vinculin expression levels (Figure 4.3C) when seeded within LAM and A LAM
conditions as compared to the standalone COL and COOH. Specifically, we registered a
significant increase in the number of focal complexes in both LAM (25.4) and A_LAM (24.9)
conditions when compared to COL (19.3) and COOH (20.7), reinforcing the pivotal role of
laminin in facilitating robust cell-matrix interactions already reported by many. 14116
Interestingly, NSCs embedded in the A_LAM (15.5) condition presented a significantly higher
number of focal adhesions compared to LAM (14.7), potentially showcasing the synergistic
benefits of laminin functionalization and collagen alignment in fostering optimal adhesion

dynamics.38
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The alignment of collagen not only elicited an increased number of focal adhesions but also
differentially modulated the expression levels of HDACL, a key regulator of gene expression
and cellular signaling.®®! HDACZ1, being a core component of the histone deacetylase complex,
plays a critical role in gene expression regulation through the removal of acetyl groups from
histones, leading to a more condensed and less transcriptionally active chromatin state. In this
context, several studies have reported the potential role of HDACL1 in regulating, among others,
the neuronal differentiation of stem cells and neural progenitors.®38 As shown in Figure
4.3D, the nuclear analysis revealed a significant decrease in HDACL1 in A_LAM (0.12) when
compared to LAM (0.19), COOH (0.17) and COL (0.21). This result suggests that the
topographical rearrangement of collagen fibers in A_LAM might trigger a series of signaling
pathways that ultimately led to an attenuated activity of HDAC1. A plausible explanation
centers around the increased interaction displayed by A LAM with integrin receptors, as
evidenced by the elevated focal adhesion points (Figure 4.3C), offering a conceivable pathway
influencing HDAC1 expression dynamics.34# In addition, several studies have showcased
the modulation of HDAC1 via specific physicochemical properties presented by the
surrounding microenvironment. For instance, it was reported that specific surface micro-
grooves could modulate the expression level of HDAC1 in mouse iPSCs.%® Similarly, it has
been shown that the level of HDACL1 in hMSCs was greatly modulated by the stiffness of

polyacrylamide gels.3®’

4.3.4 Evaluation of early neuronal differentiation of NSCs

Considering the PrestoBlue results observed at the 48-hour mark and notably the significant
reduction in the metabolic activity registered for the A_LAM group, we extended our
investigation to determine the underlying cellular processes potentially in action. To this end,

we employed immunofluorescence imaging and Western blot analyses to evaluate potential
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differences in the expression levels of key markers representative of the diverse stages of NSCs'
biological development, specifically focusing on proliferation (i.e., Ki67) and early neurogenic
differentiation stage (i.e., NeuroD1) markers. Figure 4.4A illustrates representative nuclear

staining of NSCs with Ki-67 and NeuroD1 for the different conditions tested.
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Figure 4.4: Early neuronal differentiation analysis. (A) Representative images of Ki67 (green)
and NeuroD1 (red) expression levels in the different conditions tested. Scale bar: 50 um (B)
Average percentages of NSCs positive for Ki67 (left) and NeuroD1(right). (C) Western blot
analysis of NeuroD1 expressions. (D) Quantification of NeuroD1 expression levels.

Positive cells [%]

-
o
1

o
L

Ki67 NeuroD1
C coL LAM A_LAM
® & O

NeuroD1| M s wllunp

I

—

T L) T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative NeuroD1 expression

**

=
»

Nuclear analysis (Figure 4.4B) revealed that NSCs seeded into LAM (18.2 %) and A_LAM
(19.7 %) displayed a lower average percentage of Ki-67 positive cells when compared to COL
(28.7 %). On the other hand, the average percentage of NSCs positive for NeuroD1 was found
to be significantly higher in A_LAM (17.3 %) when compared to both LAM (6.8 %) and COL
(8.0 %) conditions. This trend was further corroborated by Western blot analyses (Figure 4.4C-

D), where the A_LAM condition showcased a pronounced elevation in NeuroD1 expression
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relative to the control groups, potentially hinting at an enhanced propensity for neurogenic
differentiation. This finding suggests that the aligned structure of collagen fibers in A_LAM
might be fostering a microenvironment conducive to early neuronal differentiation, a
hypothesis that aligns with different studies reported in the literature that attribute a decisive
role to biomaterial topography in guiding cellular differentiation paths,>6466:67.71,74365.368

To further elucidate the mechanisms influencing the behavior of NSCs in the different
conditions environments, we evaluate the expression levels of the Yesl-associated protein
(YAP1) and its non-phosphorylated, active state. The Hippo signaling is in fact sensitive to
mechanical stress experienced by the cells. The biomechanical regulation of Hippo signaling
is revealed by the sensitivity of YAP1 localization to a variety of perturbations including the
ECM stiffness, cell stretching, shear forces and topographical cues.®3% Figure 4.5A
illustrates representative images of the NSCs expression levels of YAP1 and its activated
(nuclear) form. Nuclear analysis (Figure 4.5B) revealed that laminin-functionalization
determined a lower expression of nuclear/active-YAP1 compared to standalone collagen. In
fact, the average nuclear expression of Y AP significantly decreased from 0.37 in COL, to 0.31
and 0.25 for LAM and A_LAM, respectively.

In addition, our results pointed out the significant influence of aligned topography in the
expression levels of active-YAPL, as we found a statistically significant difference between
LAM and A _LAM. Quantitative Western blot analysis (Figure 4.5C) corroborated the IF
imaging results. The average expression of active-YAP1 normalized by total YAP1 was
significantly decreased in the A_LAM group (Figure 4.5D). Specifically, the average value
significantly decreased from 0.23 (COL) and 0.19 (LAM) of control conditions to 0.10 for the

experimental A_LAM condition.
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Figure 4.5: Expression of YAP1 and active-YAPL1 throughout the different conditions. (A)
Representative images of YAPL (yellow) and active-YAP1 (red) expression levels in the
different conditions tested. Cell bodies were stained with actin (green). Scale bar: 25 pum. (B)
Active-YAPlaverage intensity expression levels for the different conditions tested. (C)
Western blot analysis of YAP1 and active-YAP1 expressions. (D) Relative quantification of
active-YAP1 normalized by the total expression of YAP1.

Taken together, our findings revealed that the unique physicochemical properties of
A_LAM play a pivotal role in determining an early onset for the neurogenic differentiation of
NSCs. The significant downregulation of HDAC1 expression at 24h, aligns with the reduced
proliferation rates of A_LAM. As a known regulator of cellular differentiation processes, the
reduced HDAC1 expression suggests that A_LAM offers a conducive microenvironment for
neurogenic differentiation, a consideration that was further confirmed by the upregulation of
the early neurogenic differentiation marker NeuroD1.

In parallel, we detected a significant modulation in the Hippo signaling pathway,
particularly regarding the activity of its main effector, YAPL, in its non-phosphorylated and

thus active state. This transcriptional co-activator has recently gained significant attention for
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its pivotal role in mechano-transduction signaling and has been reported to be highly sensitive
to the physicochemical properties presented by the ECM. The diminished active-YAP1 level
found for A_LAM, suggests that the anisotropic orientation of collagen fibers could enhance
the transition toward an NSCs stage that fosters neuronal differentiation.

Consequently, the apparent synchronization in the activities of HDAC1 and the Hippo
signaling pathway (i.e., active-YAP1) underlines a coordinated cellular response to the specific
physicochemical environment offered by A LAM condition, emphasizing a complex yet

synergistic role in guiding the early neurogenic differentiation of NSCs.

4.3.5 Orientation and morphological analysis of NSCs

Many disorders affecting the nervous system entail the damage and deterioration of axonal
tracts, which consist of highly organized and aligned bundles of axons. For this reason, it is
important to develop biomaterials that can foster an oriented axonal growth that will ultimately
aid in repairing the injured site.3%33% For this reason, we interrogated the ability of A_LAM to
preferentially orient NSCs. Figure 4.6A displays representative images of NSCs after 7 DIV.
It is evident how the anisotropic fiber distribution of A_LAM guided a preferential orientation
of NSCs toward the direction of the collagen fibers. By extracting the angle frequency
distributions of the different conditions (Figure 4.6B), we observed that A_LAM induced a
substantial increase in the proportion of NSCs aligning within an angle deviation of + 22.5°
relative to the primary direction of the fiber alignment. Specifically, our data indicated that
55% of NSCs embedded within A_LAM were oriented within this angular range, highlighting
a strong NSCs tendency to preferentially orient toward the inherent fiber orientation of
A_LAM. Not surprisingly, the alignment propensity was notably decreased for COLL and
LAM conditions, where the proportion of NSCs exhibiting alignment within the £ 22.5° range

was 42% and 39%, respectively.
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Figure 4.6: Orientation and morphological analysis of NSCs. (A) Representative images of
NSCs expression of B-111 tubulin (red) and calretinin (yellow) at 7DIV for the different
conditions. The white arrow indicates the main fiber orientation after magnetic field
application. Scale bar: 150 um. (B) Frequency angle distribution found for NSCs in relation to
the main collagen fibers orientation. (C) Average NSCs orientation angle in relation to the main
collagen fibers orientation. (D) Average length of neurites spreading from NSCs in the three
conditions tested. (E) Average longest neurites length found across the three conditions tested.
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The great efficiency of A_LAM in providing a supportive environment for NSCs aligned
was also supported by the average orientation angle displayed by NSCs. As shown in Figure
4.6C, the A_LAM condition displayed the lowest average angle (27.5°) that was significantly
lower when compared to COL (44.7°) and LAM (42.3°). Finally, we performed a
morphological investigation of NSCs namely examining neurites extension.

Figure 4.6D shows the average neurite length found across the three conditions. Despite no
significant differences being observed for the average neurite length, interestingly A_LAM
showed a significantly higher average longest neurite length. As shown in Figure 4.6E, the
average longest neurite length found for A_LAM (191 pm) was significantly higher when
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compared to both control conditions (138 pum and 147 um for COL and LAM, respectively).
This result suggests that the distinctive anisotropic orientation of collagen fibers present in
A_LAM provides a conducive environment for extended neurite formation. In the context of
neuronal regeneration, such elongated neurite morphology has great implications. In fact, it has
been shown that such morphological signature can elicit improved cellular communication and
signal transduction,®>3% possibly enhancing the integration of these newly formed neuronal

networks within the existing neural framework.3%6:397
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44 CONCLUSION

In conclusion, this study optimized a collagen-based hydrogel intended for neuronal
regeneration that can be aligned in situ via the application of a remote magnetic field. While
this approach has already been investigated by others, the distinct contribution of this study
relies on the use of laminin-functionalized paramagnetic beads, coupled with the optimization
of the timing of magnetic induction. Our finding highlighted the significant impact that the
timing of the magnetic field application had on the overall collagen fibers alignment,
demonstrating that the best alignment was achieved when the magnetic field was initiated in
concomitance with the lag/growth phase transition of collagen fibrillogenesis.

When populated with mouse iPSCs-induced NSCs, the novel hydrogels demonstrated low
in vitro cytotoxicity and provided a suitable environment for the establishment of mature focal
adhesions. In addition, within 48h from magnetic induction, the aligned construct demonstrated
the ability to expedite the neurogenic differentiation of NSCs via enhanced activation of the
Hippo signaling pathway. Lastly, NSCs embedded with the aligned scaffold showcased a
preferential orientation toward the collagen fibers direction and an increased average longest
neurite length.

Taken together, our study highlights the advantageous properties of the newly developed
injectable collagen hydrogel, which coupled with the possibility to preferentially guide its

orientation remotely, make it a promising candidate for applications in neuronal regeneration.
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5. THESIS’ GENERAL CONCLUSIONS

The work presented in this thesis demonstrates that:

(Chapter 2)

(Chapter 3)

(Chapter 4)

Microgroove patterning and chemical crosslinking of electrodeposited chitosan
films modulate several pivotal cellular functions, including cell morphology,

orientation and differentiation.

The integration of GIlyCNDs within a collagen hydrogel markedly enhanced the
neuronal differentiation, the neurite outgrowth and the electrophysiological

maturation of mouse iPSCs-derived spheroids.

Collagen fibers alignment via remote magnetic field greatly depends on the
timing of magnetic induction and on the paramagnetic-beads functionalization.
The novel anisotropically oriented hydrogel provides a beneficial environment
for early neurogenic differentiation and for the preferential orientation of mouse

iPSCs-derived NSCs.

Taken together, these studies present novel engineered biomaterials with instructive

physicochemical properties that aim at eliciting beneficial neuronal responses in the context of

neural tissue engineering applications. The reported findings on the structure-functions

relationship governing cell-substrate interactions are posed to offer valuable insights for the

development of future biomaterials.
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6. APPENDIX

6.1 CHAPTER2: SUPPLEMENTARY INFORMATION
6.1.1 Raman Spectroscopy

Materials and Methods: Infrared spectroscopic analysis was complemented by capitalizing

on the Raman module of the alpha300 RSA system (WITec, Germany). Single spectra were
collected from three randomly selected regions of each sample using a 785 nm Toptica XTRA
Laser (Germany, 40 mW, acquisition time = 0.2 sec) through a 50X objective (EC Epiplan
NEOFLUAR, NA = 0.9, Zeiss). Spectra were composed of 10 accumulations at an integration
time of 30 s and a laser power at the objective of 25 mW. Analysis of the Raman bands in the
700-1900 cm™ region was carried out in OriginPro following the same processing described
for the FT-IR analysis, with the additional use of the Savitzky-Golay smoothing filter before
baseline subtraction. Raman peak assignment was carried out according to previous literature
(Table S1.1).

Results and Discussion: Spectra extracted from both treated samples showed an evident

increase of the C-C stretching band at 934 cm™ (R1) suggesting the presence of CA molecules.
Figure S1.1B (left) shows the normalized area increase relative to this band, which varied from
an average of 1.1 for the NC condition to 2.2 and 2.5 for the C165 and C190 samples,
respectively.

Table S2.1: Raman vibrational modes.

RAMAN PEAK ASSIGNMENT

Ref. Position Description

(cm?)
R1 934 +3 C-C (stretch.), C-H (def. out plane)
R2 1049 +1 C-O (stretch. ), C-CH: (stretch.)
R3 1151+3 C-O-C (stretch.)
R4 1261x2 C-H (def. in plane), C-O (stretch.)
R5 1328+3 C-N (stretch.); [Amide 1]
R6 1371+1 CHs (def. in plane), CH: (def. in plane)
R7 1411£2 C-H (def. sym.)
R8 1592 +2 N-H; [Amide 1]
R9 1656+4 C=0; [Amide 1]
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Furthermore, the creation of covalent bonds due to the crosslinking process was
demonstrated by the significant increase relative to the normalized area of the band at 1328 cm-
1 associated with the C-N stretching vibration of the Amide Il (R5), which varied from 1.8 in
NC samples to 4.3 and 4.1 for the C165 and C190 conditions, respectively (Figure S1.1B,
right). The combined use of FTIR and Raman spectroscopy provided consistent information
regarding the chemical arrangement resulting from the CA-based crosslinking process
employed in this work. Both FTIR and Raman analysis of treated samples reflected the
presence of CA molecules as well as the formation of new C-N covalent bonding, thus

providing significant evidence to validate the successful crosslinking process.
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Figure S2.1: Raman analysis of chitosan substrates. (A) Representative Raman spectra for as-
deposited (NC) and crosslinked chitosan treated at 165 °C (C165) and 190 °C (C190). For
clarity, each band was labeled with a code ranging from R1 to R9, reported in Table S1. (B)
Quantification of R1/R3 and R5/R3 peak area ratios obtained from Raman spectra.
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6.1.2 Supplementary Images
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Figure S2.2: Influence of surface topography on the swelling behavior of chitosan substrates.
(A) Swelling behavior of non-crosslinked chitosan samples with different surface micro-
topographies. (B) Swelling behavior of CA-crosslinked samples with different surface micro-
topographies. (C) Adjusted swelling behavior to account for mass loss. (D) Degradation
profiles of both non-crosslinked and CA-treated chitosan accounting for all topography.
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Figure S2.3: Influence of surface topography on the micro-stiffness of chitosan substrates
detected via AFM indentation. (A) Surface stiffness obtained via AFM indentations of un-
patterned (NP) and patterned (P20/P60) substrates, both as-deposited (NC) and CA-crosslinked
at 190 [1C (C190). (B) P20 average Young’s modulus for both non-crosslinked (bottom) and
crosslinked (top) conditions, obtained by applying longitudinal (left) and transversal (right)
load during the axial testing. (C) P60 average Young’s modulus for both non-crosslinked
(bottom) and crosslinked (top) conditions, obtained by applying longitudinal (left) and
transversal (right) load in axial testing. (D) Weight and thickness of electrodeposited chitosan
films. E) hMSCs tubulin expression after 24h. Scale bar: 100 um.
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6.2 CHAPTERS3: SUPPLEMENTARY INFORMATION

6.2.1 AFM indentation

Stiffness and Young's modulus were extracted from indentation curves performed on AFM
module on an Alpha300 RSA system using a spherical silicon nitride tip with a precalibrated
spring constant of 0.133 N m—1 and a diameter of 5 um (Bruker, USA, MLCT-SPH-5UM,
cantilever E). Indentations were carried out in PBS 1% to quantify the samples’ stiffness in their
hydrated state.

The indentation curves were processed with the OriginPro software. Specifically, a linear
regression of the approach phase of indentation was used to extract the stiffness of the samples.
The Young's modulus was quantified by fitting force-indentation curves with the following

adapted Hertz model that accounts for the geometry of the indenter:

where F represents the corresponding load, E represents the Young's modulus, v is the Poisson's
ratio of the material (set at 0.5 throughout the conditions), R is the radius of the indenter, and

d is the indentation depth.
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Figure S3.1: XPS survey scan, intrinsic fluorescent emission, bioaccumulation of GlyCNDs
when suspended in culturing media and mechanical characterization of the nanocomposite and
relevant controls via AFM nanoindentations. (A) XPS survey scan of GlyCDs revealing five
binding energies ascribed to Nals, Ol1s, N1s and C1s. (B) Fluorescence emission spectra at
room temperature of GIyCNDs at excitation wavelengths of 320, 350 and 380 nm. (C)
Representative image showing the bioaccumulation (yellow arrow) of free-suspended
GlyCNDs. Scale bar: 10 um. (D) Stiffness (left) and Young’s Modulus (right) values of pristine
collagen (C), EDC/NHS crosslinked collagen (CE) and nanocomposite (CE_CND1) extracted
via AFM indentations.
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Figure S3.2: (A) Representative 5 DIV brightfield images of spheroids embedded in CE,
CE+rCND1 and CE_CND1 matrices. Scale bar: 200 um. (B) Representative
immunofluorescence images showing the 10-day expression of B III-tubulin and MAP2 in
mouse primary cortical neurons cultured in CE, CE_CND1 and Matrigel. Nuclei were stained
with DAPI. Scale bar: 100 pm.
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tubulin in spheroids embedded in CE, CE+rCND1 and CE_CNDZ1. Nuclei were stained with
DAPI. Scale bar: 100 pum. (B) Percentage of calretinin positive NPs found across the three
conditions. (C) Average intensity of nestin and [ III-tubulin expressed by NP spheroids
embedded in CE, CE+rCND1 and CE_CNDL1. All numerical data are presented as mean + s.d.
Statistical significance was determined using one-way analysis of variance (ANOVA) and
Tukey's Honestly Significant Difference (HSD) post hoc test: ** p<0.01, * p<0.05, non-
significant (ns) p >0.05).
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6.3 CHAPTER4: SUPPLEMENTARY INFORMATION
6.3.1 Derivation of NSCs from mouse iPSCs

Figure 4S.1A shows the step-by step process that was followed to obtain iNSCs from mouse
iIPSCs. Briefly, inactivated MEF were grown on 6 well plate previously coated for 2h at room
temperature with 1% gelatin solution (Al). IMEF acted as a feeder layer for iPSCs. iPSCs were
allowed to proliferate and create colonies (A2). iPSCs were then cultured in neurogenic
induction media for 12 days (A3). Once dissociated, cells adhere on non-coated plate as single
NSCs (A4).

To evaluate their successful derivation from iPSCs, NSCs were cultured on laminin coated
12 mm coverslips. After 2 DIV, the cells were stained for neural precursor marker nestin and
B-111 tubulin and visualized via AxioObserver.Z1 inverted epifluorescence microscope (Zeiss)
through a 20X Plan-Apo (Ph2) objective (NA = 0.8, Zeiss). As shown in Figure 4S.1B, NSCs
greatly expressed the neural precursor marker nestin. On the other hand, few cells were found

positive for tubulin expression.

6.3.2 AFM nanoindentation

The samples’ stiffnesses were extracted from indentation curves performed on AFM module
on an Alpha300 RSA system using a spherical silicon nitride tip with a precalibrated spring
constant 0of 0.133 N m—1 and a diameter of 5 um (Bruker, USA, MLCT-SPH-5UM, cantilever
E). Indentations were carried out in PBS 1x to quantify the samples’ stiffness in their hydrated
state.

The indentation curves were processed with the OriginPro software. Specifically, a linear

regression of the approach phase of indentation was used to extract the stiffness of the samples.
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Figure S4.1: Derivation of NSCs from mouse iPSCs and mechanical characterization of
aligned (A_LAM) and randomly oriented (LAM) collagen hydrogels. (A) Schematic of the
steps followed for the derivation of NSCs. Scale bar: 50 um. (B) Representative images of
NSCs expression of nestin (yellow) and B-111 tubulin (red) after 2DIV. Scale bar: 50 um. (C)
Stiffness values obtained for LAM and A_LAM conditions.
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