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Neural stem cells (NSCs) are self-renewing cells that generate
the major cell types of the central nervous system, namely
neurons, astrocytes and oligodendrocytes, during embryonic
development and in the adult brain. NSCs reside in a complex
niche where they are exposed to a plethora of signals, includ-
ing both soluble and physical signals such as compressive and
shear stresses, but also discontinuities and differences in mor-
phology of the extracellular environment, termed as topo-
graphical features. Different approaches that incorporate artifi-
cial micro- and nano-scale surface topographical features have

1. Introduction

H W Please give first names and academic titles for all authors
Hl W Stem cells (SCs) reside in a complex niche where they are
exposed to a plethora of signals, including physical signals
such as tensile, compressive and shear stresses, discontinuities,
and differences in roughness, in extracellular matrix (ECM)
composition, etc." The exposure of the SCs on these signals
during development and through life seems to impact the out-
growth and their differentiation fate, suggesting that stemness
is not solely an intrinsic property of the SCs but also an emer-
gent property arising from their interaction with their environ-
ment.” Physical stimuli, including topography and mechanical
properties, are known to significantly influence stem cell re-
sponse. Being translated through adhesions, intracellular ten-
sion and mechanotransduction, they can alter cell shape or
gene expression and thus cell fate.?® Understanding the effect
of the SC niche can help towards delineating the signaling
mechanisms but also to control the surrounding environment
for guiding SC differentiation in tissue engineering applica-
tions. Regarding SCs which differentiate into neuronal or glial
phenotype, different approaches incorporating artificial micro-
and nano-scale surface topographical features, as a way to re-
capitulate the in vivo SC niche discontinuities and features
have been developed and used for in vitro studies. Such stud-
ies are presented in the Chapters 2 and 3.

1.1. Neural Stem Cells (NSCs)

Neural stem cells (NSCs) are self-renewing cells that generate
the major cell types of the central nervous system (CNS),
namely, neurons, astrocytes, and oligodendrocytes, during em-
bryonic development and in the adult brain. The NSCs divide
into other NSCs that have conserved their self-renewal capacity
and/or into transit-amplifying cells known as neural progeni-
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been developed aiming to recapitulate the in vivo NSC niche
discontinuities and features, particularly for in vitro studies.
The present review article aims at reviewing the existing body
of literature on the use of artificial micro- and nano-topograph-
ical features to control NSCs orientation and differentiation
into neuronal and/or neuroglial lineage. The different ap-
proaches on the study of the underlying mechanism of the
topography-guided NSC responses are additionally revised and
discussed.

tors that have reduced proliferative potential and a progres-
sively decreasing differentiation potential”? Neurogenesis is
the process where functional neurons, astrocytes and oligo-
dendrocytes are generated and integrated in the CNS. It was
mistakenly believed that, in mammals, it could only occur
during embryonic development or shortly after birth and no
new neurons could be generated during adulthood.” Howev-
er, in the early 1990s newly generated neurons were identified
in the brain of rats by examining the integration levels of 5-
bromo-2-deoxyuridine (BrdU) in their brain cells.”’ Meanwhile,
Reynolds et al. demonstrated that NSCs isolated from adult
rodent brain have self-renewing capacity and may generate
neurons and glial cells in vitro.”!

Early in embryonic development, NSCs do not have any par-
ticular organization; instead, they form a single layer of neuro-
epithelial cells that divide symmetrically forming the neural
plate. With the formation of the neural tube, the cells of the
neural crest migrate to give rise to a diverse cell lineage in-
cluding the neurons and glial cells of the peripheral nervous
system (PNS).® The neuroepithelial cells at a later stage of
nervous system development begin to divide assymetricaly
with a single neuroepithelial cell giving rise to a typical self-re-
newing SC and a radial glial cell (RGC) which is characterized
by large extending processes and the expression of neuroepi-
thelial and glial markers. With the progression of brain devel-
opment, the increased population of RGCs forms layers that
surround the interior of the neural tube, resulting in the forma-
tion of the ventricular zone (VZ). The RGCs continue to divide
asymmetrically generating new RGCs as well as intermediate
progenitors (also known as “transit-amplifying progenitor
cells”) that may differentiate into postmitotic neurons and glia.
It needs to be highlighted that the aforementioned cell popu-
lations interact with other cells of non-neuronal origin (e.g. the
surrounding blood vessels, microglia or pericytes)® which to-
gether with the spatiotemporal expression profile of soluble
and insoluble factors and biophysical cues result in a fine-
tuned functional nervous system after birth.

Postnatally and during adulthood, some NSC populations
permanently reside in specific neurogenic niches. The two
most well-described neurogenic niches have been identified in
the subgranular zone (SGZ) of the hippocampus™™ and the
subventricular zone (SVZ) of the lateral ventricles."” Other
zones that there is evidence that adult neurogenesis occur in-
clude the olfactory bulb, the subcallosal zone underlying the
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corpus callosum and the cerebellum.™*'* The NSCs residing in
the SGZ and the SVZ generate different types of neurons. NSCs
from the SGZ give mostly granule neurons that integrate into
the DG of the hippocampus whilst the NSCs of the SVZ pro-
duce interneurons that migrate towards the olfactory bulb.

In the SVZ, the quiescent radial glia-like cells (type-B cells)
get activated, resulting in the proliferation of the transit-ampli-
fying progenitor cells (type C cells), which increases the
number of neuroblasts (type A cells) or glial cells. Type A cells
migrate via the rostral migratory stream (RMS) to the olfactory
bulb with the assistance of a tube formed by astrocytes. Once
they are in the olfactory bulb, the immature neurons abandon
radially the RMS, differentiate into different subtypes of inter-
neurons and integrate into local neural networks."® In the
SGZ, the radial (type | cell) and nonradial (type Il cell) precur-
sors proliferate; thus, generating intermediate progenitors
which give rise to neuroblasts. From that location, the imma-
ture neurons have only to move into the inner granule cell
layer and differentiate into dentate granule cells by extending
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dendrites toward the molecular layer, projecting axons to the
CA3 of the hippocampus and integrating into the existing cir-
cuitry."®

1.2. In Vivo NSCs Niche and Complexity of Its Architecture

The architecture of the neural stem cell niche in vivo is highly
complicated, but it is widely accepted that it comprises a spe-
cialized microenvironment with specific cellular, biochemical,
and physical properties."” Its importance resides in the fact
that it may determine the fate of a NSC not.only by controlling
whether it remains in a quiescent state but also by directing
its survival, proliferation, migration or differentiation. This spe-
cialized microenvironment includes soluble molecules, such as
growth factors and hormones, as well as the ECM which is an
innate supportive scaffold for the niche (reviewed in [18,19]).

The NSC niche in vivo contains multiple cell-to-cell interac-
tions within the neighboring cells. For example, in the SVZ
there are five distinct cell types that contribute in the mainte-

Dr Anthi Ranella is Assistant Research-
er at the Foundation for Research and
Technology-Hellas (FORTH). She gradu-
ated the Department of Biology at the
University of Crete. She received the
Master degree in Molecular Biology
and the Doctorate degree in Biomed-
icine from the Biology Department of
University of Crete. She is currently
leading the Tissue Engineering and Re-
generative Medicine research group at
IESL-FORTH. Her current research inter-
ests are the Biomedical Applications of Laser in Tissue Engineering-
Regenerative Medicine, Diagnostics and Drug Delivery. Her re-
search activities have led to the granting of 2 patents and have
contributed to over 30 publications in international peer-reviewed
journals, 4 chapters in scientific books and have been cited over
1250 times (h-factor=16:Google Scholar).

Dr. Emmanuel Stratakis is Research Di-
rector at the Foundation for Research
and Technology-Hellas (FORTH). He re-
ceived his Ph.D. in Physics from the
University of Crete in 2001 and then
he joined the University of California
Berkeley as a visiting researcher. He is
currently leading the Ultrafast Laser
Micro- and Nano- Processing group of
FORTH (http://www.iesl.forth.gr/
ULMNP). He has over 130 SCI publica-
tions, 4500 citations and he has coor-
dinated many National and EU grants. Since 2015, he directs the
European Nanoscience Facility of FORTH, part of the NFFA-Europe
EU Infrastructure, where he is a member of the General Assembly.
He is a member of the COST Scientific Committee and National
Expert in the NMBP Program Committee of the Horizon 2020.

A

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.iesl.forth.gr/ULMNP
http://www.iesl.forth.gr/ULMNP
http://www.chemphyschem.org

\\;} ChemPubSoc

+

+

ok

nance of the specialized niche microenvironment and confer
its unique regenerative potential namely the type A, B and C
cells, the ependymal cells and a vascular endothelium.”® A
single layer of ependymal cells line the ventricle forming a bar-
rier between the brain parenchyma and the cerebrospinal
fluid.”” The NSCs lie just under the ependymal cell layer and
maybe in contact with the cerebrovascular fluid with a single
apical process. Furthermore, there is evidence that the vascula-
ture is linked with neuronal development not only by synchro-
nization of angiogenesis and neurogenesis but also by the se-
cretion from the RGCs of growth factors that are involved in
the development of the vasculature, such as the vascular en-
dothelial growth factor (VEGF)®? and the production by the
endothelial cells of neurogenic factors such as VEGF, neurotro-
phin-3 (NT3) and Jagged-1 (a Notch ligand) (reviewed in
Ref. [23]). One study has also shown that in the transcriptome
of mouse brain endothelial cells several genes potentially rele-
vant to the NSCs have been flagged.”¥ Finally, a very recent
study showed that mimicking the vasculature scaffold facili-
tates NSCs migration in vitro.””

The ECM, together with the basal lamina, is a key compo-
nent of the neural stem cell niches. The ECM provides physical,
chemical, and mechanical support for the cells and contains
supermolecular assemblies of proteins and glycosaminogly-
cans, which play a vital role in the cell behavior."” They act as
a supportive scaffold seeded with the various cell types,
growth factors and ECM molecules. Some of these ECM mole-
cules such as laminin, collagen IV, perlecan, the glycoprotein
tenascin C, the chondroitin sulfate proteoglycans (CSPG), and
the heparan sulfate proteoglycans (HSPG) have crucial roles for
the maintenance and the function off the NSCs.** Laminin is
an ECM heterotrimeric protein highly abundant at the basal
lamina. Through its receptor a6f1 integrin laminin mediates
the adhesion of NSCs to the ECM. Moreover, it can be located
at the “fractones” of the SVZ which are branches, or “finger-
like processes that extend from the ependymal cells and blood
vessels of the mammalian brain® In addition, fibroblast
growth factor-2 (FGF-2), which is a growth factor crucial for
NSCs survival, binds to HSPG, CSPG, and perlecan indicating
that these components of the ECM affect growth factor activity
and subsequently the maintenance of the NSC niche.?”’ Tenas-
cin C, an extracellular matrix glycoprotein, is also an important
ECM component produced by type B cells, the astrocytes in-
volved in the migration of type A cells and the RGCs. It con-
trols the responsiveness of NSCs to epidermal growth factor
(EGF) and FGF-2.2®

Finally, there is growing evidence that physical parameters,
such as tissue topography defined by the organization of the
ECM, the vasculature, and cellular processes,”” shear forces
and elasticity/stiffness, also have a significant effect on NSC
niche maintenance and function.™™
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1.3. Cell Types, Assays, and Materials
Cell Types

As mentioned above, NSCs are multipotent stem cells having
the capacity to proliferate, self-renew, and terminally differenti-
ate into the three major cell types of the CNS, that is, neurons,
oligodendrocytes, and astrocytes (multipotentiality). NSCs can
be isolated from both the embryonic and the adult CNS. An-
other source of NSCs is embryonic stem cells (ESCs), that is,
the truly pluripotent SCs which can generate any tissue of the
body.”?' Embryonic NSCs have been isolated from the embry-
onic mammalian CNS (i.e. hippocampus, cerebral cortex, basal
forebrain) as well as from the PNS (i.e. neural crest). Adult
NSCs can be isolated by the two principal adult neurogenic re-
gions, the hippocampus and the SVZ, and some non-neuro-
genic regions, including spinal cord.®”

To convert the aforementioned tissue sources into NSCs,
cells derived from fetal, adult, or ES sources are cultured in
media containing mitogens, such as EGF and FGF-2. NSCs
from these sources can be expanded as either adherent mono-
layers or spherical aggregates, termed “neurospheres”. The
neurospheres (NS) are spheroid structures that consist of cells
with a rich ECM. NS are enriched for B1 integrins, epidermal
growth factor receptor (EGFR), and cadherins.®"*? NS produce
their own ECM molecules (laminins, fibronectin, chondroitin
sulphate proteoglycans) and growth factors.®® Initial cell-to-
cell contacts are retained by dividing cells in suspension cul-
tures. Moreover, they can be subsequently dissociated to pro-
duce a new neurosphere.”

To promote NSC differentiation, the mitogens are usually re-
placed by specific morphogens or growth factors, such as NT3,
neurotrophin-4 (NT4), bone morphogenetic protein (BMP), and
ciliary neurotrophic factor (CNTF). These factors promote initial
maturation into either neurons or glia.*>*® Final differentiation
into specific neuron and glial types can be induced by other
morphogens and growth factors, and in some cases transcrip-
tion factors. For example, 1) brain-derived neurotrophic factor
(BDNF) and sonic hedgehog (Shh) for gamma-aminobutyric
acid (GABA) neurons, 2) FGF-8, Shh for domapine neurons,
3) retinoic acid (RA) and Shh for motor neurons, 4) CNTF, leuke-
mia inhibitory factor (LIF) and BMPs for astrocytes and 5) pur-
morphamine (PMN), vitronectin (VN), platelet-derived growth
factor (PDGF), cyclic adenosine monophosphate (cAMP), FGF-2
for oligodendrocytes are used.®**? In the studies presented in
this paper, NSCs were either treated with the well-established
differentiation media or with no special growth medium (spon-
taneous or direct differentiation processes). In these two differ-
ent approaches the role of topographical cues 1)in synergy
with the biochemical signals, or 2) as a sole agent on NSC dif-
ferentiation fate was investigated.

Apart from the above NSC sources, human mesenchymal
stem cells (hMSCs) have been reported to trans-differentiate
into neuronal-like cells upon culture in neuronal induction
media,®”3® although the mechanism is not well understood.”
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Assays

To investigate the effect of topography on NS cellular func-
tions, different cell assays have been used, ranging from cell
adhesion and neurite outgrowth assays to more complex func-
tional assays, such as cell differentiation on the different top-
ographies. Cell viability was assessed via metabolic cell viability
assays or via measuring the calcein-AM- and Ethidium Homodi-
mer-1 (EthD-1) positive cells, while cell proliferation was as-
sessed via measuring the cell number or via well-established
metabolic cell proliferation assays, like MTT (3-(4,5-Dimethylth-
iazol-2-yl)-2,5-Diphenyltetrazolium Bromide) or via cellular
markers for proliferation (e.g. BrdU integration and Ki67). In
order to assess stem cell adhesion on the different topogra-
phies, the expression of specific adhesion protein markers,
such as the focal adhesion actin-associated proteins, like focal
adhesion kinase (FAK)®® or vinculin®” was investigated.

The differentiation of NSCs into specific fate can be evaluat-
ed by the expression of protein markers specifically expressed
on the terminally differentiated cells. Such specific protein
markers are neuron-specific class lll beta-tubulin (Tuj1) for neu-
rites on early neurons, neurofilament (NF) expressed on neu-
rites and microtubule-associated protein 2 (MAP2) expressed
on neuronal cell bodies of postmitotic neurons, glial fibrillary
acidic protein (GFAP) for astrocytes and oligodendrocyte tran-
scription factor 1 (Olig1), 04, 2',3-Cyclic-nucleotide 3’-phos-
phodiesterase (CNPase), RIP, and myelin basic protein (MBP) for
oligodendrocytes. Nestin is used as the main marker to identify
neural precursors. Upon stem cell differentiation, nestin expres-
sion is downregulated and replaced by other intermediate fila-
ment proteins, such as neurofilaments in neurons and GFAP in
astrocytes.”" In the case of ESCs, the positive expression of the
differentiation markers shall be accompanied by the simultane-
ous negative expression of the respective markers for pluripo-
tency, like octamer-binding transcription factor 4 (Oct4) and
stage-specific embryonic antigen 1 (SSEA-1). An additional
marker for assessing the neuronal differentiation is measuring
the levels of released nitric oxide.*”*? Except for the protein,
gene expression analysis (e.g. via Polymerase chain reaction-
PCR) can provide valuable information on the differentiation
state of the NSCs. In order to assess the functionality of the dif-
ferentiated cells, expression of synaptic markers (e.g. synapto-
physin, etc.), synaptic transmission, and electrophysiological
properties of these were evaluated. Furthermore, morphologi-
cal analysis of the differentiated cells on the patterned sub-
strates was assessed via SEM.

Materials

Different materials patterned on different topographies have
been developed and used for studying the effect of topogra-
phy and regulating NSC functions. Electrospun polymeric
fibers made of mostly poly-L-lactide (PLLA)*® and polycapro-
lactone (PCL)®****! have been used. Other polymers are polye-
thersulfonate™ and carbon nanotubes (CNT).*¥ Alternating
grooves and ridges were made in silicon®®” via photolithogra-
phy and then copied from the initial masters to softer poly-
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meric materials, such as polydimethylsiloxane (PDMS)3%4%4% yia

soft lithography techniques.””

2. The Effect of Topographical Cues on Neural
Stem Cells

The stem-cell responses, including adhesion, morphology, pro-
liferation, and differentiation to different continuous, discontin-
uous, and random roughness topographies are summarized in
Tables 1, 2 and 3, respectively. The classification of the topogra-
phies into continuous, discontinuous and random was intro-
duced in our previous review paper.”® Briefly, primary classifi-
cation categorizes the various deterministic pattern geometries
into continuous and discontinuous. A second classification di-
vides further the continuous geometries into anisotropic and
isotropic topographies. The first are directionally dependent,
providing cues preferentially along a single axis, such as in the
case of parallel aligned fibers or grooved substrates. In the
case of the random surface patterns, the surface topography is
usually described in terms of statistical roughness parameters,
such as the root mean square (Rq) value. Tables 1-3 include in-
formation about the topographical pattern, biomaterial and
the respective stem cell responses of the various studies which
are organized with increasing topographical feature size. Stud-
ies of NSCs and ESCs towards neuronal and/or neuroglial fate
are mainly presented. Two studies with mesenchymal stem
cells (MSCs) towards neuronal lineage are also included.

2.1. The Effect of Continuous Topographies on Neural Stem
Cells

Effect of Continuous Topographical Cues on Cellular Shape
and Orientation/Alignment

Continuous topographies, such as alternating grooves and
ridges, gratings, and parallel fibers have been shown to influ-
ence cellular shape and orientation, as these changes can be
manifested by cytoskeletal rearrangement and nucleus elonga-
tion. NSCs on silicon linear or cyclic anisotropic micropatterns
of 2 or 10 um width and 4 um depth aligned and elongated
along the direction of the grating axis (Figure 1A).®" Focusing
on neurite outgrowth and alignment, the continuous aniso-
tropic topographies have an important guidance effect. Lee
et al. reported the alignment of the extended neurites from
the differentiated hESCs along the direction of 350 nm nano-
grooved patterned substrate.”? Bedeuer et al. cultured hNSCs
on PDMS deep (25 um) grooves of increasing groove width,
ranging from 5 to 60 um."? They showed that there is a critical
width value, associated with the mean soma diameter (12+
3 um), which introduces two regimes of cellular responses (Fig-
ure 1B). Cells on micropattern widths larger than soma diame-
ter exhibited one, two or at least three neurites, which were
quasi-equally distributed, showing a similar response to that
obtained on a non-patterned surface. Notably, for micropattern
width smaller than this value, stem cells extended fewer neu-
rites which were strongly aligned along the microchannels.””!
The study reports the preferential alignment of the neurites
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Table 1. a) The effects of artificial micro- and nanotopographies on NSCs’ continuous topographies (grooves or gratings).
Feature Biomaterial/Fabrica- Feature dimen- Cell type/Cell assay Substrate Cellular response Ref.
Type tion Technique sions Treatment/
Protein
Coating
Grooves  Polyurethane Width: 350 nm hESC/ Oxygen Effect on differentiation: hESCs differentiated prefer-  [52]
Acrylate/ Spacing: 350 nm Direct differentiation plasma entially into neuronal but not into glial lineage after
UV-assisted Depth: 500 nm (without the use of treatment/  5DIV in the absence of differentiation-inducing
capillary force lith- differentiation agent) Gelatin agents. ESCs were negative for brachyury (meso-
ography derm marker) and Pdx1 (endoderm marker).
Gratings ~ PDMS/ Nanogratings hESCs/ Poly-orni- Effect on orientation: Cells elongated and aligned [48]
Soft lithography Width:0.25-2 um Direct differentiation thine & along the grating axis.
Pitch: 0.25-2 um (without the use of Laminin Effect on differentiation: Neuronal differentiation of
Depth:0.25-2 pm differentiation agent) hESCs was promoted after 7DIV without the use of
Microgratings specific differentiation agents. Among the different
Width:1-2 um anisotropic patterns, cells on the nanogratings
Pitch: 1-2 um showed the highest MAP2 expression. Compared
Depth:0.08-2 pm with the conventional differentiation (via RA), neu-
rons after direct differentiation exhibited longer
neurites.
Grooves PLGA/ P400: hNSCs/ PLL and Fn  Effect of topography on focal adhesion: Increased [55]
Solvent-assisted Ca-  Width: 400 nm Spontaneous differen-  or vinculin expression on grooved substrates com-
pillary Force Lith- Spacing: 400 nm tiation or inclusion of ~ DOPA, PLL  pared to the flat at 4d; the effect was more intense
ography Depth: 600 nm NGF and Fn with decreasing groove size.
P800: (via se- Effect of topography on cell alignment: Enhanced
Width: 800 nm quential cytoskeletal alignment along the grating axis of the
Spacing: 800 nm immersion)  patterns on all grooved substrates; cells were ran-
Depth: 600 nm domly oriented on the flat substrates.
P5000: Effect of surface coating on focal adhesion and
Width: 5000 nm alignment: DOPA coating enhanced focal adhesion
Spacing: 5000 nm and F-actin alignment.
Depth: 5000 nm Effect of topography and surface coating on differ-
entiation: Neuronal differentiation was enhanced on
the nanogrooves (P400, P800) compared to the flat
and the micropatterns (P5000) in both spontaneous
and neurotrophic conditions at 4d. DOPA coating
potentiated this effect. Combination of nanotopog-
raphy and neurotrophic signals was the best.
Nano- PS-b-PMMA/ Micropattern: Human telencephalon  Fibronectin  Effect on cytoskeleton alignment: In contrast to the  [40]
pored Photo-lithography Width:1.5 um NSCs/ flat substrate (FS) or nanopatterned substrate (NPS),
micro- (micropattern) Pitch: 1.5 um Spontaneous NSCs on both the micro (MPS)- and hierarchical
grooves Reactive ion etch- Depth:0.625 um differentiation condi- (HPS) patterned substrates exhibited a highly elon-
ing (nanopattern) Nanopattern: tions gated cytoskeleton along the patterned groove.
Pore size:10 nm Effect on focal adhesion: Focal adhesion formation
Pore spacing: of hNSCs was significantly enhanced on the HPS
28 nm compared to other substrates.
Effect on differentiation: Compared to the other
substrates, the population of neuronal lineage cells
was increased on the HPS, whereas the relative pop-
ulation of astrocytes was concurrently decreased on
the HPS.
Linear Silicon/ Width: ANSCs/Differentiation ~ Poly-orni- Effect on alignment: Cell nucleus elongated along [51]
(LMP- Photo-lithography 10/2 pm induced by GM sup- thine and the axis of the features; cells extended branches
Grooves) Spacing: plemented with FBS Laminin guided by topological directionality on LMP and
& circular 10/2 pm and RA CMP.
(CMP) Depth: Effect on proliferation: Proliferation rates on both
patterns 4 um LMP and CMP were significantly decreased com-
pared to control
Effect on differentiation: On both the LMP and CMP
the differentiation towards neurons and oligoden-
drocytes was increased compared to the flat. On the
contrary, the differentiation towards astrocytes was
decreased. This effect was more pronounced on the
smaller feature size (2 um vs. 10 um).
ChemPhysChem 2018, 19, 2-23 www.chemphyschem.org 7 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. (Continued)
Feature Biomaterial/Fabrica- Feature dimen- Cell type/Cell assay Substrate Cellular response Ref.
Type tion Technique sions Treatment/
Protein
Coating
Grooves ~ PDMS/ Width: Adult hNSCs/ Oxygen Effect on growth and positioning: Cells were found  [49]
Soft lithography 5/10/20/60 pm Differentiation in- plasma inside the grooves
Spacing: duced by GM supple-  treatment/  Effect on neurite alignment: The smaller-the channel
5/10/20/10 um, re-  mented Poly-lysine  width, the better the neurite alignment and the
spectively with B27 nutriments and lami- smaller the number of neurites per cell.
Depth: 25 um and NGF nin Effect on differentiation: Cells differentiated on both
neurons and astrocytes on the micropatterned sur-
face. For feature widths smaller than the soma di-
ameter, neuronal differentiation was affected (i.e.
less neurites, less branching). For feature widths
larger than soma diameter, the differentiation rates
obtained were comparable to that on a non-pat-
terned surface.
Gratings ~ PDMS/ Nanopattern: hMSCs/ Collagen Effect on proliferation: Proliferation decreased with [38]
Soft lithography Width: 0.35 um Differentiation was in- decreasing width size
Pitch: 0.7 um duced by GM supple- Effect on differentiation: MSCs on nanopatterned
Depth: 350 nm mented samples exhibited significant up-regulation of neu-
Micropatterns: with RA ronal markers, compared to micropatterned and un-
Width: 1/10 pm patterned substrates. MSCs on the nanopatterned
Pitch: 2/20 pm, samples expressed mature neuronal markers even
Depth: 350 nm without the chemical induction medium.
Grooves  Hydrogenated 200P hBone marrow Stem Effect on protein adsorption: Uniform a-C:H > nano-  [37]
amorphous carbon  Width:40 um Cells/ pattern a-C:H (200P=2400P=2300P) > glass coverslip
(a-C:H)/ Spacing: 80 um Differentiation was in- and TCP.
Radiofrequency Depth: 24 nm duced by GM supple- Effect on cell morphology: Cells assumed an elon-
plasma-enhanced 300P mented with gated morphology only on the ridge-patterned
chemical vapor Width:30 um BDNF, -FGF films, whereas cells maintained a fibroblast-like mor-
deposition Spacing: 40 um and PDGF-AA phology on smooth surfaces (uniform response on
(rf-PECVD) Depth: 24 nm a-C:H, TCP and glass).
400P Effect on differentiation: In the absence of chemical
Width:20 um stimulus (ie. BDNF) only the 300P substrate promot-
Pitch: 30 um ed hBMSCs differentiation. In the presence of BDNF,
Depth: 24 nm neuronal differentiation into neuronal lineage was

Biomaterial/Fabrica-
tion Technique

Feature
Type
Fibrils Collagen/CNT com-
posite/
Mixing/Blending &
Gelation

Random  PCL/

& Electrospinning
aligned

fibers

Feature dimen-
sions

Diameter:

35-55 nm (com-
pared to 5-15 nm
of the pure colla-
gen)

Diameter:
250 nm

b) The effects of artificial micro- and nanotopographies on NSCs- Continuous Topographies (Fibers)
Treatment/

Cell type/Cell assay
Protein
Coating

hESCs/

Spontaneous differen-

tiation conditions

1) mESC and No
2) Embryoid Bodies

(EBs)/

Differentiation in-

duced by GM supple-
mented with RA

increased on the 300P compared to 200P and 400P.

Cellular response Ref.

Effect of orientation: Cells on collagen/CNT mostly [58]
grew long bipolar filaments along the side of the
well-oriented thick fibril bundles, whereas cells on
pure collagen grew filaments frequently branching
and extending along variable directions.

Effect on spontaneous differentiation: Cells on the
collagen/CNT matrix demonstrated significantly
higher level of nestin than those on the pure colla-
gen matrix, regardless of the similarity in cell shape
in the two cases.

Effect on migration out of the EBs: Cells migrated [44]
away from the EB along the long axes of the aligned
PCL nanofibers. In contrast, cells cultured on
random PCL nanofibers remained more localized to
the region of the EB’s main body.

Effect of alignment: Neurite extension and oligoden-
drocyte migration was guided by the direction of
nanofiber alignment.

Effect on differentiation: i) Embryoid bodies: The
number of cells expressing neuronal and oligoden-
drocyte markers was higher on the aligned com-
pared to the random fiber substrates. On the con-
trary, the number of cells expressing astroglial
marker was smaller on the aligned compared to the
random fiber substrates (14DIV); ii) ESCs without
forming EBs: Neuronal differentiation was success-
ful.

ChemPhysChem 2018, 19, 2-23
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Table 1. (Continued)

Feature Biomaterial/Fabrica- Feature dimen- Cell type/Cell assay Substrate Cellular response Ref.
Type tion Technique sions Treatment/
Protein
Coating
Random  PCL fibers coated Diameter: aNSCs Laminin Effect on differentiation: Selective differentiation of ~ [39]
fibers- with Graphene 200-300 nm NSCs into oligodendrocytes in a GO concentration-
Hybrid Oxide (GO)/ Elec- dependent way. The results support a role of GO-
scaffold trospinning coating in the upregulation of these downstream
molecules in the integrin signaling pathway.
Random  PLLA/ Diameter: Neonatal mNSCs/ Dif- Effect on cell morphology and neurite outgrowth: [53]
& Electrospinning micro:1250 nm ferentiation induced NSCs on the aligned fibers elongated along with the
Aligned nano: 250 nm by GM containing fiber direction independent of the fiber diameter.
Fibers N2 supplement NSCs on the randomly oriented fibers extended
multiple processes.
Effect on differentiation: Increased differentiation on
nanofibers compared to that on the microfibers, in-
dependent of the fiber orientation.
Random  Poly-ethersulfone/  Diameter: Adult rNSCs/ Laminin Effect on viability: NSCs cultured on fibers with a di-  [46]
Fibers Electorspinning “283-nm": Differentiation with ameter of 1452 nm showed lower viability by day 5.
283 +45 nm the supplementation Effect on proliferation: Proliferation decreased with
“749-nm": of RA and FBS increasing fiber diameter.
749+153 nm Effect on morphology: While cells on “283-nm” were
“1452- able to spread along the nanofiber matrix randomly
nm”:1452+312 nm and assumed cell morphology of glial lineage, cells
on larger fibers extended on single fibers due to the
size restriction.
Effect on differentiation: On “283 nm"fibers, there
was a 3-fold increase in the percentage of oligoden-
drocytes compared to the control. In contrast, NSCs
on the “749 nm” yielded the highest fraction of neu-
ronal differentiation among all substrates.
Parallel PCL/ Diameter (nm): Adult rNSCs/ PLO and Effect of fiber orientation: ANSCs on aligned fibers [56]
or Electrospinning 260; 480; 930 Differentiation with laminin elongated along the major fiber axis. Upon induc-
random RA or IGF/Noggin tion of differentiation with RA, more cells on aligned
fibers fibers exhibited markers of neuronal differentiation
as compared with cells on random fiber or unpat-
terned surfaces.
Effect of topography on survival: Aligned fiber sub-
strates were less receptive to the attachment and
continued survival of oligodendrocytes than random
fiber or unpatterned substrates.
Random  PCL/ Diameter: Adult rNSCs/ Treatment Effect on differentiation: NSCs differentiated prefer-  [45]
Fibers Electrospinning 750+100 nm Differentiation with with Ethyl-  entially into oligodendrocytes.
FBS ene-dia-
mine
Parallel PLLA with SWCNT Diameter: mESCs/ Oxygen Effect on viability: Cell viability was the same on all [43]
aligned or MWCNT/ PLLA/SWCNT: Culture in neural in- plasma fibers.
fibers Electrospinning 450 nm duction medium treatment Effect on orientation: Differentiated mESC aligned
PLLA/MWCNT: along the underlying fibers.
500 nm Effect on differentiation: Significant upregulation of
PLLA: 500 nm neuronal markers on the composite-fibers compared
to pure PLLA fibers. Nestin expression was the same
with the one on PLLA fibers.
Parallel PCL/ Small E13 mNSC Neuro- PDL or PDL  Effect of fiber diameter on cell morphology: Smaller-  [25]
aligned Electrospinning Diameter (um): sphere formation and Lami- fiber topography, supported cell migration (10 DIV),
fibers 0.86+0.45 nin independent of coating; individual cells showed
Large alignment to the fiber mats. Large-fiber topography
Diameter (um): without laminin prevented cell migration.
8.8+6.5 Effect of laminin coating on migration: Large-fiber
topography without laminin prevented cell migra-
tion. Laminin coating of both the large and smaller-
fiber patterns supported cell migration.
Effect of topography on cell differentiation/morphol-
ogy: Cells on the small fibers exhibited fibrous/bipo-
lar morphology or multipolar morphologies; cells on
the large fibers showed predominantly fibrous/bipo-
lar morphology.
ChemPhysChem 2018, 19, 2-23 www.chemphyschem.org 9 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. (Continued)

Feature Biomaterial/Fabrica- Feature dimen- Cell type/Cell assay Substrate Cellular response Ref.
Type tion Technique sions Treatment/
Protein
Coating
Random  SWNT-PLGA com- PLGA iPSCs/ Oxygen Effect on differentiation: SWNT-PLGA composite en-  [57]
fibers posite/ Diameter: 1.2 um Differentiation in- plasma, hanced neuronal differentiation of NSCs compared
Electrospinning SWNT-PLGA duced by GM contain- PDL and to PLGA controls without SWNT
(PLGA) Diameter: 2.9 um ing laminin
Vacuum impregna- N-2 supplement
tion post-process-
ing (SWNT)

Abbreviations: a: Adult; BDNF: Brain-derived neurotrophic factor; CNT: Carbon Nanotube; DIV: Days in vitro; DOPA: 3,4-dihydroxy-L-phenylalanine; EB: Em-
byoid Body; ESC: Embryonic stem cells; FGF: Fibroblast Growth Factor; FBS: Fetal Bovine Serum; Fn: Fibronectin; GM: Growth Medium; h:Human; iPSCs:
Induced pluripotent stem cells; NGF: Nerve Growth Factor; NSCs: Neural Stem Cells; PCL: Polycaprolactone; PDMS: Polydimethylsiloxane; PDGF: Platelet-
derived growth factor; PDL: Poly-p-lysine; PLGA: poly(lactic-co-glycolic acid); PLL: Poly-L-lysine; PLLA: Poly-L-lactide; PMMA: Poly(methyl methacrylate);
PS: Polystyrene; r:Rat; RA: Retinoic Acid; Si: Silicon; UV: UltraViolet. Comment: For reasons of clarity and ease of comparison, the grooved-/ridged- pat-

terns are presented with respect to the groove (even if the authors have reported them with respect to the ridges).

Table 2. The effects of artificial micro- and nanotopographies on NSCs’ discontinuous topographies.

evaporation

Feature  Biomaterial/ Feature di-  Cell type/Cell assay Treatment/ Cellular response Ref.
Type Fabrication mensions Protein Coat-

Technique ing
Pillars &  PDMS/ Pillars: hESCs/ Polyornithine  Effect on differentiation: Both isotropic patterns promoted [48]
wells Soft lithogra- Width: Direct differentiation & the glial rather than the neuronal differentiation of hESCs

phy 1 um (without the use of dif-  Laminin compared with the control and the anisotropic continuous
Pitch: ferentiation agent) patterns (see Table 1); however into different glial subtypes/
6.5 um subpopulations: More hESCs differentiated into oligodendro-
Height: cytes and astrocytes on pillars and wells, respectively.
1 um
Wells:
Width:
2 um
Pitch:
12 um
Depth:
2 um
Dot Si/ Quadrant- Adult rNSCs/ Poly-L-orni- Effect on orientation: There was no obvious preference of the [51]
Micro- Photo-lithog- dot shape Differentiation: thine & Lami-  direction of alignment and extension for those cells cultured
patterns  raphy Width:10/ GM supplemented with  nin on the DMP with both 2 and 10 pm width and control sub-
(DMP) 2 um RA and FBS strates.
Pitch: 10/ Effect on proliferation: NSCs on DMP exhibited decreased
2 um, re- proliferation compared to the control substrates.
spectively Effect on differentiation: NSCs on DMP exhibited similar dif-
Depth:4 pm ferentiation response compared to the control unpatterned
substrates. Increased differentiation towards astrocytes, while
decreased differentiation towards neurons and oligodendro-
cytes compared to the flat and the anisotropic continuous
patterns (See Table 1).
Honey-  PCL & amphi-  Pore size: E14 mNSCs/ Poly-L-lysine Effect on differentiation: Membranes with a pore size of 3 [59]
comb philic polymer = 3-15 um GM with 2-mercaptoe- and 5 um suppressed the differentiation of the NSCs. The
pattern  (Cap) blend/ thanol number of differentiated cells increased with increasing pore
Casting and size.
controlled

Abbreviations: a: Adult; DIV: Days in vitro; ESC: Embryonic stem cells; FBS: Fetal Bovine Serum; GM: Growth Medium; h: Human; NSCs: Neural Stem Cells;
PCL: Polycaprolactone; PDMS: Polydimethylsiloxane; RA: Retinoic Acid; Si: Silicon

along the edge at the bottom of the microchannel, more strik-
ing for the smaller widths, suggesting that the channel width
is a critical parameter for neurite outgrowth and stem cell de-
velopment.”® Yang et al. used a hierarchical topography (HPS)

ChemPhysChem 2018, 19, 2-23 www.chemphyschem.org 10

consisting of a PS-b-PMMA nanopore-patterned micro-grooved
topography (pore spacing/size: 28/10 nm; groove spacing/
width: 1.5/1.5 um). NSCs cultured on both the micro-grooved
topography (MPS) and the HPS were highly aligned along the
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Table 3. The effects of artificial micro- and nanotopographies on NSCs’ random topographies.
Feature Biomaterial/ Feature dimen-  Cell type/Cell Treatment/Protein Coating  Cellular response Ref.
Type Fabrication Technique  sions assay
Nano- Silica (SiO,) nanoparti- Monodispersed ~ E15.5 rNSCs/ Poly-lysine Effect on differentiation: On the Rq of [62]
roughness  cles/ silica colloids of N2 media or CNTF 32 nm and 16 nm there was a 10- to
Stoeber process increasing size (promotes differ- 20-fold greater number of NSCs
(Rq: 12 —80 nm)  entiation of NSCs showed spontaneous differentiation to
to astrocytes) neurons. Even upon exposure to CTNF,
a twofold increase in NSCs positive for
the neuron-specific class Il B-tubulin,
compared to glass.
Nano- Ultra-nanocrstalline Grain size: E11.5 mNSCs/ Hydrogen- terminated Effect on differentiation: NSCs on the [66]
grained diamond film/ micro- 5 nm Low serum (by hydrogen treatment) H-UNCD expressed markers of neuro-
roughness wave plasma chemi- medium or differ- genic, astrocyte and oligodendrocyte
cal vapor deposition entiation medium lineage in both basal and differentia-
(MPCVD) tion medium. NSCs on PS (control) ex-
pressed only markers of astrocytic line-
age in both basal and differentiation
medium.
Effect on adhesion: NSCs on H-UNCD
were spread more extensively than
those on PS; filopodia on H-UNCD
showed longer extensions and more
protruded than on PS.
Effect on fibronectin adsorption: In-
creased fibronectin adsorption com-
pared to that on the flat (PS).
Nano- Nanodiamonds mon-  R,: 3.74 nm HNSCs/ Oxygen (by ozone treat- Effect on surface chemistry: NSCs on [64]
roughness  olayer Neurobasal ment) or hydrogen (by hy-  (protein-coated) oxygen-terminated,
medium drogen anneal process)- but not on hydrogen-terminated, nano-
terminated with and with- diamonds showed a good cell attach-
out PL+LN ment, which was comparable to that
on (protein-coated)TCPS with the same
nanoroughness.
Porous TiO,, Sintering; Porous diame- E13.5 rNSCs/ PDL and laminin Effect on differentiation: NSCs porous- [63]
nano-pat-  PDMS/ Soft lithogra- ter: Neural differentia- TiO, showed decreased neurogenic dif-
tern phy 200-500 nm tion ( by removing ferentiation and increased astrocyte dif-
bFGF and EGF ferentiation, compared with the flat
from the culture TiO, or TPCS, after 21dayss.
medium) Effect on astrocyte morphology: NSCs
on porous TiO, differentiated into fi-
brous astrocytes, while NSCs on TCP
and Flat differentiated into protoplas-
mic astrocytes
Abbreviations: CNTF: ciliary neurotrophic factor; ESC: Embryonic stem cells; GM: Growth Medium; h: Human; m: mouse; LN: Laminin; NSCs: Neural Stem
Cells; PDL: Poly-b-lysine; PDMS: Polydimethylsiloxane; PL: polylysinePS: polystyrene; r: rat; Si: Silicon; TCP: Tissue culture plastic; TPCS: Tissue plastic cul-
ture substrate.

patterned groove, compared to the flat and the nanopatterned
substrate (NPS). These results suggest that the micro-scale
compared to the nano-scale of the topographical feature is the
critical factor for cell orientation and alignment (Figure 1C).*”

Neurite outgrowth and alignment were also shown to be in-
fluenced by parallel-aligned polymeric fibers of submicron-to-
micron diameter.***¥ Using aligned PLLA microfibers (diame-
ter: 1250 nm) and nanofibers (diameter: 250 nm), Yang et al.
showed that cells exhibited mostly bipolar shape and neurites
aligned along the fiber axis with less branching between the
fibers (Figure 1D).®¥ On the contrary, cells exhibited multiple
processes and the neurites were randomly oriented on the re-
spective micro- and nanofibers of random orientation.®® Fibers
of larger diameter, such as 10 um, induced migration of precur-
sors out of the neurosphere along fibers in a chain-like pat-

ChemPhysChem 2018, 19, 2-23
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tern.”” This organization of the cells into a chain-like arrange-
ment along the fibers has been previously reported in dissoci-
ated Schwann cells cultured on 15 um diameter chitosan
fibers.5¥

Effect of Continuous Topographical Cues on Stem Cell Differ-
entiation

An increasing number of studies report the effect of micro-
and nano-scale continuous topographies on differentiation of
NSCs and ESCs into neuronal or neuroglial cells. Importantly,
topographical cues may selectively enhance NSCs differentia-
tion to specific lineage. Christopherson et al. studied the effect
of fiber diameter of polyethersulfone electrospun substrates
on NSC differentiation and proliferation, showing that different

1 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Aa) SEM images of the anisotropic linear (LMP) and cyclic (CMP) silicon micro-patterns; Ab) Fluorescence microscopy images of the NSCs on the con-

trol and the LMP and CMP substrates for different days from 1-7 (D1-D7) (Reprinted with permission from Ref. [51]).

B) Optical fluorescence images of adult

human NSCs cultured on different PDMS substrates after 7 days of differentiation. Cells were stained with the neuronal specific marker Tuj-1 (red) and with
DAPI for nuclear staining (blue). The size of the microchannels is indicated on top of each picture and the axis of the microchannels is indicated by the
arrow.*? Ca) SEM images of the BCP nanopore (NPS), microgroove (MPS), hierarchical (HPS) patterns and high magnification image of HPS; Cb) SEM images
of hNSCs on flat substrate (FS), NPS, MPS and HPS (scale bar=20 um). The white arrowheads indicate sprouting of neurites from cell bodies across the micro-
groove patterns (scale bar=1 um) (Reprinted with permission from Ref. [40]). D) SEM images of nano- and microfibers (Da) and confocal microscopy images
of immunostained neurofilament in NSCs after 2 days of culture (Db) on nanofibers (left) and microfibers (right); X400 (Reprinted with the permission from

Ref. [53]).

fiber diameters could promote specific differentiation fate."®
Rat NSCs were cultured on electrospun fibers of random orien-
tation in a growth medium which supports the differentiation
into a mixed lineage of neurons, astrocytes and oligodendro-
cytes. While cells grown on fibers of an average diameter of
283 nm exhibited a threefold increase in oligodendrocyte dif-

ChemPhysChem 2018, 19, 2-23 www.chemphyschem.org

ferentiation when compared to the tissue culture polystyrene
(TCPS) control, cells grown on fibers of 749 nm exhibited the
highest fraction of neuronal differentiation among all sub-
strates tested, as evidenced by the expression of the respective
markers (Figure 2A). These differences were confirmed by the
morphology of the cells on the different fibrous substrates via
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Figure 2. Tuning differentiation of stem cells into specific lineage. Aa—b) SEM images of randomly-oriented electrospun fibers of 283 (Aa) and 749 nm (Ab) dia-
meter; Ac) Quantification of immunostaining results of rat NSCs cultured on various substrates in the presence of 1 mm retinoic acid and 1% FBS for 5 days
(Reprinted with the permission from Ref. [46]). Ba-b) SEM images of parallel (Ba) and random (Bb) orientation PCL fibers; Bc) Cell phenotype analysis of RwW4
EBs cultured on nanofibrous scaffolds for 14 days. The markers examined were SSEA-1 (for undifferentiated mouse ES cells), nestin (for neural precursors),

Tuj1 (for neurons), O4 (for oligodendrocytes), and GFAP (for astrocytes) (Reprinted with permission from Ref. [44]). Ca—b) SEM images of the anisotropic linear
(Ca) and cyclic (Cb) patterns. Cc) The graph shows the quantification of immunostaining results of the adult NSCs grown on the different substrates (of 2 um
and 10 pm width) in the presence of 1 mm RA and 2% FBS for 7 days (Reprinted with the permission from Ref. [51]).

SEM. When these cells were growing on fibers of a larger diam-
eter (1452 nm) they showed lower viability.*® Using submi-
cron-sized PCL fibers (200-300 nm) of random orientation
coated with graphene oxide (GO), Shah et al. reported the se-
lective differentiation of NSCs into oligodendrocytes in a GO
concentration-dependent way.?% Their results support a role of
GO-coating in the upregulation of these downstream mole-
cules in the integrin signaling pathway. This preferential differ-
entiation in oligodendrocytes may be associated with the size
range of the fibers, which is morphologically close to the
axonal diameter size.®¥ However, in an older study it was

ChemPhysChem 2018, 19, 2-23 www.chemphyschem.org
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shown that electrospun PCL random fibers of a diameter of
750 nm promoted the preferential differentiation of NSCs into
oligodendrocytes as well.**

The effect of anisotropy llIlIOK? M on differentiation has
been also investigated with the continuous anisotropic topog-
raphies of grooved substrates. In these studies, the groove/gra-
ting width seems to be a critical parameter for the differentia-
tion fate of SCs. Linear or circular grooves of two different
widths (10 and 2 um) made of silicon showed that adult NSCs
exhibited an increased and a decreased differentiation towards
neurons and astrocytes, respectively, compared to the flat. This
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response was more obvious on the smaller width (i.e. 2 um)
(Figure 2C).°" The importance of grooved topography with
emphasis on smaller widths on neuronal differentiation was
also shown by Yang et al. Using PLGA grooved substrates of
groove:ridge ratio 1:1 of three different widths (400, 800 and
5000 nm) and a proper surface coating consisting of DOPA,
PLLA and fibronectin, they showed an enhanced differentiation
in the presence of neurotrophic medium compared to that on
the flat substrates. The effect was more striking on the nano-
patterns (i.e. 400 and 800 nm).*™ This enhancement on neuro-
nal differentiation on the patterns compared to the flat was
less visible on the spontaneous differentiation conditions.
Thus, the authors suggest a synergistic effect of biophysical
(topography) and biochemical cues (growth medium and sur-
face chemistry) on NSC differentiation.

In an attempt to investigate whether fiber orientation or
fiber diameter has a greater impact on the differentiation fate
of NSCs, some studies compared the SC growth and differen-
tiation on randomly and parallel-oriented polymeric fibers.
Specifically, Yang etal. used PLLA nanofibers (diameter:
250 nm) and microfibers (diameter: 1250 nm) of parallel and
random orientation. They showed increased differentiation (i.e.
in terms of number of differentiated cells and neurite length)
of cerebellar stem cells into neural lineage when these were
grown on nanofibers compared to the case where grown on
the microfibers, independent of the fiber orientation. These re-
sults suggest that NSC differentiation depended on the fiber
dimension and not on the fiber alignment which influenced
neurite outgrowth and cell morphology.®® However, the effect
of fiber orientation over fiber diameter on the differentiation
fate of SCs is not yet clear. For example, the study of Lim et al.
emphasizes the role of anisotropy over fibrous dimension on
neuronal differentiation. Using submicron-diameter PCL fibers
(260,480 and 930 nm) of parallel or random orientation, they
showed that upon induction of differentiation with RA a
higher fraction of a NSCs on aligned fibers exhibited markers
of neuronal differentiation as compared with NSCs on random
fiber or unpatterned surfaces.”® In another study, Xie etal.
compared the differentiation response of EBs from ESCs on
random and aligned PCL fibers of 250 nm diameter. Aligned
nanofiber substrates could enhance the differentiation of ES
cells into neurons and oligodendrocytes, but discouraged the
differentiation into astrocytes. The opposite response was ob-
served on the random fibers, suggesting the importance of
anisotropy (Figure 2B).*Y Perhaps these differences among the
various studies could be attributed to the stem cell source
(e.g. in terms of developmental age, etc.). Future studies are
envisaged to shed light on this controversial response/effect.

Given that neurons are electrically responsive cells, there is
increasing interest in substrates which combine topographical
cues with electrical cues. Accordingly, conductive materials,
such as carbon nanotubes (CNTs), have been combined with
medically approved polymers to form highly conductive com-
posites. CNTs have been either blended with the polymers
before processing™ or incorporated at a post-processing
step.”! Interestingly, the studies show an increased neuronal
differentiation on these composites compared to their counter-

ChemPhysChem 2018, 19, 2-23 www.chemphyschem.org
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parts (i.e. without the conductive component) even without
electrical stimulation. Accordingly, Landers etal. developed
composites of electrospun poly(lactic-co-glycolic acid) (PLGA)
fibers with single-walled carbon nanotubes (SWNTs), and inves-
tigated the ability of these substrates to enhance differentia-
tion of induced pluripotent stem cell (iPSC)-derived NSCs. In-
creased neuronal differentiation on' the SWNT-PLGA compo-
sites compared to the 2D control (PLGA thin film glass cover-
slips) was demonstrated.”” Interestingly, the kinetics of neuro-
nal differentiation was further enhanced when electrical
stimulation was applied. This effect suggests that the stimula-
tion activates a pathway that induces differences in secondary
remodeling phenomena, which results in longer term effects
on neuronal differentiation. They also confirmed the function-
ality of the differentiated neurons with sypaptophysin (i.e. a
synaptic vesicle protein) immunocytochemistry and calcium
imaging, where electrically active cells are defined as those
that show an increase in fluorescence due to calcium influx in
response to an external electrical stimulation.®” Using aligned
nanofiber electrospun scaffolds composed of PLLA blended
with either single- or multi-walled carbon-nanotubes, Kabiri
et al. reported a significant upregulation of neuronal markers
of ESCs on the composite fibers compared to the pure PLLA
ones. "

An interesting question is whether the topography, that is,
without the presence of a differentiation agent, could promote
NSCs and ESCs differentiation. In this context, studies with con-
tinuous topographies of alternating grooves and ridges report
a significant up-regulation of neuronal marker, suggesting the
differentiation towards neuronal lineage even in the absence
of the proper differentiation agent. More specifically, Lee et al.
cultured hESCs onto nanoscaled polyurethane acrylate grooves
(width: 350 nm, spacing: 350 nm) and showed that nanoto-
pography could effectively induce the differentiation of the
hESCs preferentially into neuronal lineage but not to neuroglial
after 5 days without the use of any differentiation agents. Al-
though hESCs on both the patterned and the unpatterned
control substrate expressed nestin, which is indicative for dif-
ferentiation, only the hESCs on the 350 nm ridge/groove pat-
tern arrays stained positive for Tuj1, and negative for brachyury
(mesoderm marker) and Pdx1 (endoderm marker), compared
with the hESCs on the flat surface control (Figure 3A).?
Ankam et al. investigated the role of various topographical
cues, such as continuous anisotropic cues of micro and nano-
sized gratings and discontinuous such as isotropic pillars—pat-
terned on PDMS- on the differentiation of hESCs.*® Following
a “direct differentiation” protocol, in which small clumps of un-
differentiated hESCs were cultured directly without going
through the stage of embryoid body formation for 7 days,
they showed that the anisotropic patterns of gratings inde-
pendent of scale promoted neuronal (TulJ1 +) differentiation of
hESCs, compared to the isotropic patterns or the flat that pro-
moted the differentiation towards a neuroglial lineage
(GFAP +). Among the different gratings, it was shown that cells
on the nano-scale gratings (of 250 nm width, spacing and
height) as compared to the three micro-gratings (w:s:h=2:2:2,
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Figure 3. Effect of continuous anisotropic topographies on differentiation of stem cells into neurons without the use of differentiation agents. A) SEM images
[overview (Aa1) and cross-section view (Aa2) of PUA 350 nm ridge/groove pattern arrays]. Ab) Neural differentiation of hESCs cultured on the PUA flat surface
for five days (Ab1-3) and on the 350-nm ridge/groove pattern arrays [for five (Ab4-6) and ten (Ab7-9) days]; hESCs were immunostained for DAPI, Tuj1, Bra-
chyury, PDX1 and Nestin (Reprinted with the permission from Ref. [52]). Ba) SEM images of the PDMS micro- & nanoscale grooved patterns of varying dimen-
sions (Scale bar: 5 um). Bb—c) Graphs showing the percentage of H1-derived neuronal cells (Tuj1™"), mature neuronal cells (MAP2") and glial cells (GFAP*) on
each pattern after seven days of differentiation (Reprinted with permission from Ref. [48]). Ca) SEM images of the nanopore (NPS), microgroove (MPS) and hi-
erarchical (HPS) patterns and high magnification image of the HPS. Cb) Immunofluorescent staining of hNSCs differentiated on each substrate for neuronal
(Tuj1 and MAP2), astrocyte (GFAP), oligodendrocyte (04) and undifferentiated NSC (nestin) markers (scale bars =50 um); qRT-PCR analysis to measure the ex-
pression of the genes for Tuj1 (Cc), MAP2 (Cd), GFAP (Ce) and Olig2 (Cf) in hNSCs grown on each substrate. Relative proportion of MAP2" or GFAP™ cells (Cg)
and Tuj1™ or GFAP™ cells (Ch) on each substrate (Reprinted with permission from Ref. [40]).

2:1:0.12 and 1:2:0.08 um), expressed more of the mature neu-  sisting of nano-pored (pore diameter: 10 nm) grooves (of

ronal marker, MAP2 (Figure 3B).¥ 1.5 um width and spacing). When hNSCs were cultured under

The preferential differentiation of NSCs into neuronal lineage  spontaneous differentiation medium conditions, differentiation
was also shown with a hierarchical topographical model con- into neuronal (Tuj1+ and MAP2+) and astrocyte (GFAP +) line-
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age was enhanced on the hierarchical patterned substrates
(HPS) compared with the flat or single-type patterned sub-
strates (micro- or nanopatterned substrates) with an increased
ratio of the Tuj1+ cells relative to GFAP-+ cells (Figure 3Q).
These results suggest that hierarchical patterns directed the
fate of differentiated hNSCs to a neuronal rather than a glial
lineage. This study was one of the first where the functionality
of the neurons was investigated with the use of whole cell
patch clamp, and it was confirmed that neurons differentiated
from hNSCs on the HPS were electrophysiologically active after
5 days in culture exhibiting sodium currents and action poten-
tials. This study proposes that nanopattern at the dimensions
of integrin receptors/molecules can have a synergistic effect
on directing the differentiation fate of NSCs."”

Apart from NSCs and ESCs, bone-marrow-derived stem cells
(BMSCs) have been studied for their differentiation towards
neurons. More specifically, BMSCs were cultured on three dif-
ferent micropatterned nanoridges of 24 nm of varying width/
spacing (80/40, 40/30 and 30/20 um) made of hydrogenated
amorphous carbon (a-C:H). Although stem cells underwent
neurogenesis in the presence of chemical induction medium
(BDNF), as evaluated by the expression of Tuj1 and the levels
of released nitric oxide, stem cells on the 40/30 um were able
to differentiate into neuronal lineage even in the absence of
the BDNF, suggesting the implication of cell signaling associat-
ed with specific mechanical features of the patterned sub-
strate.®”” Human bone marrow-derived mesenchymal stem
cells (MSCs) grown on PDMS nanogratings of 350 nm depth
and 350 nm width expressed early neuronal markers, such as
MAP-2, with but also without the treatment of a chemical in-
duction agent (i.e. RA).®®¥ Using comparatively micro-scale gra-
ting (of 1 and 10 um width) and unpatterned PDMS, they
showed that nanopattern had a more significant effect in stem
cell behavior compared to the micropattern and the flat, in
terms of differentiation and proliferation.*® However, it has to
be stressed that, although neuronal marker expression indi-
cates differentiation of MSCs into a neuronal lineage, their
functional role must be confirmed as well, since this behavior
represents a transdifferentiation, as Turner and Dalby in their
remarkable review emphasize.”?

2.2. The Effect of Discontinuous Topographies on Neural
Stem Cells

In contrast to continuous topographies, there are only a few
reports on the effect of discontinuous topographies on NSCs.
According to these studies, it is generally suggested that dis-
continuous. isotropic topographies influence differentiation
fate towards glial lineage rather than neuronal lineage, which
is the case in continuous anisotropies. Qi et al. developed sili-
con linear-, circular- and dot-shaped micropattern (LMP, CMP
and DMP, respectively) of 4 um depth and of two different
widths (10 pm and 2 pm); adult NSCs were cultured on them
in the presence of RA and FBS.®" Although cells on the contin-
uous anisotropic topographies (LMP and CMP) were highly
aligned along the axis (s. Section 2.1), cells on the DMP
showed no preferred orientation and alignment (Figure 4 Ab).
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Regarding their differentiation, cells on DMP showed an de-
creased differentiation into a neuronal lineage compared to
the LMP and CMP, suggesting that the polarity of cells may in-
fluence the differentiation fate.®" This trend was more striking
for the smaller feature sizes (Figure 4Ac).®" Ankam et al. inves-
tigated the role of various topographical cues on the differen-
tiation of ESCs. They cultured hESCs ‘on continuous anisotropic
cues of gratings (s. Section 2.1) and discontinuous isotropic mi-
croscale-sized pillars (diameter: 1 um; pitch: 6.5 um and
height: 1 um) and wells (diameter: 2 um; pitch: 12 um; depth:
2 um) patterned on PDMS. Although cells: had been treated
with differentiation medium that enhanced the differentiation
into a mixed lineage of neurons, astrocytes, and oligodendro-
cytes, discontinuous isotropic patterns of pillars and wells pro-
moted the glial rather than the neuronal differentiation of
hESCs, which was the opposite response compared with that
on the continuous anisotropic topographies. Gene expression
analysis revealed a differential expression of oligondendrocyte-
and astrocyte-specific genes on the two discontinuous pat-
terns, showing that more hESCs differentiated into oligoden-
drocytes and astrocytes on pillars and on wells, respectively
(Figure 4B).*®

The differentiation of NSCs derived from the cerebral cortex
of embryonic mice was also demonstrated using micro-pat-
terned polymer membranes, also known as honeycomb (HC)
films, which were fabricated through a condensation and evap-
oration process where the pore size can be precisely con-
trolled. The membranes had pores of 3 to 15 um size. The
number of differentiated cells increased with increasing pore
size. Membranes with a pore size of 3 and 5 pm suppressed
the differentiation of NSCs.®® Especially in the case of 3 pm,
where the highest suppression was recorded, NSCs were
trapped on the pore of the HC film, providing a small adhesion
area.

Extending the study of the effect of discontinuous topogra-
phy to nano-scaled discontinuous topographies is highly envis-
aged, given that stem cells of other origin are shown to be
critically responsive to these. Indeed, specific nanoscale topo-
graphical patterns were shown to stimulate MSCs osteogenic
differentiation to produce bone mineral in vitro in the absence
of osteogenic supplements®™ while other nanopatterns
helped MSCs to maintain their stem cell multipotency.®”

2.3. The Effect of Random Topographies on Neural Stem
Cells

Random topographies with nano-sized features have been
shown to favor the selective differentiation towards a specific
fate (neuronal or glial) depending on the topographical model.
Blumenthal et al. used assembly of monodispersed silica col-
loids of increasing size in an attempt to mimic the topography
of the level of receptor clusters up to ECM features.®” They
showed that there was a favored regime (R,=16-32 nm) upon
which telencephalic NSCs spontaneously differentiated into
neurons in the absence of exogenous soluble signals. This dif-
ferentiation response was the same even under exogenous sig-
nals that favor astrocytic differentiation.”
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quantification of immunostaining results of the adult NSCs grown on the different substrates (of 2 um and 10 pm width) in the presence of 1 mm RA and 2%
FBS for 7 days [Reprinted with permission from [51]. Ba) SEM images of the: (left) 1 um pillar width 6.5 pm pitch and 1 um height (“uP”), (right) 2 um wells
with 12 pum pitch and 2 pm height (‘uW’) (Scale bar: 5 um). Bb) H1-derived neuronal cells (Tuj1™) and mature neuronal cells (MAP2") on each pattern after 7
days of differentiation. Bc) H1-derived neuronal cells (Tuj17%) and glial cells (GFAP™) on each pattern after seven days of differentiation [Reprinted with permis-

sion from Ref. [48]].

Mou et al. showed that rat NSCs on a nanoporous titanium
oxide (TiO,) surface (pore: 200-500 nm) showed a preferential
differentiation into astrocyte and less into neuronal lineage,
which was the case for the flat TiO, and tissue culture plastic.
This effect was independent of surface chemistry; PDMS repli-
cas of the patterns showed similar results. Furthermore, the
morphology of the astrocytes was different; NSCs on porous
TiO, differentiated into fibrous astrocytes, while NSCs on TCP
and flat TiO, differentiated into protoplasmic astrocytes.”” In-
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terestingly, porous TiO, showed a remarkably higher protein
adsorption, measured by BCA assay, compared to the flat TiO,,
although the two substrates did not differ in terms of wettabil-
ity.

Human NSCs on monolayers of oxygen-terminated nanodia-
monds, exhibiting a roughness of R,: 3.84 nm, showed a good
cell attachment, which was comparable to that on TCPS with
the same roughness (R,: 3.74 nm).* However, the more hydro-
phobic H-terminated nanodiamonds could not support cell at-
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tachment. The authors suggest that the different surface
chemistry mediates different binding of the protein laminin af-
fecting in turn the cell response.

Using a novel approach, Solanki et al. developed a nanoto-
pography-mediated reverse uptake (NanoRU) delivery platform
to demonstrate the control of the differentiation fate of NSCs
via siRNA delivery into cells.® The platform consists of a self-
assembled silica nanoparticle (SINP) monolayer coated with ex-
tracellular matrix proteins and the desired siRNA.®* As a first
step, they confirmed the nanotopography-mediated effect
using siRNA against green fluorescent protein (GFP). Negative-
ly-charged siRNA molecules and laminin condensed together
on the positively-charged SiNPs. The NSCs were then seeded
on these NanoRUs and the knockdown of GFP in the NSCs was
imaged using a fluorescence microscope. By varying the di-
mension of the silica nanoparticles, ranging from 100-700 nm,
the amount of the delivered siRNA varied, with the 100 nm ex-
hibiting the best uptake. Using a siRNA against the transcrip-
tion factor SOX9, which acts as a switch between neuronal and
glial fate of NSCs, the authors showed the successful suppres-
sion of the SOX9 and the selective differentiation of NSCs into
neurons.

3. The Effect of Topography on NSCs—An In-
sight into the Mechanisms

Although in the last years there is experimental evidence
showing that NSCs respond to topographical cues by altering
their shape and their functions, a mechanism responsible for
this behavior is lacking. In general, cells recognize the physical
and topographical characteristics of the surrounding extracel-
lular milieu predominantly through the integrins, the cell sur-
face receptors that bind to specific ECM motifs.®” Integrins
bind to ECM through a complex mechanism involving the for-
mation of attachment points resulting in tension formation
within the cell and at the same time transmitting information
from the ECM inside the cell. Specifically, integrin activation
and clustering leads to the assembly of focal complexes which
mature into focal adhesions (FAs), which are multiprotein com-
plexes that link the integrins to the actin filaments of the cy-
toskeleton. Recruitment of the actin-binding FA proteins, such
as vinculin and paxilin, causes actin stress fiber formation and
force transduction through the actin-myosin cytoskeletal net-
work; thus, resulting in changes in cytoskeletal tension.™® Ac-
cordingly, the FAs provide mechanical/physical links to the
cell's contractile architecture and can directly result in changes
in cytoskeletal organization, structure and finally cell shape.®
Furthermore, FAs incoroporate the signalling proteins that ini-
tiate downstream biochemical signal cascades, including the
activation of phosphorylation- and G-protein (like Rho-mediat-
ed pathways, for example, ROCK), which can lead to long-term
changes in transcriptional regulation, cell proliferation and dif-
ferentiation.”® Thus, via feedback loops that connect cell adhe-
sion, contractility and signalling, cells sense and respond to
the physical properties of their surroundings. In accordance to
this pathway, studies on the substrate-guided stem cell fate
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focus on the: 1) ECM-integrin interactions, 2) focal adhesion
formation and ROCK signaling and 3) actin-myosin contractility.

In the case of NSCs, during the development of the CNS, the
highly organized and temporally defined process of their mi-
gration from the stem cell niche to their differentiation to
mature neurons depends heavily on cell-cell and cell-ECM in-
teractions. NSCs within the developing and mature adult brain
interact with ECM via integrins. Among the various integrin
subunits, 1 integrins are suggested to provide NSC with the
capacity to react to a dynamic “niche” and to respond ade-
quately by either preserving their stem cell state or by differen-
tiating and migrating away to shape the developing cortex (re-
viewed in [71,72]). For example, 31 integrins are required for
the formation of the radial glial scaffold upon migration.”
Among these integrins, o531 and a6f1, which recognize the
ECM proteins fibronectin and laminin, respectively, seem to
play a critical role during CNS development.”" It is speculated
that differential ECM patterns acting on successive 1 integrin
expression and in combination with differential growth availa-
bility modulate NSC proliferation and survival and differentia-
tion in the developing cortex and the adult neurogenic com-
partments.”"

Accordingly, topography can play a critical role in the way
specific proteins deposit selectively onto the surface, which
then influences the cell binding via the integrin activation.”” A
distinct protein adsorption was shown on hydrogen-terminat-
ed ultracrystalline nanodiamond films (H-UNCD) with grain
morphology (average grain size: 5 nm; Figure 5Ba). Specifically,
these substrates showed increased fibronectin adsorption com-
pared to the control PS. NSCs on these nano-diamond films ex-
hibited spontaneous differentiation and increased (31 expres-
sion, compared to the control PS.*® Functional-blocking anti-
body directed against integrin 31 subunit, which is correlated
with fibronectin, inhibited neuronal differentiation of NSCs on
the H-UNCD films, suggesting the involvement of integrin (31
in H-UNCD-mediated neuronal differentiation. Furthermore,
NSCs on the nanodiamonds showed increased phosphorylation
of FAK and Erk1/2 (Figure 5Bi,j). However, the enhancement of
Erk1/2 pathway was suppressed when treating with the MEK
inhibitor U0126 (Figure 5Bk). Together, these results suggest
that fibronectin, which is selectively adsorbed on the nanodia-
mond topography, binds to integrin B1 and activates integrin
signaling pathway resulting in tyrosine phosphorylation of
FAK, and then elicits MEK/Erk signaling pathway.®

Integrin binding, F-actin reorganization, and focal adhesion
assembly seem to be involved in the enhanced differentiation
of hNSCs on a hierarchically patterned topographical model
consisting of a nanopore-patterned micro-grooved topography
(s. Figure 3C)."Y Addition of B1-integrin antibodies disrupted
adhesion and alignment of hNSCs along the patterns. Specifi-
cally, it eliminated the beneficial effects of the hierarchical pat-
terns compared to the other two patterns (i.e. nano-pored pat-
tern and micro-grooved pattern) in terms of focal adhesion for-
mation (Figure 5A) and enhanced differentiation of hNSCs into
neurons and astrocytes. This was expressed by the decrease of
the respective protein markers and the morphological altera-
tions of the cells. The same effect was observed after treat-
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Figure 5. Investigating the mechanism of the effect of topographical cues on NSCs functions/responses. Aa-c) SEM images of: Aa) nanopore (NPS), Ab) mi-
crogroove (MPS), Ac) hierarchical (HPS) patterns, and high-magnification image of hierarchical patterns [scale bars: 200 nm (a), 1.5 um (b), 500 nm (c)]. Ad) In-
hibition of focal adhesion, alignment of the cytoskeleton, and differentiation of hNSCs by treatments with the ROCK inhibitor (Y27632) and B1-integrin anti-
bodies (1 day in culture). Staining of focal adhesion protein (vinculin) and cytoskeleton (F-actin) and of hNSCs on each substrate with or without treatment
with Y27632 and B1-integrin antibodies (scale bars=50 pum). Cell nuclei were counterstained with DAPI (Reprinted with the permission from Ref. [40]).

Ba) SEM image of H-UNCD films (H). Bb—g) Immunofluorescence triple labeling show staining patterns of Erk (red), Fak (green) and DAPI (blue) on NSCs at
three different time points. Bi) Time course of Erk1/2 and Fak in NSCs incubated on HUNCD films (H). Bj) The ratio of phosphorylated ERK1/2 to total ERK1/2
and phosphorylated FAK to total FAK, determined by band densitometry analysis. Bk) Western blots were performed with anti-phosphorylated Erk1/2 and
anti-Erk1/2 for NSCs cultured on H-UNCD films in the regular medium for 8 h followed by treatment with U0126 with different concentrations. GAPDH was
used as an internal control (Reprinted with the permission from Ref. [66]). Ca-b) SEM images of the electrospun fiber mats. Cc-r) Mouse E13 neural stem cells
grown onto small (two left columns) and large (two right panels) electrospun PCL fiber mats coated with laminin and treated with inhibitors of cytoskeletal
polymerization. Cultures were incubated for ten days and then fixed and stained with GFAP (green), Tuj1 (red), and DAPI (blue); scale bar: 100 um in (c), (e),
(9), (), (k), (M), (0), (@); 10 pm in (d), (f), (h), (), (1), (n), (p), (r) (Reprinted with the permission from Ref. [25].

ment with Y27632, a ROCK inhibitor. Both treatments de- sion of hNSCs on the patterned substrates (Figure 5Ad).“”
creased vinculin-expressed cell adhesion, suggesting that 3 in-  These data emphasize the importance of 1 integrin-mediated
tegrin binding and ROCK pathway are critical for focal adhe-  binding and ROCK-mediated intracellular signaling pathways
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for the promotion of focal adhesion formation, FAK pathway
activation, and, in turn, the enhanced differentiation of hNSCs
on the specific hierarchical topographical model. This may sug-
gest potential mechanotransduction mechanisms of hNSC dif-
ferentiation enhanced by hierarchical patterns.”” In total, this
study shows up the importance of hierarchical topography
which can synergistically enhance the differentiation of human
NSCs (hNSCs) by simultaneously providing microscale and
nanoscale spatial controls to enhance the alignment of the cy-
toskeleton and the formation of focal adhesions, and paves
the way for novel designs.

The breakthrough study of Czeisler et al. brings evidence on
the importance of topography on regulating the cell-ECM in-
teractions.”” Inspired by neuroanatomical analysis on the VZ/
SVZ and ependymal surface of human embryonic brains per-
formed by the group, the researchers designed two types of
electrospun fibrous matrices: fibers of 8.8 um (large fibers)
mimicking blood vessel topography and fibers of 0.86 um
(small fibers) mimicking the topography of the processes of
radial glial (Figure 5Ca-b). Study of the migration and differen-
tiation of NSCs using the neurosphere model revealed differen-
tial migratory and morphological responses of the NSCs on the
two patterns. Specifically, smaller-fiber topography, in both the
poly-p-lysine (PDL)- and PDL/laminin-treated conditions, sup-
ported cell migration at day 10; individual cells showed align-
ment to the fiber mats. Large-fiber topography without lami-
nin prevented cell migration, but this anti-migrating response
was partially reversed by treatment with ROCK inhibitor.?”! This
observation was supported by the documented inhibitory role
of the Rho-associated kinase on the neoplastic astrocyte migra-
tion on vessels.”™ These results emphasize distinct cell-ECM in-
teractions that are regulated by topography. Regarding cell
morphology, cells on the small fibers were mainly of two astro-
cyte populations, that is, with fibrous/bipolar morphology and
with multipolar morphologies (Figure 5Cc-d), while cells on
the large fibers showed predominantly fibrous/bipolar mor-
phology (Figure 5Ce-f). To investigate the role of cytoskeleton
on the cell morphology, the researchers treated the neuro-
spheres on the laminin-coated fibrous patterns with various cy-
toskeletal inhibitors, including nocodazole (to inhibit microtu-
bules), cytochalasin D (to inhibit actin) and Y-27632 (to inhibit
Rho-associated protein kinase). Remarkably, treatment of the
neurospheres with cytoskeletal inhibitors induced subtle
changes in cellular morphology in the case of the small fibers
(Figure 5Cg-h,k-I), but marked changes in the case of the large
fibers (Figure 5 Ci-j,m-n). These results imply that cell morphol-
ogy has different requirements on cytoskeletal proteins de-
pending on the topographical environment encountered by
the cell. Together these findings suggest that ECM-induced cell
responses during development are modulated by the surface
topography.?”

In parallel with the effect on alignment and morphology, the
effect of topography on preferential differentiation is critical.
To investigate the mechanisms of selective differentiation of
NSCs into neurogenic lineage on aligned submicron fibrous
patterns, Lim et al. used PCL fibers of submicron diameters (i.e.
260, 480 and 930 nm) and studied two hypotheses.”® Accord-
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ing to the first hypothesis, the aligned fibrous topography was
favorable to the attachment and survival of neuronal progeni-
tors and conversely unfavorable to non-neuronal cell types.
Indeed, aNSCs on culture dishes were treated with IGF/noggin
and differentiated into oligodendrocytes, but showed de-
creased survival and attachement when replated on the fi-
brous patterns. On the contrary, NSCs treated with RA and dif-
ferentiated into neuronal lineage, showed better attachment
on the fibrous patterns compared with the planar when re-
plating. According to the second hypothesis, the fiber topogra-
phy resulted in cytoskeletal rearrangements and subsequently
leading to changes in intracellular signaling activation. In the
absence of any additional biochemical cues, NSCs responded
to parallel fiber topography with an increase in canonical Wnt
signaling; this was further potentiated by RA treatment. The
implication of canonical b-catenin/Wnt signaling pathway in
neurogenesis in both embryonic and adult neural precursor
cells is well reported.”®”” These findings suggest that substrate
topography can affect changes in gene expression (e.g. expres-
sion of cell differentiation markers) via cytoskeletal elongation.
Together, these findings suggest a mechanism by which mor-
phological control of stem cells operates in concert with bio-
chemical cues for cell fate determination.®®

Regarding the pluripotent ESCs, the studies presented in
Chapter 2 were focused on the regulation of the neurogenic
differentiation of ESCs by topography/specific patterns. Fur-
thermore, the mechanism by which topography mediates the
regulation of ESCs’ self-renewal versus differentiation by cell
adhesion and shape/spreading is very important. In the study
of Kong et al. polystyrene nanopillars in two different configu-
rations- hexagonal and honeycomb—with various spacing
ranging from 50-300 nm have been used for the culture of
hESCs in different culture media.”® A reduced number of focal
adhesions compared to the flat substrates was reported, as de-
tected by the expression of paxillin and morphological study
via SEM. Immunostaining for Oct4 showed that, while hESCs
on the flat began to down-regulate the Oct4 expression with-
out bFGF supplementation, hESCs on the nanostructured sub-
strates did maintain the expression of Oct4. These data sug-
gest that disruption of focal adhesions may help maintain the
expression of Oct4 without bFGF supplementation.”®

In parallel to the effect on integrins, cytoskeleton, and FAs,
topography may have an impact on intercellular interactions,
which in turn may influence SC differentiation. Studies focus-
ing on this investigate the alteration in expression of specific
cell-cell proteins, like E-cadherin. Chen et al. showed that sto-
chastic nanoroughness (R: 75-150 nm) imprinted/patterned on
glass influenced adhesion, spreading, and self-renewal of
hESCs."® A differential expression pattern of FA markers on
nanorough compared to smooth glass was reported. More
specifically, vinculin-containing FAs of the self-renewing, undif-
ferentiated, ESCs (Oct3/4+) formed primarily on the periphery
of the cells, but distributed randomly throughout the entire
cell spread area on the nanorough surface, suggesting that the
nanotopography may significantly impact the molecular ar-
rangement, formation and distribution of FAs in hESCs. Stain-
ing for E-cadherin showed a concentrated expression on the
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cell-cell contacts in the case of the undifferentiated cells but
had a decreased expression in the spontaneously differentiated
cells (Oct3/4-) on the smooth glass. Interestingly, E-cadherin ex-
pression was downregulated in cells at both states on the
nanorough regions, suggesting a disruption of the intercellular
adhesion of hESCs. These results suggest that the local
random nanotopographical cues can directly influence the FA
formation and E-cadherin-regulated intercellular adhesion
which may in turn influence the cellular response of self-re-
newal of the hESCs.””

Beyond its effect on integrin activation and intercellular
communication, topography may influence stem-cell functions
via other mechanisms, like triggering mechanosensitive ion
channels or through secondary effects, such as alterations in
the effective stiffness of the substrate."” However, these remain
still largely unexplored.

4, Conclusion

New types of cell culture platforms with various topographical
patterns at the micro- and the nanoscale have been used to
study (in vitro) the effect of surface topography on NSC and
ESC growth and differentiation into neuronal and/or neuroglial
lineage. Continuous topographies in the form of 1) alternating
grooves/ridges of subcellular and cellular width and 2) parallel
aligned fibers of subcellular diameter were shown to strongly
promote neurite guidance and orientation along groove or
fiber axis, respectively. At the same time, the effect of topogra-
phy seems to be critical for the differentiation fate of NSCs or
ESCs. Anisotropic topographies of grooved substrates en-
hanced NSCs or ESCs differentiation towards neuronal over
neuroglial fate, in both neurogenic and spontaneous differen-
tiation medium. In the case of the fibers, it is less clear whether
the fiber diameter or the fiber orientation (i.e. aligned vs.
random) has a greater impact on the differentiation fate of
NSCs; future studies are needed to investigate this response.

Discontinuous topographies in the form of circular, dot or
pillar patterns, with diameters and inter-feature spacing at sub-
cellular to cellular scale (e.g. 2 to 15 um), influenced differentia-
tion fate towards glial rather than neuronal lineage. Extending
the study of the effect of discontinuous topography to nano-
scale discontinuous topographies is highly envisaged, given
that stem cells of other origin (i.e. MSCs) were shown to be
critically responsive to these. Random topographies with nano-
sized features favoured selective differentiation of NSCs to-
wards a specific fate (neuronal or glial) depending on the
topographical model.

Regarding the underlying mechanisms of topography sens-
ing, studies have focused on ECM-integrin interactions, focal
adhesion formation, and ROCK signalling, as well as cytoskele-
tal rearrangements. Topography is suggested to play a role in
selective protein adsorption which influences the integrin acti-
vation (such as 31), but also to substrate selectivity for survival
of specific cell populations. Besides this, surface topography is
suggested to regulate the ECM-induced cell responses during
development. Further studies are required to provide a broad-
er insight into such mechanisms and contribute towards the
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understanding of NSC growth and differentiation during devel-
opment with ultimate implementation in tissue engineering re-
search.
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