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3D Biomaterials as a model for neural tissue microenvironment
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Summary

The brain is a complex 3-dimensional structure, diganisation of which provides a local
environment that directly influences the surviyabliferation, differentiation, migration and
plasticity of neurons. In order to probe the elecf damage and disease on these cells, a
synthetic environment is needed. Three-dimensionidturing of stem cells, neural
progenitors and neurons within fabricated biomaternas demonstrated superior biomimetic
properties over conventional 2-dimensional cultwey offering direct recapitulation of both
cell-cell, as well as cell-extracellular matrix emactions. Within this review we address the
benefits of deploying biomaterials as advanced celture tools capable of influencing
neuronal fate and da vitro models of the nativen vivo microenvironment. We highlight
recent and promising biomaterials approaches tasvardlerstanding neural network and
their function relevant to neurodevelopment andvig® our prospective on how these
materials can be engineered and programmed to bwitlythe healthy and diseased nervous

system.
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I ntroduction

The brain is the most powerful and complicated nrgjathe human body, yet remains the
least understood. The USA and the European Unigently launched major research
programs that will focus on enhancing our fundamleahderstanding of the brain and its
development (Amunts et al., 2016). These studigs hacognised our limited understanding
of the tightly orchestrated sequences of eventenmehing neurodevelopment is the direct
reason for inadequate treatments options availadslevarious types of neural injuries or
diseases such as stroke, trauma or neurodegereratiisorders. Therefore,
neurodevelopmental research is evolving to develeyy methodologies fom vitro 3D
culture of neural tissue, such as brain organailiiewing a benchtop model of the intricate
vivo structure, and to utilize these to advance our rataleding of the development and
function of the human brain (Hogberg et al., 2083ynificant advances in the engineering
of intelligent, programmable and above all, orgatisally fluid microenvironments will
allow, for example, the support and study of brarganoids over time and disease like
conditions. By effectively modelling the brain dasrécovers and responds to injury and
damage, we can unlock new and vital understandirenable the development of advanced

treatments for neural repair (Orive et al., 200@kirousis et al., 2018).

Over recent decades, the field of biomaterials ®@ehas made significant progress in
developing biocompatible materials that are ablmimic aspects of the complex features of
thein situ cellular microenvironment. In the past, researab predominantly cultured cells
in under conditions poorly matched to the physimagmilieu — such as two-dimensional
(2D) plasticware thatoffers only hard, unchangingfaces that are unable to replicate the
tightly orchestrated sequence of genetic, envirartade biochemical, and physical events
present during neurodevelopment (Tibbitt and Ans2@®9, Ravi et al., 2015). As a result,
cells cultured in 2D environments typically exhilsregular and unnatural responses; giving
unreliable information on morphology, gene expmssicellular functions, and cell-cell
interactions to name a few (Carletti et al., 20)hough there is no doubt that traditional
2D culturing systems retain a place and have beefulifor some cell-based studies to
increase our knowledge of basic cell biology (Amtenal., 2015), it is now recognized that
there is a crucial loss of the vivotissue-specific architecture (Birgersdotter et2005).



66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

Within the in vivo tissue microenvironment, cells exist in a connedtde; both to each
other as well as to a dynamic extracellular maf&i€M). This structure forms a supportive
and fibrous three-dimensional (3D) structure, whiah it is cellularly excreted, can also be
continuously remodeled by its population of cetisresponse to the state of the tissue. It
presents an information rich, specific orderingaofvariety of proteins such as laminin,
fibronectin, elastin and collagen and provides bemical and mechanical signals, with its
precise composition having implications upon cékpotype (Lau et al., 2013). In contrast to
2D cell culture systems, where it is impossiblentonic many of the crucial biological
properties of thén situ milieu, 3D culture systems are capable of recégiihg components
of the natural 3D ECM structure, allowing cells gmliferate, differentiate, migrate, and
communicate along analogous pathways to those rwitlative tissue (Baharvand et al.,
2006). At present, numerous biomaterials in difieréormats are being optimized as
scaffolds to support standard neural culture in @Dcerebral organoids. Programmable
scaffolds that can be mechanically, biochemicallyd a@opologically tuned are being
bioengineered to produce the next generation oh lmaganoid models, where scientists can
select molecular, cellular, and structural featuresiniscent of the native human brain.
These materials will increasingly enable reseasch&r predictably programme the
attachment, proliferation, and differentiation edgenitor cellsn vitro, making it possible to
probe complex events such as neuro-glia interastiand neurocircuitry construction
(Greiner et al., 2012).

To date the majority of review articles involvingpimaterials for neural tissue regeneration
focus on the deployment of different scaffolds feural cells, methods of fabrication, and
properties. As such, the interested reader is t@ideto the excellent review available on these
topics (Orive et al., 2009a, Pettikiriarachchi kef 2010, Tuladhar and Shoichet, 2018, Paul
Donald Dalton and Mey, 2009). However, there is ap gurrounding the biological

interactions between neural stem/progenitor cetild the various biomaterials and their
deployment as 3D culture tools for timevitro development of neural tissue models. This is
largely due to the fact that the application ofrbaderials in studying neurodevelopmental is
relatively limited, particularly in the context oflirected neuronal differentiation of

pluripotent stem cells. Encouragingly, the outla®loptimistic as many of the lessons learnt
from the engineering of biomaterials to promoterakuegeneration (Wang et al., 2012b),

can be adapted to study neural development asaw@ltiult neurogenesis. Here, we provide a

3
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review with emphasis on the importance of the balmaterial interaction that aids in the
generation of biomaterial-based tools to advance aoderstanding neural tissue
development, function and dynamics. We provide iaf wverview of basic cellular and

functional processes relevant to neurodevelopnierigre emphasizing where and how 3D
biomaterials will enhance our ability to recapitel&ey aspects, and ultimately lead to the

advancement of new approaches for modelling of he#ithy and diseased neural tissue.

Neural stem cells, their niches and the extracellular matrix: a dynamic network

The remarkable complexity of our brain lies in tlast array of cell types that are generated
from a small pool of neural progenitors that ardjected to several divisions during
development. Regulated by intrinsic and extrinsies; these neural progenitors are
subjected to transcriptional changes that facdifateage specific differentiation to distinct
cell fates (Kohwi and Doe, 2013, Pearson and Do@4p

In the developing embryo, cell division and migpatiare critical to organize embryonic
neuroepithelial cells (NECs) into mature neurond gha cells. To begin, neuroepithelial
cells divide symmetrically within the ventricularorze (VZ) producing two identical
multipotent daughter cells in an orientation knoamapical-basal polarity, extending from
the ventricular (apical) to pial (basal) laminkigure 1) (Arai and Taverna, 2017).
Subsequently, neural stem and progenitors cellsligigle in a secondary germinal area
above the VZ, the subventricular zone (SVZ2).

Similar active neurogenic zones are also presdhimihe adult brain: most heavily studied
are the SVZ on the walls of the later ventridieg(re 2) and the subgranular zone (SGZ)
layer of the dentate gyrus in the hippocampus,i (@&eal., 2004, Quinones-Hinojosa et al.,
2006). A number of other neurogeneic niches hase béen described, yet less stringently

studied and validated.

Efforts to replicate features of the embryonic addlt neural stem cell niches remain a goal
for the field, striving to promote organized newrngsis and guided circuity reconstructions
to treat a raft of brain injuries and disease. Tlare approach to advance the treatment
options for patients would be to engineer prograbiimaiomaterials that replicate features

of neurogenic niche inclusive of defined VZ and Shk& regions.
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The niche is a specialised and dynamic microenui@mnt which is made up by stem cells
and a set of other cells that provide a combinatdnintrinsic signals and specific
extracellular conditions (extrinsic determinani)e niche also protects stem cells from gene
mutations that might lead to malignant transfororat{Greco and Guo, 2010). In the adult
nervous system, the niche maintains stem celldeir fuiescent state, but after injury, the
microenvironment actively signals to the stem cplismoting either their self-renewal or
their differentiation to promote tissue repair (Seral., 2004). The role of the niche during
embryogenesis is different. It produces a varidtfaotors that act on the stem cells to alter
their gene expression, promoting the proliferatiand differentiation necessary for
development of the fetus. This dynamic functionha&f niche and the role of the ECM during
development are critical to move towards more adedm vitro 3D tissue models to better

understand neurodevelopment functions and networks.

Although embryonic and adult neural stem cell nicleve been the focus of extensive
investigations, several regulatory mechanismsdhatv stem cells to meet the physiological
demands remain unknown, which is largely due to cumrent inability to spatial and
temporal deliver the necessary physical and bioatenfeatures with traditional culture
systems. To effectively replicate these featurdsgeal method is to base these materials on
the biochemical and morphological features of thgagellular matrix (ECM) as juvenile
cells transition toward healthy, functional adwdtls. As in all organs, neural cells are closely
linked with each other and distributed within thé M forming an intricate network=(gure

3). The ECM is secreted by cells and surrounds thretissues. Whilst once thought of as
merely providing passive, mechanical support fdisceét is now recognised as a highly
complex and dynamic scaffold that consists of aaghbiologically active molecules that are
tightly regulated and essential for determining #ion and fate of the cells that it
surrounds. In the brain, the biochemical suppastuihes the regulation of neural stem cell
proliferation, migration and differentiation durindevelopment and within the adult
neurogenic niches (Kazanis and ffrench-Constant1POFor more information about the
stem cell niche, in particular the role of the ECiMe interested reader is referred to the

following concise review (Scadden, 2006).

It is important to consider that physical cell-EGMeractions are capable of influencing
cells on a molecular, chemical, or genetic levelgEr et al., 2006, Jang et al., 2010, Yoo et

al., 2015, Ma et al., 2008, Wang et al., 2018}hia regard, engineering scaffolds that mimic
5
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many of the features of the native ECM is crititmlgaining an increased level of control
over stem cell differentiation and development. émgntly, the capacity to engineer artificial
ECM mimics by controlling the nanotopography, metbal properties, and surface
biofunctionalisation will further enhance our atyilto control cell behavior and improve the
regulation of cell fate in bio-artificial scaffold&€Chen et al., 2014). We are now at an
interesting stage of history where the importandenultidisciplinary approaches are
paramount to engineering artificial tissue substgufor modelling neural tissue and
understanding the adaptive and dynamic processanh lbhevelopment from the molecular

level such as gene expression through to the infe®f environmental stimuli.

In addition to physical interactions, the ECM isalcapable of regulating activity via the
transient or persistent presentation of differewtgh factors, allowing orchestration of their
bioactivity (Gattazzo et al., 2014). This charaster of the ECM, of acting as a protein
“reservoir” that can release or retain soluble dgotal factors with spatial and temporal
control, represents one of the most essential fesitnf the ECM in the dynamics of stem cell
niches (Hynes, 2009). Common growth factors, sashepidermal and fibroblast growth
factors (EGF and FGF), are crucial niche protearg] are tools that have found routine
usefor thein vitro culturing of NPCs (Zheng et al., 2004, Morrisorakt 1987) There has
been significant research focus on reproducing @WHevel of control of such growth
factors within 3D biomaterial scaffolds. Interacts of growth factors with NSCs have been
studied using scaffolds with immobilized growth tfas or using microparticles to release
growth factors (Mahoney and Saltzman, 2001). Restmties have been conducted to
investigate how the growth factors linked to inntbx& 3D culture approaches are required to
address these challenges (Langhans, 2018). Conglycibioengineered scaffolds offer

improved tools to allow a better understandinghef ECM-neural stem cell network.

Biological interactions between neural stem cellsand materials

Soluble factors play an important role in directisigm cell behaviors within the niche.
However, many cellular processes are also influgnlbg mechanical and biophysical
interactions with non-soluble components of the E(Rr instance, stem cell behavior
depends on tissue stiffness, which is partiallyutatgd by the ECM composition and
organization. Stem cells balance external forced @@ mechanical properties of their

environments. To achieve this, cells control ameltsh their cytoskeleton, generating internal

6
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stress that is transmitted to the surrounding enwirent. The focal adhesion complex
connects the cellular cytoskeleton with the ECMJ éimereby helps cells to react to forces
generated from the ECM, establishing a mechanosgisystem (DuFort et al., 2011). The
cellular response to mechanical stimuli is desdriée mechanotransduction, which includes
several pathways with specific transcriptional éast Moreover, other important effects such
as substrate topography and ligand presentationghatal role in these cellular processes
(Lutolf et al.,, 2009). Especially during neurogdesescytoskeletal rearrangement and
interaction with the extracellular environment, tmararly with extracellular matrix ligands
are fundamental. Here, integrins play an importat in binding the ECM components.
They mediate the bidirectional signaling activatihg direct mechanotransductive signaling
and the indirect molecular cascades that reguhetegéne expression and ultimately growth
and differentiation (McNamara et al., 2010). Herlwematerial substrates can be engineered
with specific nanoscale features in order to disgdcialized behaviors in neural stem cells,
which can improve knowledge of neural developmert disease outcomes (Nisbet et al.,
2009). Since cell-ECM interactions differ considdya between 2D and 3D systems,
understanding their influence especially in 3D nisdever normal and pathological
responses is crucial to help further understandihgealthy neural tissue and to translate
such knowledge into medical therapies for treatirgral diseases (Walters and Gentleman,
2015).

The basement membrane of the ECM is considereddgaamic and versatile structure able
to regulate cellular behaviours. Physiologicallly,presents as a hierarchical nanofibrous
composition suggesting the importance of substigpegraphy. Reflective of this, several
studies have focused on the use of electrospunrialatéo mimic the in vivo nanofibrous
morphology, demonstrating that physical structuaes major regulators of cell behavior
(Figure 4). For instance, fiber diameter of laminin-coatddctospun polyethersulfone
(PES) mesh significantly control the NSCs differatmdn and proliferation (Christopherson
et al., 2009). In this study, it was shown throughwell-defined series of electrospun
nanofibrous scaffolds, that fiber diameter was ablesuccessfully control cell behavior,
leading to differences in the lineage specific etéhtiation and proliferation of NSCs
cultured on the different variants. A decreasingndr in proliferation corresponded with
increasing fiber diameter, demonstrating that ¢alaytoskeletal rearrangement controls and
enhances the cellular proliferation. Interestingristopherson et al. showed that there was

a link between adhesion, migratory activity and défferentiation specification. Cells on

7



232 283 nm fibers assumed glial cell morphology spregdandomly along the fibrous network,
233 while cells cultured on comparatively larger fib€r49 nm) adopted neuronal specification.
234  These findings clearly suggest that cells are depabaltering their morphology and cell
235 shape in response to a valid communication betwieertbiomaterial and the cell. Correctly
236 done, these synthetic ,external morphological dtimee able to induce valid intracellular
237 signaling to influence a cell’'s lineage and prohfeve potential. We hypothesise that this
238 combination of physical and chemical signals wdhd to ‘on-demand’ post-translation
239  modifications, principally phosphorylation, whemafold signals are effectively transmitted
240 to the nucleus to promote transcriptional modifmag. In it's simplest form, once cells are
241 attached to the scaffold, mechanotransduction bignpathways allow the cytoskeleton to
242 communicate to the nucleoskeleton (since they @mectty linked via bridging proteins
243  (Haque et al., 2006))therebyresult in chromosoredistribution with the potential to affect
244  gene transcription (Berger, 2007). Alignment ofygalprolactone (PCL) nanofibers influence
245 morphology, proliferation and neural differentiaticapabilities of embryonic and adult
246  neural stem cells (ANSCs), providing a mechanismvhich topography can influence stem
247  cells differentiation (Lim et al., 2010a). Here,wias demonstrated that ANSCs respond
248 differently to either aligned or random fibrous strbtes; in fact, culturing ANSCs onto
249 aligned fibers significantly enhances the neur# fspecification as compared to random
250 fibres. Furthermore, it was shown that neural déiféiation has a fiber size dependency, with
251 the highest portion of neural differentiation o at 480 nm. Based on these results, the
252  fiber topography and alignment drive the cell ligeapecification through altering the cell-
253  substrate contacts which results in a specifi@aggHlular transduction signaling. This lead to
254  effective changes in gene expression via cytosiel@bd nuclear distortion influencing
255 factors bioavailability and subsequently cell ingdr dynamics. Moreover, polyphenylene
256 sulfone (PPSu) scaffolds with different topograpfrandom or aligned electrospun
257 nanofibers) have different effects on the actiwfyneural stem cells (Hajiali et al., 2018).
258 Aligned nanofibers enhanced axonal growth and exbes enabling higher cellular activity
259 (calcium activity) clearly indicating the effect die scaffolds in creating a better neural
260 network compared to the normal 2D control. Curiguthis demonstrated the possibility of
261 using fiber alignment to provide direction cues #xons and indirectly neural signals
262  allowing for a better understanding of neural tessetwork. Also, it has recently been shown
263 that different diameter electrospun PCL fiber massaffolds that mimic the anatomical
264  features presented during neural development filgth dimensions similar to radial glia,

265 ca. Jum and fibers with dimensions similar to small véss®. 1@um) result in differential

8
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NSCs migratory responses and morphological reast{@zeisler et al., 2016). Specifically,
neurospheres plated on small fiber mats displayedigratory morphology and extended
processes; instead neurospheres onto larger fiats showed spherical morphology and no
morphological reactions with minimal interactiontte fibers. This study demonstrated that
by resembling the natural distribution of fibers the developing brain, scaffold surface
topography regulates and modulates the migrationeafal precursors to their target when
specific physical scaffold is preserved. The awughbypothesized that the mechanical
properties are detected by cells through the imeagtin-vinculin pathway. Vinculin is part
of the focal adhesion proteins and governs thestn@ssion of force from the extracellular
environment to the cytoskeleton through the tatiiegrin complex and its activation is
triggered by exposure to areas of high forces gegret al., 2013). Therefore, this conclusion
presumes that topography itself might induce d#fér migration phenotypes and
morphological changes.

In addition to electrospun scaffolds, Beduer etd&veloped a compressible scaffold for
minimally invasive delivery within the brain tiss@i@eduer et al., 2015). They used a cryogel
system that facilitated extended neuronal netwoeketbpment from primary cells. To
improve the cell seeding, attachment and spreadingthe cryogel, the architectural
parameters (in this case, pore volume, size aratcomnectivity) and adhesive motives (a
combinantion of poly-L-ornithine and laminate) wesmployed to optimize adhesion, cell
spreading and most importantly, neurite extensiorfact, this study provided evidence of
neurites following the gel walls and bridging smglps. Furthermore, when cells were
cultured in higher cell density, well-formed mubiyered structures were formed. This
suggests the importance of the equilibrium betwashmatrix and cell-cell interactions to
recreate the natural neural tissue and to allowahéissue formation.

In summary, the physical properties of the steml nahe microenvironment certainly
influence the stem cell fate and future studiesukhbe undertaken directed at clarifying the
intermediate steps that are connecting the intkdaelchanges and signaling pathways in
response to external topographical cues.

As mentioned, cells are able to modify their foadhesion in response to changes in the
physical and biochemical properties of the macretwhr components forming their
surrounding matrices. For this reason, integrind @tegrin-binding peptides, inspired by,
and arising from these functional macromoleculesg @mportant inclusions within

biomaterials to promote cell/biomaterials interaes that are functional and relevant to a

9
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particular cellular microenvironment. In fact, cmt research has focused on the
identification and characterization of supramolacudtructures presented in the ECM (such
as the proteins laminin, and fibronectin) to motkiland regulate signals associated with
neurogenesis in a manner dependent on their sgggifconcentration and presentation
modality (Wojcik-Stanaszek et al., 2011). Fully shatic and therefore fully characterised
peptide epitopes, such as those in scaffolds grifiom the self-assembly of peptides
(SAPs), have been used in place of animal derivedecombinant proteins or protein
fragments (Nisbet and Williams, 2012). The speapatial conformation of ligands in native
macromolecules drives their secondary and tersanctures, promoting binding to receptors
and thus influencing the downstream stem cell nesp®. Particular peptide sequences, or
epitopes, from two key ECM proteins, laminin (IKVAAhd YIGSR) and fibronectin (RGD
and PHSRN), have been shown to promote neuriteawutl, neuron differentiation, and cell
adhesion (Rodriguez et al., 2013, Zhang et al.p2Cheng et al., 2013, Horgan et al., 2016,
Aye et al., 2018). Interestingly, stem cells aras#eve to not only the presence of specific
peptide epitopes but also to the peptide spacmte(ms of the frequency of presentation of a
peptide sequence) and peptide affinity (Kilian &dksich, 2012). Consequently, the fate of
stem cells can be influenced by modifying the &ffirand density of peptides at the cell-
biomaterial interface (Kilian and Mrksich, 2012)edently, Stukel et gldemonstrated that
peptide concentration and affinity (varied betwéierar and cyclic variants of the peptide
segment), as well as scaffold stiffness altered adhesion. Added to this, peptide
concentration influenced cellular differentiatiameurite extension, morphology, and focal
adhesion assembly (Stukel and Willits, 2018).

As well as incorporated peptide epitopes, funciidigands in a soluble form, particularly
neurotrophins, are extremely important in regutatime neural development. These proteins
activate two different classes of receptors, thie dmd TNF families, that regulate neural
survival, cell fate and expression of proteins @udor normal neural function and
connectivity (Huang and Reichardt, 2001, Horne kt 2010, Wang et al., 2016).
Consequently, designing materials based on bicddigicelevant peptides sequences with the
potential of incorporating functional proteins inbbiomaterials has been explored (Elliott
Donaghue et al., 2014, Kim et al., 2012). Howeearrent approaches for sustained delivery
from materials still present their own problemsluiing incapacity to control temporal and
spatial delivery. For instance, SAPs provide anrgyppately biomimetic scaffold substrate

thanks to the ability to present a high densityurictional peptide epitopesigure 5), and
10
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the capacity to stabilise and deliver multiple watform neurothrophic factors (e.g. GDNF
and BDNF)(Rodriguez et al., 2014, Wang et al., 2016, Rodrtget al., 2018, Nisbet et al.,
2018, Bruggeman et al., 2016). Moreover, the ino@aon of neurotrophic factor loaded in
electrospun materials with SAPs has allowed disti@aporal control over the presentation
of multiple factors (Bruggeman et al., 2017). Newdat al. show that cryogel microcarriers
consisting of star-shape PEG and heparin are abhle tloaded with growth factors. They
found that these highly macroporous systems watakde for neural cell culture and were
able to improve cell survival during injection tlghua cannula, and present a sustained
release particularly of GDNF, which they attributeml the negative charge of heparin
(Newland et al., 2015b). Furthermore, star-shap&-R&parin-based hydrogels have been
using to investigate how NSCs loose the regenerat@pacity in Alzheimer’'s disease
(Papadimitriou et al., 2018). Taken together, thesafolds represent novel growth factor
delivery systems important for advancing neurauis modelling and polymer therapeutic
research for neurodegenerative diseases (Newlaald €015a). The capacity to either delay
or burst the release of neurothrophins will leaddesign of programmable materials
according to specific timing at which each protésnrequired to regulate the cellular

processes of a desired cell population.

Biomaterialsto study neural development

The issues associated with traditional 2D culturevaae accepted: the resulting cells do not
accurately mimicin vivo characteristics and behaviour, making for inaceurat vitro
modelling. 3D cultures andh vivo cell behaviour can be achieved in scaffold-fred- sel
assembled aggregate cultures including neural smserRecent advancements have been
made with neural spheroids, successfully achievimtgrcommunication between neural
spheroids of multiple cell types (Birey et al., ZDbut neural spheroids and other scaffold-
free 3D culture techniques are still size limitedth larger sized cultures experiencing issues
such as poor nutrient and oxygen diffusion to intecells (Ko and Frampton, 2016, Shuler
and Hickman, 2014). Tissue engineering scaffoldtgpecally made from porous materials
and can therefore provide physical and trophic stpp larger cultures, making biomaterial
scaffolds an attractive neurologiaal vitro modelling option. Using a directional collagen
scaffold material Odawara et al were able to predaanultilayer 3D neuronal culture to
mimic the layered cerebral cortex, and observedrlager synchronous firing (Lim et al.,

2010b). Tang-Schomer et al used a layered silkcalldgen composite to create @nvitro

11
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brain tissue model from primary cortical neuronghwiontrolled regions of grey (neuron
rich) and white (axon only) matter mimetic of therebral cortex. Cells were maintained for
months and they were able to biochemically andtelphysiologically model homeostasis
and traumatic brain injury (Kirik et al., 2017, Péaet al., 2009).

Another issue with traditional cell culture is thatan be awkward to artificially generate
appropriate disease model conditions in scaffadeé-frell culture. For instance, recreating the
aged condition that results from exposures to neacxidative species (ROSSs) is important
to accurately model adult onset diseases withoatcuarately high levels of resilience as
found in induced stem cells, and in culture this hequired the introduction of progeria
genes to accelerate aging (Campos et al., 2014)h®ather hand, biomaterial scaffolds for
in vitro culture provide a base for prolonged trophic cantf the cellular environment to
specifically induce required conditions. For ingt@anlaminins are known to influence stem
cell maintenance, survival, differentiation, andgticity (Theocharidis et al., 2014), and have
been used to functionalise alginate hydrogel tdopig the viability of co-cultured neural
cells (astroglioma, astrocytes, microglia, and oesy in 3D cell culturdlbraheem et al.,
2014), MMP-9 is an endopeptidase enzyme capable of @am ECM proteins including
collagen and laminin. Developmentally, its preseincghe brain is reduced in adulthood, and
is associated with increased neural plasticitybibmaterials, MMP-degradable crosslinking
in hydrogels has been used to engineer scaffoldsetinvaded by cells secreting MMP
(Lutolf et al., 2003).

Biomaterials also allow for the study of cell betbathat might not otherwise be possible.
Some normally non-biological materials have beerdus study neuron signaling pathways.
For example, neurons have been shown to grow yeaahd display high signal

synchronization on nanocarbon structures (nanojuf{@ssi et al., 2015, Crystal, 2014).
Neurons have also been grown and studied on sechicting indium phosphate nanowire
arrays to elucidate the role of nontopographic hgirt growth and interneuron signaling
patterns. Neuron cultures were grown successfullg axhibited synchronized activity,
indicating successful intercellular communicatioBa(gtam et al., 2017). In a different
material, more mimetic of thim vivo brain, functionalization of a laminin-derived pejai

hydrogel with the anti-inflammatory molecule, fudan, allowed phenotypic control of

astrocytes between reactive and cytotrophic stdtes et al., 2017). Previouslyn vitro
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400 treatment of astrocytes has been almost exclusieélyeactive astrocytes due to the
401 difficulties in achieving the cytotropin vivo statein vitro. In this regard, this specific
402  biomaterial scaffold has opened the doointwitro investigation of the roles and behaviours
403  of astrocytesn vivo.

404

405 While biomaterials scaffolds are used and explagtbnsively as therapeutic aids, their
406  potential asn vitro modelling tools is largely unrealized. By way ofaenple, investigation
407  of the effects of trophic factors and regulatianvivo can involve specific cell transfection
408 via viral vectors, (Drury and Mooney, 2003, Domans#t al., 2015, Allen et al., 2013) and
409  biomaterial scaffolds can be used to improve wegdtor delivery in the brain (Webber et al.,
410 2016, Mitrousis et al., 2018), yet the two fieldsnain largely disconnected. It is generally
411 accepted that in vivo investigation is more acajratith efforts to improve 2D culture
412  procedures focused on creating a miorevivo like environment. Ko and Frampton, when
413  discussing the progression from 2D to 3D neural celture, proposed that it can be a
414  difficult switch for researchers to make despite ttemonstrated advantages because the
415  extra complexity of experimental procedures/equipimevolved (Ko and Frampton, 2016).
416  The reverse may be true when considering the u@Pdfieural cell culture as a modelling
417  tool compared to expensive in vivo studies. Thesdfalds have demonstrated the ability to
418 form large scale and long tefmvivo like models of brain tissue. They have been adoisted
419 regenerative medicine for their ability to promatevivo like tissue regeneration, and could
420 provide this same benefit, along with high througihiesting and customization in the area of
421  in vitro modelling as well. The area where the most preghes been made to date is in the
422  deployment of scaffold to study the biological natetions between neural stem cells and
423  materials. Certainly, materials have been struttjyurehemically and mechanically optimized
424  to control stem cell behavior, which is a step e tright direction to the realization of
425  biomaterials as advancedvitro modeling tools.

426
427
428 Biomaterialsfor neural tissue engineering

429 While the application of biomaterials in neurodeyghental studies has been relatively
430 limited, significant attention has been paid tarthieployment in neural regeneration. Much
431  of the work into repair has concentrated on devefppiomaterials to replicate some of the
432 features of either the neurogenic niche or thenbEACM, and as such has inadvertently

433 impacted our understanding of how stem cells, neucgenitors, and neurons interface and
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respond to biomaterials. Many classes of biomdse(iaclusive of electrospun, hydrogels,
and self-assembling peptides) have been used heresupport neural progenitor cells or
neurons, or to guide axonal projections. While fiheus of this work is regeneration, the
potential for the engineered biomaterials to bep#ath asin vitro modelling tools is
significant and, in our opinion, a logical step.eféfore a brief summary of the significant
advances made in functionalising scaffolds to gtewoptimalin vitro andin vivo properties,
with tuneable temporal and spatial delivery foraiepis warranted as a platform for their
future translation towards the development of adedrin vitro devices to unpick the
complexity of neural development and move towanadenstanding how brain cells interact

(discussed in the concluding future direction semti

To develop 3D cell culture methods, scientists hawgineered and functionalised artificial
materials employing a combination of nanotechnologyaterial science, biology and
regenerative medicine methods. Tissue engineeppgpaches involve three key elements: a
scaffold as a microenvironment to permit cell adies proliferation, migration and
differentiation; a specific cell-type; and biomalées and/or drugs to held and guide cell
development and function. Several smart biomatehalve been applied in different tissue
engineering fields; the most studied areas inclodee, cartilage, muscle formation, skin
repair and neural regeneration. In all of thesdiegions the requirement of a biomimetic
3D culture environment has become clear. For instatherapies for skin grafting have
shown that the dimensional aspect of the envirotinsea crucial fate determinant, whereas
monolayer cell culturing systems drive abnormal ¢ehction (Berthiaume et al., 2011,
Baker and Chen, 2012). In neural tissue enginegtimg requirement has been demonstrated
in a variety of ways, particularly where cell bagbdrapies have been combined with 3D
scaffolds as a delivery vehicle to promote repad eeconstruction within the CNS (Martino
and Pluchino, 2006, Aboody et al., 2011, Lindvailtle&Kokaia, 2006). A brief timeline of
neural stem cells and biomaterials major discogeiseshown inFigure 6. However, many
challenge remain to promote repair and reconstmatiithin the CNS, including establishing
reliable techniques to guide the stem cell difféegion into specialized neural cells (Shah et
al., 2016). We have now reached a cross road whisressential to utilize and adapt the past
advances in biomaterials science to grain a fundéahenderstanding of neurodevelopment
that will ultimately lead to an increased ability precisely control neural progenitor cell
behavior. Currently, we have necessary tools tanpte stem cell-based regeneration with

some success being demonstrated via biomateriaiatedddelivery of soluble factors;
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patterned topographies to direct the neural graavith surface functionalization to promote
superior cell-ECM interactiong-(gure 7). We propose that the field is now well positioned
to begin to deploy these advanced materials to rgtated the complexity of neural
development and develom vitro models of disease and injury. We have recently
demonstrated the efficacy of this approach usimmg@mmable nanomaterials to control
brain inflammation post traumatic injury. Macleanaé demonstrate for the first time the
development of a 3D culture system capable of otlimtg the cytoskeletal reorganization of
brain tissue. The incorporation of fucoidan (anflammatory and anti-proliferative
polysaccharide) in the SAP system (Fmoc-DIKVAV)oaled to study the responses of
traumatic brain injury bothn vitro andin vivo (Maclean et al., 2018). Importantly, this
system was then exploited to gain novel insightsualbhe brain inflammatory cascade that
would be impossible to obtain throughvivo experimentation. This work was developed on
the back of our research focused on neural repliviing stroke (Somaa et al., 2017, Nisbet
et al., 2018), highlighting how the rapid advantebiomaterials developed for neural repair
can be easily adapted to gain fundamental insigbut the brain that will ultimately
contribute towards superior outcomes for the nenegeéneration field.

Biomaterials, including natural and synthetic mialsr that possess many features (such as
biocompatibility, biodegradability, physical, cherai and mechanical properties, growth
factors binding capabilities and biological cuesivd been utilized for engineering 3D
scaffolds providing ECM microenvironment that emabéndogenous or transplanted
‘exogenous’ cells to growth and differentiate. Novéherapies to ameliorate
neurodegeneration and brain injuries are beingldped from innovative biomaterials; in
particular new advanced in material design, suctoagrolled nanofiber diameter, alignment
and interfiber distances are facilitating neurgh@tment and neurite growth targeting tissue
repair (Lee et al., 2013, Lee et al., 2015). Pregiiea neural monitoring through versatile and
biocompatible materials facilitate to understandrakprocesses at a more elemental level as
well as monitor repaim vivo. The importance of modifying scaffolds to betteinme the
natural developmental microenvironment of neuroaseb on success in rebuilding neural
network (Baranes et al., 2012). Hence, manipulatbrtopography, stiffness, electrical
properties and integration of biological and chexhisignals enhance growth, adhesion,
proliferation and differentiation monitoring neuralynamics. Materials properties and
characteristics are compared for impact on neueakldpment Table 1). Among these

materials, several candidates have been studiechdaral tissue engineering including
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502
503
504
505
506
507

hydrogels, electrospun nanofibers and self-assegigbeptides scaffolds. Each scaffold
exhibits variations in morphology due to distincamafacturing techniques, which depends
on the application. A brief summary table of sclffmaterials used for 3D NS/NPC culture
is provided Table 2). The interested reader is also directed to thleviing reviews and
papers relating to the deployment of biomateridlseural repair (Bruggeman et al., 2018,
Nisbet et al., 2008, Wang et al.,, 2012a, Horne let 2010, Wang et al., 2014)

16



Futuredirections and conclusions

More direct collaboration is called for between fiedds of biomaterial engineering and
neurodevelopmental biology. The study of neuraletigyment is limited botim vitro andin
vivo. In vitro, the 2D and other inadequately biomimetic cultgystems has led to
uncharacteristic cell behaviour, and unrepresamatata. This is established and accepted,
with bioengineered 3D culture systems agreed talyme moren vivo like cell behaviour.
However, there is unrealised potential for biomaterto also improve ongoin vivo

research as well.

In vivo studies ensure natural cell behaviours, and therefwrovide more accurate
observations, but are subject to their own issuébh wosts, ethics, and variability. In
addition,in vivostudies also carry a greater challenge in accesssuits simply because it is
difficult to visualise cellular processes withodrfurbing the system (Dhar et al., 2018). This
has motivated advancements in microscopy to alleiteband deeper visualisation (Wang et
al., 2019), but the inability to directly and camsly observen vivo studies at a cellular level
still limits the results they can provide. It issalvery difficult to investigate non-standard
conditions. Investigating any parameiervivo requires a means of naturally inducing those

parameter changes, which can be a very complexgsq€ampos et al., 2014).

Collaboration and feedback between engineeringnaly focused on biomaterials as
therapeutics, and the biological study focused mtetstanding neural development, would
be mutually beneficial. As biomaterials are more amore able to match natural ECM and
inducein vivo-like cell behaviour/s, they provide aex vivo alternative toin vivo studies,
enable more detailed observation, greater confr@neironmental conditions, and a wider
more easily achieved range of conditions. It iSexa® observe biomaterials than deep brain
tissue, easier to specifically control culture dtinds compared to brains across different
animals, and easier to synthetically vary test d¢aws with biomaterials than to find a
natural pathway to induce the desired conditionaiehile, the design of bioengineered
materials is based on the initial biological invgstion of cell behaviour, and could only be
made easier and more accurate if that investigatictuded the materials and material
components being used. A better understandingwfrieural cells interact with biomaterials
at the most basic level would inform future matedasign towards improved therapeutic

benefits.
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Biomaterials mimicking the natural brain ECM arepérfect, but results from their use in
regenerative medicine indicate that they are oftdwantageous, and combined with their
synthetic control and high throughput synthesisytbould offer an alternative approach to
neural development research questions that haveiopsty been restricted tin vivo

experimentation. This shift, from a pure but linditeample to a potentially imperfect but
much larger data set, is a common feature of mestgsfin the age of big data. Analysis of
google search trends inform research into prewousknown drug side effects (White et al.,
2016), analysis of personal fitness tracker data pr@vided insights into cardiovascular
disease (Lim et al., 2018), and 3D printing of niledeom a large library of CT scans has
replaced the much slower process of modelling fhonited bone samples (Banerjee et al.,
2014). The use of brain mimicking-biomaterials cbalso be seen as a shift from top down
(investigating deeper into existing brain strucs)yro bottom up (creating more and more
complex synthetic brain structure mimics), and adhis is in line with other fields that have

seen this shift caused by nanotechnology and additanufacturing.

One of the reasons to explore neural developmetd iswderstand how things work when
they are working, so as to be able to help fix tiveinen they don’t. Yet the investigation of
neural development and neural therapeutics sedmue diverged when it comes to the use
of advanced biomaterials. Biomaterials should bepteti more within the study of neural

development, improve the state of both that field therapeutic biomaterials.
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Figure Legends

Figure 1. Cdlular organization and differentiation in the devel oping neocortex. Refer to the text for
a description of processes of the neurogenesisur€igeproduced with permission from (Arai and
Taverna, 2017). Copyright © 2017 Arai and Taverna.

Figure 2. Celular organization within the human SVZ. The human SVZ consists of four distinct
layers. Refer to the text for an explanation of domes. Figure reproduced with permission from
(Arias-Carrion, 2008). Copyright © 2008 Arias-Cabri.

Figure 3. The extracdlular matrix composition. The brain extracellular matrix consists in three
major regions: the basal lamina, the perineural retd the neural interstitial matrix. Image
reproduced with permission from (Kim et al., 2018ppyright © 2018 Kim, Meade, Chen Feng,

Rayyan, Hess-Dunning and Ereifej.

Figure 4. Physical structure regulates cell behavior. (1) Different fibers diameters impact on NSCs
differentiation, with larger fibers favoring TUJ+emronal progenitors and small scaffold fibres
preferencing oligodendrocyte progenitors. Imagerogijoiced with permission from (Christopherson
et al., 2009). Copyright © 2008 Elsevier Ltd. Atiits reserved. (2) SEM images confirm that cells
on small fibers (pane d-f) present a stretched rolggy similar to oligodendrocytes while cells on
larger fibers (panels i-j; g-h) show a similar mérgogy to neural progenitors, extending neurites
preferentially along the scaffold fiber axis. Ingageproduced with permission from (Christopherson
et al., 2009). Copyright © 2008 Elsevier Ltd. Aghts reserved. (3) Surface topography controls ce
shape: neurospheres plated on small PCL fiber ntasted with PDL (panels B and C show
migratory morphology (green arrow in panel C indies extended processes) while neurospheres
plated on larger PCL fiber mats, also coated withLPR show less interaction (panels F and G) and
spherical morphology (light blue arrow panel G). &hPCL fiber mats coated with laminin show
bipolar morphology (panel E, white arrows) and BIGL fiber mats induce migration of precursors
out of neurospheres along the fibers. Image repteduvith permission from (Czeisler et al., 2016).
Copyright © 2016 Wiley Periodicals, Inc.

Figure 5. SAPs as relevant biomimetic scaffolds. (1) A. Chemical structure of Fmoc-DDIKVAYV. B-E.
Schematic of Fmoc-assembly proces$: structure assembly resulting in nanofibers with Emeoc
groups in the core and the peptide sequence exptmsele outisedFigure reproduced with
permission fron{Somaa et al., 2017). Copyright © 2017 The Auth(®2sThe fibrous network can

shear-encapsulate proteins such as BDNF to prowdstained delivery and at the same time
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structural and chemical support to cells (Nisbetag¢t 2018). (3) Treatment of primary cortical
neurons with soluble BDNF and conditioned medianfr@ AP-BDNF hydrogels shows elevated
metabolic activity. Image reproduced with permiasitom (Nisbet et al., 2018). Copyright © 2018
WILEYUVCH Verlag GmbH & Co. KGaA, Weinheim. (4) BDNF timtalized SAPs can influence
human NSCs implanted in vivo, resulting in increbservival and differentiation. Image reproduced
with permission from (Nisbet et al., 2018). Cophti® 2018 WILEY/VCH Verlag GmbH & Co.
KGaA, Weinheim.

Figure 6. A brief timeline of key milestone in neural stem cells and biomaterials advances. These
contributions helped to set base for nowadays acksumn neural tissue engineering. NSCs discovery
and isolation and the ability to engineer bioconilpiat materials suitable to the CNS have permitted
to merge neural stem cell therapies with 3D biomake encouraging repair and reconstruction
within the CNS.

Figure 7. Nanotechnology approaches to direct stem cell-based neural regeneration. Nano-scaffolds
offer the great promise to generate tools suitdbleneural applications. Soluble factors play an
important role in directing the stem cells fate: swercome challenges, advanced nanoparticle
systems have been used to direct efficient deligecpntrol differentiation. Patterned surfaces bav
been utilized to guide neural differentiation analgvization. Image adapted from with permission
from (Shah et al., 2016). Copyright © 2016, Ameri€&hemical Society.
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Table 1. Beneficial properties of Biomaterials

Material property

Mimicking the native neural physica
ECM topography and rigidity® environment resulting in increment of neura
adhesion, neurite growth and guided direction.

Differences in stiffness influence neurite length
Stiffness’ and/or improve network connectivity and directs
stem cell differentiation.

Electrical stimuli increase neurite length and
Electrical® polarization and migration of neurons. Improve
neura differentiation.

Presentation of biological and chemical clues’ Presentation of specific small
mol ecul es/pepties/proteins  support  survival,
neural growth, proliferation, differentiation.

¥Chuaet a., 2014) °(Zhang et al., 2014) “(Koppes et d., 2016) %(Yang et al., 2015)



Table 2: Biomaterials and their application in supporting neural cellsin vitro & in vivo

Scaffold Method Cell type Outcome Reference
Natural biomaterials
Type-1 Collagen Hydrogel Embryonic rat Functional synapse and neuronal (Maget al., 2004)
neural stem and network formationin a3D
progenitor cells matrix
Type-1 Collagen/hyaluronic Hydrogel Embryonic and Survival, proliferation and (Brannvall et a., 2007)
matrix adult mouse neural  differentiation of NSCs and
stem cells NPCs compared to 2D culture
Alginate Hydrogel Adult rat neural First demonstration of the (Banerjee et al., 2009)
stem cells influence of modulus on NSC
differentiation in 3D scaffold
Chitosan Hydrogel Embryonic rat Demonstration of the role of (Wang et a., 2010)
neural stem cells topology in regulating
differentiation and proliferation
of NSCsin chitosan hydrogels
Hyaluronic acid Hydrogel Ventral midbrain- Different mechanica properties (Seidlitset al., 2010)
derived mouse influence on the differentiation
neural stem cells of NPCsinto astrocytes or
neurons
Synthetic biomaterials
Mixture of poly(ethylene glycol) Hydrogel M ouse postnatal The mechanical modulus of (Hynes et a., 2009)

(PEG) and poly(L-lysine) (PLL)

isolated neura stem
cells

cross-linked hydrogels
(PEG/PLL) impacts NSC
migration and differentiation



IKVAV-RADA16 Self-
assembling peptide

Nanofiborus poly(L-lactic acid)
(PLLA)

Poly(e-caprolactone) (PCL)

Fmoc-self-assembling peptides
(Fmoc-SAPs)

IKVAV-RADA16 Self-
assembling peptide

Hydrogel

Electrospinning

Electrospinning

Hydrogel

Hydrogel

Primary mouse
neura stem cells

Immortalized
mouse neura stem
cell line (C17.2)

Mouse cortical
NSC/progenitors

Mouse cortical
NPCs

Rat neura stem
cells

Self-assembling peptide 3D
culture for neurd tissue
applications

Nanofibrous scaffold support
NSC differentiation, neurites
out-growth and NSC adhesion

Electrospun fibresinfluence
NSC/progenitor proliferation,
differentiation and neurite
growth.

SAPs as atool for cell
transplantation

IKVAV-RADA16 support
encapsulated NSCs and reduced
the formation of glia astrocytes

(Zhang et ., 2010)

(Yang et d., 2012)

(Wang et a., 2012a)

(Rodriguez et al., 2014)

(Cheng et al., 2013)
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Origin of the term
“Biomaterials”

1960

Scaffolds able

Creating permissive
microenvironments

Biomaterials

Biomaterials-based

to support the Transfected spinal support survival . N organoid models for
adhesion and cord grafted with and differentiation NSCs differentiation ;l:thbel::::enals studying neural
growth of CST self-assembled of NSCs in neurons in neural circuits in ¢ |antation into development and
axons collagen biomaterial and astrocytes collagen scaffolds ransplantation in diseases
the CNS
1965 - 1967 1989 1998 - 1999 2001 2008 2013
> o
1987 1990 2000 2004 2012 2018 - 2019
Early evidence It s.howed how Demonstration Astroglia induce Pluripotent stem Transplanted NSCs
for the presence to isolate NSCs. that neurog, i g is from cells induced frem derived from
of neural stem from e.mbryonu: oceurs in the adult adult neural stem adult NSCs by human induced
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the first time
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