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Vertically Aligned Nanostructured Topographies for Human
Neural Stem Cell Differentiation and Neuronal Cell
Interrogation
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Neurodegenerative disorders are a widespread global health concern caused
by aging, disease, and trauma, for which there are limited treatment options.
Stem cell therapies, tissue engineering, and nanobiotechnologies offer hope
for improved therapeutic delivery approaches, as well as tissue repair and
regenerative medicine interventions. The complexity of the human brain,
coupled with its limited availability for research, makes human neural lineage
cells and their precursor stem cells integral to the further understanding of
brain functions in health, development, and disease.
Engineered nanomaterials provide highly specialized microenvironments,
enabling precise interrogation of the impact of external and spatial stimuli on
human neural cells in vitro, greatly advancing the knowledge of human neural
function. Interacting with neural cells at the nanoscale, vertically aligned
nanostructured (VA-NS) arrays can influence cell fate and aid in more efficient
cell reprogramming, and lend themselves to the development of highly
targeted, sensitive signal transducer platforms suitable for in vivo monitoring
of neural cell health and activity.
This perspective highlights the current state of stem cell nanoneurobiology,
specifically focusing on interdisciplinary advances made by VA-NS arrays to
manipulate human neural stem cells in translatable research applications.
Current challenges and identify are discussed underexplored and emerging
future research areas.
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1. Introduction

Neurodegenerative disorders and acquired
brain injuries are a leading cause of mor-
bidity and the second-leading cause of
death worldwide.[1] For example, traumatic
brain injury is the leading cause of lifelong
disability in young adults in the devel-
oped world.[2] As such, there is a huge
socioeconomic burden on individuals and
their families, and a major financial cost
to health systems. In Australia alone, the
burden of all brain disorders accounted
for 20.5% of disability-adjusted life years
(DALYs), nearly twice the global figure of
11.1%, and estimated to have an annual
economic cost in excess of $74 billion.[3]

In the EU in 2017, neurological disorders
represented 13.3% of total DALYs and
19.5% of total deaths, and rank as the third
greatest health burden after cardiovascular
disease and cancer.[4] Aging is the largest
single cause of neurodegeneration, but
diseases like stroke, multiple sclerosis, and
motor neuron diseases are also significant
contributors.[5] Trauma is the largest cause
of spinal cord injury, which also affects
the nervous system.[6] There is no cure
for neural damage or neurodegeneration.

Treatments involve easing symptoms, slowing the degenerative
process, and coping strategies. Regenerative medicine, especially
stem cell therapies, still holds a great, albeit as yet unrealized,
promise for neural repair—especially when coupled with tissue
engineering strategies. Nanomaterials, and in particular VA-NSs,
can play a key role in directing stem cell fate and cell repro-
gramming in vitro, with potential for in vivo control at the site
of repair as the technology advances. This perspective focuses
specifically on VA-NS arrays for human neural stem cell and
stem cell-derived neurons, and although we acknowledge the im-
portant breakthroughs made using model organisms, they are
only highlighted here to show state-of-the-art applications where
no human application yet exists. VA-NSs are defined here to
be topographical protrusions extending vertically with controlled
physical geometries—their density, diameter, height, shape, and
architecture—at the nanoscale. The VA-NS arrays featured in this
perspective are diverse, their geometries, chemistries, and appli-
cations are summarized in Table 1.
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Table 1. VA-NS arrays for hNSC, human neuron, and human neural-like cell applications.

Refs. Substrate material Functionalization/coating Geometry Application(s)

Hou et al. [7 ] Adamantane-grafted
silicon

Matrigel (extracellular protein gel
matrix)

Stochastic
Nanopillars: height 1–2 µm, diameter
100–200 nm

Codelivery of plasmid for
reprogramming and
transdifferentiation of
fibroblasts

Chen et al. [8 ] Polystyrene (PS) polydopamine, PLL (not defined),
and AMN (not defined)

Uniform
Grooves and ridges: depths 100 nm and
400 nm, width 400 nm or 800 nm

Culture and interrogation
of hADSCs

Song et al. [9 ] PDMS 1% Geltrex (basement membrane
matrix)

Uniform
Grooves and ridges (nanogratings): depth
560 nm or 150 nm, width 1000 nm or
500 nm;

Nanopillars: height 560 nm or 150 nm,
diameter 500 nm

Culture, differentiation,
and interrogation of
hiPSCs

Kim et al. [10] Silicon APTMS Stochastic
VA-nanowires: height one of 1.1 µm,
1.9 µm or 4.5 µm, diameter average
130 nm, pitch average 800 nm

Differentiation and
interrogation of hMSCs

Ankam et al.
[11]

PDMS poly-L-ornithine and laminin Uniform
Gratings: widths 250 nm–2 µm,
height 80 nm–2 µm, pitch 250 nm–2 µm

Pillars: height 1 µm, width 1 µm,
pitch 1 µm

Wells: width 2 µm, height 2 µm,
pitch 12 µm

Culture and differentiation
of hESCs

Raos et al. [12] ZnO NW florets on a
SiO2 base

Poly-d-lysine (PDL) and Matrigel Stochastic florets in uniform arrangement.
Floret diameter 15 µm, interfloret gaps
5 µm, 40 µm and 100 µm

Culture of differentiated
hNT neurons

Taylor et al.
[13]

Boron doped
nanocrystalline
diamond covered
carbon nanotubes

Poly-lysine and laminin Stochastic bundles. Height 1 µm or 2 µm,
density 9 µm−2 or 4 µm−2 respectively

Culture of differentiated
hNSCs

Harbarts
et al.[14]

Silicon nitride nanowire
arrays

Poly-L-ornithine and laminin Uniform arrays of VA-nanowires, height
1.2 µm, spacing 1.8 µm or 4 µm;
stochastic VA-NW arrays, height 1.2 µm,
average spacing 31 NWs/100 µm2

Culture of partially
differentiated
hiPSC-derived neurons
for continued
differentiation

Yang et al. [15] Graphene on a SiO2 base Fibronectin Uniform grooves and ridges. Grooves
5 µm or 10 µm wide with
nanoroughness in grooves, ridges
180 nm tall.

Culture and interrogation
of hNSCs

Neural differentiation of
hNSCs

Yang et al. [16] Ti-coated
polyurethane-acrylate
(PUA)

Fibronectin Uniform nanogrooves and ridges 150 nm
deep and 150 nm wide

Differentiation and
maturation of hNSCs

2. Human Neural Stem Cells and Vertically Aligned
Nanostructure (VA-NS) Arrays

The science of nano-biocellular interfaces is rapidly maturing.
Engineered VA-NSs have been used in cell biology since the
early 2000s, with carbon nanopillars and silicon nanowires
(SiNWs) the early pioneers of this promising technology.[17–19]

These vertically configured nanostructures—nanowires,[20–23]

nanocones,[24] nanopillars,[25,26] nanostraws,[27,28] nanotubes,[29]

and nanoridge arrays—have emerged as powerful tools due
to their ability to interact with cells at nanoscale dimen-
sions (the same scale as cell–cell interactions) while simul-

taneously harnessing unique material properties, such as
photoluminescence,[30] electrical conductivity,[31] photoelectro-
chemical reactivity,[32] and thermal qualities.[31] Other key ad-
vantages are their localized interfacial interactions with precise
spatiotemporal resolution, geometric/architectural flexibility, the
capacity to interact with minimal invasiveness and perturba-
tion, and ability to massively interface with large numbers of
cells. These nanoscale topographical cues offer a unique oppor-
tunity to influence stem cell fate and behavior with exquisite
precision.[33,34]

The clinical advantages of stem cells—a renewable source for
targeted medicine and regenerative repair—make them highly
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Figure 1. Schematic summarizing the use of VA-NS arrays in human neural stem cell applications. VA-NS arrays have been utilized as human neural
cell culture platforms, to enhance differentiation of neural progenitor cells, to induce reprogramming and then neural induction, and to directly trans-
differentiate somatic cells to neural lineage cells. Finally, VA-NA arrays have also been used for intracellular electrical monitoring of human neural cell
activity. The schematic illustrates uniform, VA-nanowire arrays, but stochastic arrays and nanostructures of different geometries such as grooves, ridges
and pores have also been used.

desirable for translational biomedical research. Neural stem cells
in particular present significant opportunities for regenerative
therapy in a context where neurodegeneration affects such a large
global population and treatment is primarily palliative.
VA-NS arrays can provide a highly controllable platform

for interrogation and manipulation of a diverse range of cells
for a multitude of applications,[35] and can help overcome
some of the limitations currently preventing the realization of
stem cell therapeutic potential, including the need for “clean”
derivation free from animal and viral products, controlled mat-
uration of specific neuronal cell types, and the ability to monitor
neural grafts in vivo.[36–39] VA-NS-mediated platforms for in-
tracellular delivery,[40,41] in vivo and ex vivo gene editing,[42,43]

biomolecular extraction (nanobiopsy),[44] intracellular probing
of action potentials,[45] biosensing,[46] immunomodulation,[47]

and mechanotransduction[48,49] have underpinned fundamental
advances and innovations at the forefront of metamaterials,
cellular and subcellular biology and biophysics,[50] and sensing
and stimulation nanoelectronic devices.
Until recently, most of the reported human stem cell-VA-NS

platformwork had focused onmesenchymal stem cells (MSCs); a
multipotent stem cell type that has attracted great clinical interest
in their propensity for generating fat cells (adipocytes), muscle
cells (myoblasts), connective tissue (fibroblasts), bone cells (os-
teoclasts), cartilage secreting cells (chondrocytes), and brain cells
(neurons).[5,51]

This interdisciplinary perspective highlights the exciting re-
search that has taken place in the human neural stem cell-VA-
NS platform space most recently, with the aim to attract research
into this, as yet, relatively unexplored avenue of cellular bionan-
otechnology. This perspective will demonstrate how engineered
VA-NS arrays have contributed to clinically relevant key areas of
human neural stem cell research: Reprogramming and transdif-
ferentiation, human neural stem cell (hNSC) differentiation and
electrical stimulation and recording (Figure 1).

3. Sources of Human Neural Progenitor Cells for
Basic Research and Clinical Applications

Here, we specifically examine fundamental and therapeutic ap-
plications for VA-NS arrays using hNSCs. hNSCs can be derived
from a number of sources. Most obviously, from human neural
tissue, found in the brain, spinal cord, and nerves.[52] In vivo, hu-
man neural precursor cells (hNPCs) reside in two distinct stem
cell niches deep in the brain, in the subventricular zone and the
dentate gyrus. hNPC populations comprise a mix of hNSCs and
neural and glial progenitors and can give rise to the many vari-
ous glial and neuronal cell types present in the central nervous
system.[53] The population mix is highly dependent on the mi-
croenvironment of the specific niche, and chemical and physical
cues that change through aging and development, as well as with
injury.[54] Consequently, the extraction of hNPCs is technically
difficult, compounded by supplies of human brain tissue being
limited.
A more available and renewable source of hNSCs comes from

pluripotent stem cells that can be directed to differentiate in vitro
to neuronal lineages. Human embryonic stem cells (hESCs) and
human-induced pluripotent stem cells (hiPSCs) are most com-
monly used.[55–57] The derivation of hESCs requires the donation
and destruction of human embryos so supply ismore limited and
subject to ethical considerations while hiPSCs are generated by
the in vitro reprogramming of somatic cells back to a pluripotent
stem state by subjecting the cells to various reprogramming fac-
tors (genes, chromatin remodelers, microRNA etc), often by viral
vector delivery.[58] Both hESCs and hiPSCs therefore provide a
potentially unlimited supply of human neural stem cells. hiPSCs
have the added advantage of using a patient’s own cells (autol-
ogous stem cell therapy), which has a number of clinical bene-
fits and, significantly, can greatly reduce the risk of the patient
mounting an immune response attacking any implanted cells
or tissues. However, for both hESCs and hiPSCs, differentiation
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into different lineages, and into neural progenitors specifically,
is of variable efficiency. Many protocols exist for neural induc-
tion of human pluripotent stem cells (hPSCs) and generation of
transplantable hNPCs, however, their success is still ultimately
affected by the original hESC or hiPSC clone’s natural tendency
for neural differentiation and subsequent specific lineage fate
determination.[57,59–63]

A third and emerging source of hNSCs is
transdifferentiation—the conversion of one cell type to an-
other, where a cell can change its germ layer specificity, its cell
or tissue type, and change into a cell of a totally different type.
Mesenchymal cells, includingMSCs, were shown early to exhibit
neural morphology and phenotype under certain experimental
conditions, and are key candidates for transdifferentiating into
neural stem cells, which are ordinarily of ectodermal origin.
Transdifferentiated MSCs are an attractive source of patient-
derived hNSCs for stem cell therapy because they are abundant
in adult patients and relatively easy to access, remove, and grow
in the lab.[64,65]

4. Reprogramming and Transdifferentiation: Can
VA-NS Arrays Unlock Unlimited Human Neural
Cell Generation?

Cellular plasticity is a major focus of developmental biology and
holds enormous potential for regenerative and therapeutic appli-
cations. Current cell reprogramming methods involve processes
that limit their clinical and widespread use, for example, the
reliance on viral vectors for efficient transfection and intracel-
lular delivery, and the need for sequential and repeated deliv-
ery of genes and factors.[66,67] However, it is by now also well
known that engineered nanotopographical cues influence cell be-
havior by modulating intracellular signaling, and importantly for
the purpose of this perspective, can induce neural morphology
and phenotype even in non-neural cells in vitro (Table 2).[68–71]

If we can mechanically stimulate the cell’s own intracellular sig-
naling pathways enabling dedifferentiation and/or redifferentia-
tion, thereby facilitating either transdifferentiation or reprogram-
ming, the hope is that we can reduce or even eliminate the re-
liance on viral vector-mediated introduction of foreign material
into cells, which may render them more amenable to cell ther-
apy applications.[72]

Hou et al. developed a VA-NS platform they termed
“Supramolecular NanoSubstrate Mediated Delivery”[73]

(SNSMD) platform which comprised a dynamic combina-
tion of vertically aligned adamantan (Ad)-grafted SiNWs and
supramolecular nanoparticles that encapsulate DNA plasmid
and bind multivalently to the Ad motifs on the AdSiNW array.[7]

Cells cultured on the arrays readily take up the biocargo due
to the intimate interfacing, as previously described for NW-
mediated biocargo delivery more generally.[35] Because the DNA
vectors bind to the AdSiNWs, multiple sequential gene deliveries
can be performed on the same cell culture with equal delivery
efficiency.[7]

Having first demonstrated the suitability of the SNSMD plat-
form for reprogramming human foreskin fibroblasts (HFs) to
iPSCs, the group then utilized the platform for human der-
mal fibroblast (HDF) transdifferentiation into induced neuronal-
like cells (iNLCs) by incorporating four different neuron-specific

transcription factors into their nanoparticle vectors. HDFs were
seeded on the array and exposed to daily addition of media con-
taining the loaded nanovectors for 4 d, followed by addition ev-
ery second day for another 6 d. Neuron-like cells were charac-
terized by immunofluorescence (IF) for neural stem cell and
neuron-specific proteins, giving a transdifferentiation efficiency
of 30–50% of all cells on the NW array (Figure 2a,b). The cells
had also become elongated and dendritic. Further, real-time poly-
merase chain reaction (rt-PCR) could not detect any integra-
tion of exogenous plasmid DNA (a limitation of traditional vi-
ral vector methods).[7,74] In a separate experiment, iNLCs were
replated onto traditional cultureware after the same process de-
scribed above and cultured for an additional four days to deter-
mine whether they would maintain their neuronal morphology
and protein expressionwithout continuous addition of the loaded
vectors. iNLCs maintained elongated, dendritic morphology and
neuronal gene expression for two days after replating, however
no cell phenotyping was reported after the four days. Long-term
maintenance of neural differentiation is crucial for real utility of
this type of transdifferentiation, so this is an area for further de-
velopment.
However, it is important to note that neuron-like cells have

not been thoroughly classified as neurons, and that is, in fact,
a complex task, made more complex because there is no set
standard or metrics for classification, although some have been
proposed.[9,75–77] It is well recognized that neurons should sat-
isfy all of: specific morphological requirements, expression of
neuron-specific genes and protein products, presence of action
potentials (APs) and synaptic transmission;[76] and that where
only some of those properties are shown, cells are considered
only neuron like. Further, although common features of neurons
can be identified and categorized in this manner, there are many
specific types of neurons, and it is arguable that specific criteria
may need to be shown in addition to general criteria to confirm
various diverse neuron types.
Adipose stem cells (ADSCs) are multipotent mesenchymal

stem cells that can easily be extracted from patient adipose tis-
sue in a noninvasive manner, and cultured in laboratories.[78]

In 2007, it was first reported that ADSCs could differentiate
into cells that morphologically and phenotypically looked like
neurons, by subjecting them to a cocktail of neural induction
medium.[79] ADSCs have been shown to be the most suitable
MSC-derived cells for transdifferentiation into hNPCs and hu-
man neurons, when compared to MSCs derived from bone mar-
row, skin, and the umbilical cord.[78] Clinical trials are currently
ongoing to determine the efficacy and safety of clinical use of pa-
tient ADSCs differentiated into a number of different lineages for
treatment of a broad range of morbidities, with a current focus
on Alzheimer’s and Parkinson’s disease.[79,80]

Interfacing with VA-NS arrays has also been shown to affect
ADSC lineage choice: human adipose-derived stem cells (hAD-
SCs) were shown to preferentially differentiate toward myogenic
lineages when cultured on aligned networks of carbon nanotubes
(horizontally-aligned), in contrast to nonaligned networks which
encouraged osteogenic differentiation.[81]

Chen et al. fabricated two arrays with vertically-aligned
nanoridges protruding 100 and 400nm, with a width of 400 and
800 nm, respectively (Figure 2c–e).[8] The arrays were coated
with dopamine, and as well as stimulating proliferation in
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Table 2. Nanotopographical cues induce neural morphology in non-neural cells in vitro.

Refs. Cells used Substrate material and
functionalization

Nanotopography +/- Neural
differentiation
media/factors

Description of neural
morphology

Compared to flat
controls?

Hou et al. [7 ] Fibroblasts Adamantane-grafted
SiNWs, coated in
Matrigel (extracellular
protein gel matrix)

Stochastic
Nanopillars: height 1–2 µm,
diameter 100–200 nm

+
Plasmid delivery of
Ascl1, Brn2,
Myt1l, and

NeuroD1

Neuron-like cells assessed by
IF staining of nestin, Tuj1,
Map2 and NeuN

No

Chen et al. [8 ] Human adipose-
derived stem
cells
(hADSCs)

Polystyrene (PS), modified
with polydopamine, PLL
(not defined), and AMN
(not defined)

Uniform
Grooves and ridges: depths
100 nm and 400 nm,
width 400 nm or 800 nm

+
Differentiation
media

Neurite length significantly
increased, assessed by
fluorescence image
analysis

Yes

Song et al. [9 ] hiPSCs PDMS, coated in 1%
Geltrex (basement
membrane matrix)

Uniform
Grooves and ridges
(nanogratings): depth
560 nm or 150 nm, width
1000 nm or 500 nm;

Nanopillars: height 560 nm
or 150 nm, diameter
500 nm

+
Differentiation
media, Y27632,
SMAD inhibitors,
FGF-2 and
retanoic acid

Neuroectodermal induction:
oct-4, Pax6 expression,
measured by fluorescence
image analysis

Yes

Kim et al. [10] hMSCs Silicon, functionalized
with APTMS

Stochastic
VA-nanowires: height one
of 1.1 µm, 1.9 µm or
4.5 µm, diameter average
130 nm, pitch average
800 nm

– Elongated cell shape and
neurite-like morphology

Increased mRNA expression
of NEGR1, NEUROD, NES
and TUBB3 (assessed by
RT-PCR)

Yes

Ankam et al. [11] hESCs (H1 and
H9)

PDMS, coated with
poly-L-ornithine and
laminin

Uniform
Gratings: widths
250 nm–2 µm, height
80 nm–2 µm, pitch
250 nm–2 µm

Pillars: height 1 µm, width
1 µm, pitch 1 µm
Wells: width 2 µm, height
2 µm, pitch 12 µm

+
Differentiation
media

Higher levels of GFAP
compared to Tuj1 on
isotropic pillars
(astrocyte:neuron ratio)

Higher levels of Tuj1
compared to GFAP on
anisotropic gratings
(neuron to astrocyte ratio)

Higher Map2 on
nanogratings compared to
microgratings, pillars,
wells and flat

Only wells and flat showed
oligodendrocyte marker

Increased expression of
neuronal genes compared
after 7 d on all patterned
substrates

Yes
Yes
Yes
Yes
No

immortalized rat neural cells (PC12), incubation of hADSCs in
neuronal induction media on these nanoridge arrays demon-
strated increased expression of neuronal maker Tuj-1 (assessed
by IF quantification) for VA-NS surfaces (36.3–49.5%) compared
to neural induction on flat surfaces (18.8%). It was already
known that subjecting hADSCs to neural induction media
generates neuron-like cells,[79] but the significant finding here
is the improved efficiency of the neural-like induction and the
upregulation of neuron-specific markers in response to the VA-
NS surface. Vertically aligned ridges and grooves with a smaller
width:depth ratio (width 400 or 800 nm, depth 400 nm) resulted
in more hADSCs (47.9–49.5%) expressing Tuj-1 than those
with a higher width:depth ratio (width 400 or 800 nm, depth
100 nm) (36.3–37.4%).[8] This is in agreement with an earlier

study by Song et al. that showed increased expression of Tuj-1 for
hiPSK3 (human foreskin-derived) cells on polydimethylsiloxane
(PDMS) on 560 nm deep nanoridges compared to 150 nm
deep nanoridges.[82] These PDMS nanoridges had a similar
width:depth ratio to Chen et al., being either 500 or 1000 nm
wide. Song et al. also investigated PDMS nanopillar arrays of the
same two heights, 150 and 560 nm, but found neural induction to
be reduced compared to flat substrates on these two geometries.
The idea that nanotopographies drive neuronal-like differ-

entiation is not new. In 2015, Kim et al. reported successfully
transitioning human mesenchymal stem cells (hMSCs) into a
neuronal lineage simply by culturing the hMSCs on VA-SiNW ar-
rays of various lengths for three days.[10] SiNWs of length 4.5 µm
were the most effective, and the longest NWs investigated by
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Figure 2. VA-NS arrays in human neural cell reprogramming and transdifferentiation. a) Schematic representation of the SNSMD VA-NS platform
interfacing with a fibroblast cell. b) iNLCs transdifferentiated from human dermal and human foreskin fibroblasts immunostained for neural cell lineage
markers Tuj1, Map2, nestin, and NeuN after 13 d treatment with loaded nanovectors on the VA-NS arrays. Cells were replated for four days on standard
tissue cultureware prior to immunostaining. Graphs show the corresponding percentages for each marker-positive cell. c) SEM showing polystyrene
VA-NS arrays of various groove width/depth. d) Confocal imaging showing grossmorphology of hADSCs on flat and polystyrene VA-NS arrays of different
groove width/depth. (Blue, DAPI, nucleus; red, phalloidin, F-actin). e) Quantification of hADSC Tuj1 positive cells after 6 d treatment (n = 3; ∗, p < 0.05;
∗∗, p < 0.01; ∗∗∗, p < 0.001 compared to the flat control). a,b) Adapted with permission.[7] Copyright 2015, John Wiley and Sons. c–e) Adapted with
permission.[8] Copyright 2019, American Chemical Society.

the group. hMSC morphology was elongated, with the develop-
ment of neurite-like extensions and focal adhesions. qRT-PCR
analysis confirmed the induction of several neurogenic genes,
as well as inhibition of several osteogenic genes, further corrob-
orating a topography-induced preference for neuronal lineage
specification.
Mesenchymal cell transdifferentiation into neural cells has

been investigated for two decades now but there are still no gold
standard key criteria that must be met to conclusively confirm
complete transdifferentiation, as discussed above. This avenue of
neural cell generation for regenerative therapies remains hugely
attractive and work to realize this potential is the focus of exten-
sive research. VA-NS arrays are making significant contributions
to the growing body of knowledge grappling with this complex
but alluring endeavor.

5. VA-NS Arrays for Enhanced Human Neural Cell
Differentiation

It is well understood that nanotopographical cues directly in-
fluence cell behavior, that subtle changes can have significant

impacts on intracellular signaling, and that those impacts differ
depending on cell type and the physicochemical properties and
geometry of the extracellular environment.[83,84] VA-NS arrays
have been shown to direct neural stem cell growth, proliferation,
and differentiation (Table 3). But the exact mechanisms are only
just beginning to come to light and appear to be an interplay be-
tween substrate (including functionalization), nanotopography
and cell type and conditions. The deeper we can delve into the
molecular mechanisms underpinning nanotopography induced
neural differentiation, the sooner we can harness the properties
for targeted applications such as tissue engineering. Table 3
summarizes the effects of substrate properties and parameters
on hNSC behavior, including on cell differentiation, discussed
further below.

5.1. Engineered Nanomaterials Suitable for hNSC Interfacing

Advances in materials engineering have allowed VA-NS arrays to
be fabricated from a vast range of substrates, including opaque
materials such as silicon,[85] and transparent materials such
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Table 3. Effect of substrate properties and parameters on hNSC behavior.

Reference hNSCs used Effect-inducing substrate properties Effect on behavior

Raos et al. [12] NTera2.D1 (hNT/NT2) ZnONWs grown for 8 h (height 3–4 µm) Inhibition of neurite outgrowth, neurites much shorter than on
substrates with shorter ZnONWS and flat control

Nuclear density (number of neuronal nuclei in a given space)
increased with shorter florets, increased density of florets, and
with smaller diameter florets

Taylor et al. [13] hNSCs from human
fetus hindbrain,
6–10 weeks old

Boron-induced “graining” of high
curvature within the diamond lattice

Increase the adhesion of differentiated neurons to diamond
substrate

Presence of boron gives no identifiable detrimental effects

Harbarts et al.[14] hiPSC-derived hNSCs Shape of VA-NWs (either hexagonal or
rectangular)

Axonal outgrowth at the basal plane at 60° and 90° in accordance
with the cross-section shape of the VA-NWs (hexagonal and
rectangular respectively)

Yang et al. [15] hNSCs derived from
human fetal
telencephalon

Nanoroughness
Hierarchical topography (grooves, ridges,
nanoroughness)

Promote focal adhesion and integrin clustering
FAK, MEK-ERK and ROCK activation
Enhanced neuronal differentiation

Yang et al. [16] hNSCs isolated from
human fetal
telencephalic tissue at
13 weeks of gestation.

Semiconductive Ti-coated
polyurethane-acrylate (PUA)
nanogrooves and ridges 150 nm deep
and 150 nm wide

Increased expression of Tuj 1 compared to GFAP on Ti-coated NSs
compared to Ti-coated flat substrates

Increased Tuj1, Map2, NeuN expression on Ti-coated NSs
compared to Ti-coated flat substrates

Increased neurite outgrowth on Ti-coated NSs compared to bare
NSs and also compared to Ti-coated flat substrates.

as silicon dioxide[26] and diamond,[86] allowing platforms to be
optimized for ease of fabrication and availability of material.
However, not all substrates are suitable for all applications. In the
context of neurons, for example, it has been shown that process
outgrowth of rat primary hippocampal neurons is reduced on
zinc oxide nanowires (ZnONWs) compared to, e.g., SiNWs or
gallium nitride NWs.[87] Raos et al. expanded the diversity of
substrates suitable for human neuronal culture by successfully
culturing functional neurons derived from NTera2.D1 (hNT), a
human teratocarcinoma cell line, on VA-ZnONW arrays (Fig-
ure 3a,b).[12] This study followed the more typical format by
differentiating their hNT-derived neurons in traditional culture-
ware before plating the differentiated neurons onto the PDL and
Matrigel coated ZnONW substrates as opposed to differentiation
directly on the VA-NS array.
Spatially patterned ZnONW florets were grown hydrother-

mally from photolithographically deposited ZnO seeds, con-
trolled for NW density and morphology. Differentiated hNT neu-
rons adhered better to shorter, more dense arrangements of
ZnONWs compared to longer and less dense ZnONWs, where
adhesion was in fact inhibited. The group hypothesized that the
reduced adhesion on longer ZnONWs may be due to the longer
NWs tending to clump into pyramid-like structures, reducing
the surface areas available for cell attachment and increasing
the pitch between nanostructures. This suggestion was further
strengthened by the observation that lower density ZnONWs
clumped more readily than high density ZnONWs. Substrate
patterning resulted in areas of flat SiO2 around the florets of
ZnONWs, which were used as substrate controls. The shortest,
densest ZnONW areas promoted up to 33%more adhesion than
these flat SiO2 areas. These data further strengthen the assertion
in earlier studies that nanoscale roughness increased neuron sur-
face adhesion.[87,88] Unsurprisingly, given the increased neuron

adhesion on higher density arrays, NW and nucleus density were
generally positively correlated.
Similarly to adhesion, neuron growth was increased on high

density, short ZnONWs (<500 nm long, density > 350 NWs
µm-2).[12] Release of Zn2+ ions in solution has been previously
reported to reduce neurite growth.[89] To control for potential
growth-inhibitory effects of Zn2+ release, neurite outgrowth of
neurons attached to ZnONW florets was compared to neurite
outgrowth of neurons attached to the “bare” SiO2 substrate
surface surrounding the ZnONW patterned regions, with no
difference found in neurite outgrowth between regions of the
same substrate.[12] However, on the substrate with the longest
ZnONWs, which had been cultured for the longest time, there
was a significant reduction in neurite length compared to the
other topographies with neurites growing to ≈8 µm length com-
pared to 12.5 µm on the other topographies. A comparison to
neurons growing on a SiO2 substrate without the presence of
ZnONWs in the same culture dish to prevent the exposure to
excess extracellular Zn2+, however, was not performed, mean-
ing that a Zn2+ driven inhibition of neurite outgrowth could
not be ruled out. However, even if there was a Zn2+−driven
inhibition on that substrate, it indicates there may be a criti-
cal threshold, which allows experimental design to combat that
limitation.
The group demonstrated that their hNT neurons grown on

ZnONWs for 2 d in vitro were functionally active, by stimulat-
ing the cells with glutamate and analyzing the Ca2+ flux response,
confirming that they were comparable to hNT neurons grown for
the same time on flat SiO2 within the same sample. This was true
even for samples with significantly reduced neuron adhesion and
growth. A comparison to the activity of hNT neurons cultured tra-
ditionally was not performed, preventing any conclusions about
the level or quality of activity.
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Figure 3. VA-NS arrays for hNPC differentiation. a) SEM characterization of ZnONW morphology at various growth times (h) and inter-floret gaps
(µm). Scale bar 1 µm. b) Fluorescence images showing hNT neurons growing on ZnONWs, outline of the VA-NS array shown in red (cytoplasm, green;
nucleus, blue). Scale bar 1 mm. c) SEM images show the library of SiNWs used for differentiation of hiPSCs into neurons. d) Confocal microscopy
images showing the cell membrane (red) and substrate reflection (green) from the same region but at different xy planes, showing the cells sitting atop
the NWs (i–iii) and cell processes running along the bottom of the substrate (iv–vi). Angles show the axon growth aligning with the NW arrangement
for uniformly patterned substrates. a,b) Adapted with permission.[12] Copyright 2020, Elsevier. c,d) Adapted with permission.[14] Copyright 2020, Royal
Society of Chemistry.

Carbon and silicon were among the first substrates to be
used and have proven to be stayers in the field. There has been
some discussion about the toxicity of nanocarbon, specifically
with respect to oxidative stress, DNA damage, and inflamma-
tory responses.[90,91] This may have implications at a research
level, but is certainly a potential concern when considering clini-
cal applications. However, with appropriate substrate design and
functionalization, nanocarbon is cytocompatible.[92] One poten-
tial way to overcome toxicity concerns is to reduce the cell expo-
sure to the nanocarbon.
Taylor et al. confirmed that boron-doped nanocrystalline

diamond (BNCD) and BNCD-coated carbon nanotubes (CNT-
BNCD) were biocompatible and supported hESC-derived
neuron adhesion and proliferation, with no observable effect on
cell viability.[13] Diamond is a popularmaterial in biological appli-
cations, and NCD (formed by chemical vapor deposition) largely
retains the electrochemical properties of diamond, as well as its
inert state, robustness, and longevity. However, in such a thin
film, NCD has low capacitance. Boron doping and increasing the
surface area counter these limitations, but highly boron-doped
NCD had not previously been tested for biocompatibility with
human neural cells, an important subset of cells in the electro-
physiological context. Boron doping causes diamond to become
a p-type semiconductor, and high levels of boron doping render
it quasi-metallic, making it an attractive substrate for biodevices.
Atomic force microscopy (AFM) was used to measure the

roughness of the traditional tissue culture plate, the NCD sub-

strate and the BNCD substrates, measuring 3, 85, and 38 nm,
respectively. SEM imaging of the CNT-BNCDs showed how in-
creased CNT length resulted in increased pyramidal bunching
of the structures, similar to the phenomenon described by Raos
(above) with the ZnONWs, and therefore decreased NS density.
hNSCs were isolated from human fetal tissue (aged 6–10

weeks) and differentiated into neurons, astrocytes, and oligoden-
drocytes, confirmed by IF staining, and seeded onto substrates
for analysis 24–48 h later.[13] Cell count was slightly reduced on
the NCD and BNCD substrates, but without reaching statisti-
cal significance. This study compared hESC-derived neural cell
adhesion, proliferation, and viability on NCD, BNCD, and CNT-
BNCDs of two lengths, 1 µm and 2 µm, to traditional cultureware
and found no significant differences in proliferation or viability
across the substrates. The group did find that neural cell adhe-
sion was greatly increased on the CNT-BNCD samples, with cell
count increasing as hNSC density decreased. Although not re-
ported, the increased cell count is likely an effect of the greatly
increased surface area of the longer CNT-BNCDs.
Silicon, on the other hand, has many of the attractive qualities

of carbon without the same risk of toxicity, making it a popular
substrate in cellular nanotechnology. Silicon can be readily fabri-
cated, using top-down or bottom-up nanofabrication techniques,
into stochastic or uniform arrays of a diverse range of nanoscale
architectures. It is also rigid substrate and thus is ideal for in
many tissue-interfacing applications. Porous silicon has the ad-
vantage of being biodegradable in physiological conditions.[42]
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Harbarts et al. demonstrated that vertically aligned silicon ni-
tride nanowire arrays are a suitable substrate for culture and dif-
ferentiation of hiPSC-derived neurons, confirming the utility of
the VA-NS platforms for human neural stem cell differentiation
applications (Figure 3c,d).[14] This study distinguishes itself from
other studies in this field because their hiPSC-derived neurons
were partially differentiated on the VA-NS substrate, rather than
under 2D tissue culture plastic (TCP) conditions and then re-
plated onto the VA-NS array. This broadens the potential utility
of VA-NS arrays because it allows for a broader time range for
VA-NS array interfacing and therefore mechanical cue delivery.

5.2. VA-NA Arrays for Interrogating Cell–Matrix Interface
Mechanosensing, Intracellular Signaling, and Neuronal
Differentiation

There have been significant efforts to understand the biological
mechanisms behind the responses of neural stem cells to nan-
otopographical cues, as well as how mechanical or physical cues
in the extracellular environment invoke these responses. Under-
standing of the interplay between substrate topography and neu-
ral stem cells is still at an embryonic stage, with significant im-
provements lying ahead for cell manipulation and interrogation
in fundamental research, ex vivo cell-based therapies, and in vivo
gene therapies. We are only beginning to appreciate the key fac-
tors, but that is vitally important from a tissue engineering per-
spective and a therapeutic perspective, for example, when con-
sidering off-target effects of nanotopographies on implantable
devices.[93,94] hNSC differentiation studies have helped to con-
tribute to this emerging field.
The following example features another highly suitable

nanosubstrate for neuron culture—graphene—and illustrates
how VA-NS arrays can be used to investigate mechanosens-
ing cell signaling mechanisms in vitro: Yang et al. devel-
oped a graphene oxide-based hierarchical patterned substrate
(GPS) to investigate the impact of nanotopographies, specifically
nanoscale ridges (100–200 nm) and roughness (<20 nm), on
hNSC differentiation in the absence of any differentiation factors
(Figure 4).[15] Graphene substrates have previously been shown to
promote neuronal rather than glial lineage differentiation in hN-
SCs on flat substrates.[95,96] Young et al.’s study built on an earlier
report from the same group that hierarchical nano- and microto-
pographies alone induced neuronal differentiation of hNSCs.[97]

The GPS hierarchical pattern also comprised microscale grooves
of 5, 10 and 20 µmwhich were first etched into the SiO2 substrate
by photolithography.
The group provided evidence of selective differentiation of hN-

SCs derived from human fetal brain towards neuron-like cells,
without any chemical effectors, driven by topographical cues
alone.[15] The neuron-like cells were characterized by IF staining
with TUJ1 and Map2, with more than 40% of cells on the GPS
substrates positive for TUJ1, compared to under 20% on the flat
substrates. qRT-PCR confirmed upregulation of TUJ1 andMAP2
in GPS substrates, and especially the 5 µm grooved substrate.
Patch clamp analysis showed that the differentiated neuron-like
cells were functionally active and exhibited Na+ channel currents
and APs, although it is unclear how long hNSCs were cultured
on theGPS substrates prior to testing. Significantly, the astrocytic

gene GFAP was not upregulated in cells cultured on these plat-
forms, indicating a preference towards neuronal rather than glial
lineage. Oligodendritic markers were only slightly upregulated
on the 5 µm GPS substrate, and nestin (marker for immature
NSCs) remained unchanged. IF analysis of the Tuj1 positive cell
population compared to the GFAP positive cell population con-
firmed an increase in neuronal and decrease in astrocytic glial
cells on the 5 µm GPS substrate.
As well as influencing hNSC neural differentiation lineage se-

lection, Yang et al. also reported increased integrin clustering and
focal adhesion maturation and development for their GPS sub-
strate compared to the flat control surface and also a nonhier-
archical GO substrate with nanoroughness (<20 nm) only. Inte-
grins and focal adhesions form part of the nuclear-skeletal sig-
naling system involved in cell responses to mechanical cues, re-
sponses that include stem cell fate determination.[98]

Themorphology of the hNSCs cultured on the GPSwas highly
elongated, the cytoskeleton aligning along the microgrooves in a
highly organizedmanner, and developing neurites tracking along
the nanoridges.[15] hNSCs cultured in the GPS with 5 µm groove
widths had the most extensive neurite development, suggesting
promoted development and growth compared to the other sub-
strates tested. The group also found that GPS with 5 µm groove
widths significantly enhanced focal adhesion activation and sig-
naling. qRT-PCR analysis showed upregulated expression of the
𝛽1 integrin gene and several focal adhesion-associated genes.
IF analysis of focal adhesion-associated proteins vinculin and
paxillin confirmed increased focal adhesion development on the
5 µm GPS substrate compared to others tested. A simultaneous
increase in phosphorylated FAK, shown by western blot, sug-
gested to the group that the topography of the GPS substrate may
activate FAK-derived intracellular signaling pathways involved in
focal adhesion development and maturation and regulation of
the actin cytoskeleton, which has been shown to directly influ-
ence stem cell differentiation.[99] Blocking 𝛽1 integrin reduced
hNSC neuronal differentiation, as did treatment with cytoskele-
tal organization regulation inhibitors, further demonstrating the
interplay between actin mechanosensing and cell fate determi-
nation. Focal adhesion development was also reduced, suggest-
ing that the hierarchical substrate activates mechanosensitive in-
tracellular signaling, which in turn promotes neuronal lineage
differentiation. Mechanosensing pathways are complex and not
completely understood. VA-NSs have an important role to play
in not only investigating known pathways, but also in identifying
new mechanosensory mechanisms.
An earlier report by Ankam et al. reported that hESCs

cultured directly onto a chip comprising several different
nanotopographies preferentially differentiated into glial cells
atop nanopillars, with neural differentiation instead seen on
nanogratings.[11] Interestingly, this both contrasts and agrees
with the findings presented in this Perspective: the nanopillars
were similar in geometry to Kim et al.’s (above) NWs, which
were reported to enhance neural differentiation, rather than glial
differentiation,[10] and the nanogratings were approximately
comparable to Yang et al.’s GPS nanoscale roughness, both of
which showed preference for neural differentiation rather than
glial.[11,15] Similarly sized nanotopographies therefore seem to
have differing effects on hNPC preference for neuronal or glial
lineage: Are nanoscale variations in topography sufficient in
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Figure 4. VA-NS arrays probe the role ofmechanosensing in hNSCdifferentiation. a) Schematic representation of the graphene oxide patterned substrate.
b) SEM (grey) and AFM (orange) characterization of the flat (FS), graphene (GS), and variously patterned graphene oxide (GPS) substrates. Scale bar
20 µm. c) Cross-sectional topography of the GS and GPS (10 µm grooved) showing nanoroughness on both substrates, and the nanoridges of the GPS.
d) Fluorescence microscopy images showing co-staining of F-actin (red) and focal adhesion proteins vinculin and paxillin (green), and costaining of
adhesion molecule NCAM (red) and 𝛽1 integrin (green). Scale bar 50 µm. e) SEM images of hNSCs on substrates. Arrow heads indicate sprouting
neurites. Scale bars 10 µm (top) and 20 µm (bottom) f) qRT-PCR analysis of focal adhesion protein gene expression (FAK, vinculin, and paxillin) and
𝛽1 integrin in hNSCs grown on GPS substrates (n = 3; *p < 0.05, **p < 0.01 vs the FS group; #p < 0.05, ##p < 0.01 vs the GS group). g) Western blot
analysis comparing phosphorylated FAK (at Y397) and paxillin (at Y118) between substrates. Adapted with permission.[15] Copyright 2016, American
Chemical Society.
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themselves to cause this difference? The substrates used were
different: silicon, GPS, and polydimethylsiloxane (PDMS), which
may also account for differences in cell response. And what role
do cell type and differentiation conditions play in addition to
topography and substrate? Adding further complexity, graphene
has inherent electrical properties—what role does this have on
neural induction or differentiation?
Yang et al. showed that nanoridged polyurethane-acrylate

(PUA) substrates coated in semiconductive titanium (Ti) pro-
moted neuronal differentiation, rather than glial differentiation,
in hNSCs compared to flat Ti-coated substrates.[16] They also
showed enhanced expression of mature neural markers Tuj1,
Map2, and NeuN on Ti-coated NS, and increased neurite out-
growth, compared to Ti-coated flat substrates and noncoated
PDMS NS of identical geometry, suggesting a role for the semi-
conductive properties of nanomaterials used for VA-NS arrays in
hNSC applications.
This raises a few questions: Despite exciting advances, we still

have significant knowledge gaps with respect to the interaction of
the many competing substrate property influences guiding intra-
cellular signaling and differentiation behaviors and at this stage,
we can probably only make context-specific observations rather
than broad generalizations about the role and impacts of these
competing factors on neural differentiation.

6. VA-NS Arrays for Electrical Recording and
Neural Stimulation

Solid and hollow nanostructures from conductivematerials (met-
als or semiconductors) can be integrated within electronic de-
vices to establish patterned circuits, enabling intimate single-cell
interfacing, or, on the other end of the spectrum, massively par-
allel recording.
The semiconductive properties of silicon and other nanomate-

rials are very attractive in the context of neural cells, which have
electrical activity, coupled with the nanoscale of structures which
enables intimate interfacing with minimal cell disruption.
Several different substrates have been identified as suitable for

NW-based devices for recording or stimulating neurons both in
vitro and in vivo.

6.1. Electrical Recording

Smart sensing and wearable intelligent devices are increasingly
garnering attention, for a wide range of in vitro and in vivo
applications, including biophysiological electrical recording.
Micro- and nanoelectrode arrays are becoming increasingly
sophisticated: digitized, miniaturized, and systematized.[100] For
example, electrocorticography technology (ECoG) is a powerful
approach that offers means of recording electrical potentials di-
rectly from the exposed cerebral cortex.[101] ECoG uses a subdural
electrode grid placed under the connective tissue surrounding
the brain to record the electrical activity of surface neurons. The
technique has been a game-changer, offering spatial information
of microscale precision on optimal engagement of different
neuronal populations, and insights on the temporal dynamics
of such engagement at the millisecond scale. The clinical po-
tential is huge and the field is advancing at a rapid pace. For

example, ECoG has been used to functionally map receptive
language areas in patients,[102] and is a promising candidate
for speech assistive devices.[101] Nanoelectrode arrays have the
obvious size advantage over microelectrode arrays, and are
able to intimately interact with individual cells in vitro without
compromising cell integrity.
Liu et al. fabricated a VA-SiNW electrode array (height 6.5–

8 µm; diameter 100–200 nm) coupled to a nickel–silicon (NiSi)
bottom conducting lead (Figure 5a–d) for electrophysiological
recordings from hiPSC-derived neurons.[103] The entire chip, bar
the SiNW electrode tips, was coated in a SiO2 passivation layer to
ensure specific reactivity.
The systemwas developed and optimized using rat andmouse

primary neurons, and then tested for hiPSC-derived cortical and
dopaminergic neurons, and a dopaminergic neuron astrocyte co-
culture. This study reported isolated recordings from individual
NWs interacting with the same cell continuously, over several
days, and up to 6 weeks in in vitro culture. hiPSC-derived neu-
rons engulfed the VA-SiNWs to varying degrees, creating both
intracellular and extracellular connectivity, both of which allowed
sufficiently sensitive recordings. The electrode was designed to
distinguish between Na+ and K+ channels using different con-
ductance, calibrated to patch-clamp measured ionic currents.
The group’s “nanowire-on-a-lead” approach enables exact lo-

calization of recorded signals at high signal to noise ratios sen-
sitive even to sub-threshold postsynaptic APs, facilitating neural
activity mapping in large networks.[103] This approach could pave
the way for scalable, parallel drug-screening applications for neu-
rological disease models currently not available using the tradi-
tional patch clamp method.
In another nanoscale intracellular probing proof-of-concept

advance, Yang et al. utilized nanoscale 3D thermal drawing to
fabricate vertically aligned, polymeric NSs of high aspect ratio for
single-cell probing (Figure 5e–g).[104] Although the report focuses
on the novelty of the 3D drawing technique to rapidly generate
polymeric nanoprobes of various patterns, its utility in human
neural stem cells was demonstrated. After first testing the device
on a cell wall-deficient mutant strain of Chlamy (algae), to show
maintenance of cell integrity, the group inserted an L-shaped VA-
polymer nanoprobe into an individual hNSC. Although it was ac-
knowledged that their probe had a larger tip diameter (300 nm–
1 µm) than is usually considered optimal for single-cell insertion
(200–700 nm), there was no visible longer-term disruption to the
hNSC observed, advancing the state of the art for single-cell prob-
ing.
For implantable brain devices, often the aim is to read

multiple neurons at once, rather than single-cell probing, and
this had proved difficult until Abbott et al. reported on their
nanoelectrode array, comprising 4096 platinum black electrodes
with nanoscale roughness, which can simultaneously record
intracellular activity, including APs and sub-threshold potentials,
from thousands of mammalian neurons in vitro.[105] The next
step is to apply this scalable technology to human neurons, and
to confirm long-term stability and cytocompatibility to enable
the platform’s use in long-term measuring of neuronal health
and network plasticity. This will be useful for the thorough char-
acterization of neuron-like cells and in vitro matured neurons,
as well as for monitoring pathological processes and even drug
or toxin effects on human brain cells.
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Figure 5. VA-NS array-mediated electrical recording of neural cells. a) SEM image of one 8 × 8 NW array. Scale bar 3 µm. b) False colored SEM showing
hiPSC-derived cortical neuron morphology on the array. Scale bar 4 µm. c) Measured APs of NWs 6–8. Note positive potentials for NWs 7 and 8 (inside
the cell) and negative for NW 6 (outside the cell). d) False colored focused ion beammilled SEM cross-section showing NWs 7 and 8 engulfed by the cell
(yellow). Scale bar 2 µm. e) Schematic representation of the fabrication process showing the heated micropillar drawing and then inclining the single
probe. f) SEM image of the L-shaped polymeric NW electrode. g) Optical microscope images of insertion into a hNSC and time lapse of the insertion
period. a–d) Adapted with permission.[103] Copyright 2017, American Chemical Society. e–g) Adapted with permission.[104] Copyright 2015, American
Chemical Society.

6.2. Electrical Stimulation and Implantable Nanostructured
Devices

Bioelectronic implants and prosthetic devices in the brain are an
emergingmedical technology that taps into patients’ neural activ-
ity to decode brain function and improve treatment of neurode-
generative diseases. These implantable electrical probes that can
stimulate neural activities and measure them at high spatiotem-
poral resolution through action potential and local field potential
are the most widely applied tools in neuroscience research and
neuroprosthetics.
Currently, there are fundamental limits to conventional brain

implant devices. Central to these limits is the triggering of
immune-mediated pathological tissue reactions, leading to even-
tual device failure from both short-term and persistent inflam-
mation at the electrode–brain interface.[100]

However, one field where VA-NS arrays are making rapid
progress is in retinal implants to restore vision caused by neu-
rodegeneration of retinal neurons.
Ha et al. used a VA-SiNW array to overcome the limited spa-

tial resolution of retinal neuron electrode stimulators that was
preventing restoration of vision to a suitably high resolution
to achieve sight.[106] Their VA-NS array comprised high-density

electrode arrays with ultra-high photosensitive SiNWs, allowing
separate spatial and temporal control. The device was tested for
proof of concept ex vivo by implantation into degenerated rat reti-
nal tissue and showed a fivefold improvement in responsivity
and improving resolution in low light intensity compared to flat
microphotodiode arrays. Neural stimulation was recorded when
light was both high and low, with reduced stimulation in low light
levels or when bias was on.
Two years later, Tang et al. developed gold nanoparticle-

decorated titania nanowire array artificial photoreceptors
which they implanted into the subretinal space of blind mice
(Figure 6).[107] Visually evoked potentials (VEPs) were recorded in
response to light and compared to theVEPs of blindmice (not im-
planted), and were much more prominent already two days post-
surgery. Recorded spike intensity was directly correlated to light
intensity, with lower light giving lower VEPs. Further, the group
tested for biocompatibility after 5 months and found no evidence
of damage to tissue or degradation of the device, in fact, VEPs
were more prominent in long-term implanted mice. Both UV
and green light stimuli were used and implanted mice showed
greater VEPs than blind mice, though still not as high as wild-
typemice. Importantly, the implanted VA-NS photoelectrode also
restored light sensitivity behavioral responses in implantedmice,
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Figure 6. VA-NS for implantable devices: Model organism proof of concept. a) SEM images of Au-TiO2 photoelectrode NW arrays. Scale bar 500 nm
(top) 2 µm (bottom) b) SEM image of the VA-NS photoelectrode device and the mouse retinal tissue. Scale bar 5 µm. c) Localization of implanted NW
device i) explanted mouse eye, arrow points to NW device, ii) implanted blind mouse eyeball slice after 7 weeks implantation. Arrow shows NE device
iii) dissected eyecup from implanted blind mouse 5 months postsurgery; scale bars 20 µm. d) Schematic of in vivo device validation showing subretinal
implantation, multielectrode array insertion into the visual cortex to record light responses, and source of stimulatory light being flashed into mouse
eyes. e) Raster plot and histogram visual presentation of visual cortex neurons in blind mice, implanted blind mice and wild-type mice. Light stimulus
is given at the purple shaded area. Adapted with permission.[107] Copyright 2018, Springer Nature.

measured by the pupillary light reflex, which in some implanted
mice was as good as in wild-type mice 4–8 weeks after surgery.
Nanomaterials have solved a number of problems encountered

by traditional electrode recording in neuroscience applications
to enable intimate interfacing, reduced impedance and high spa-
tial resolution intracellular recording.[108] Although these last few
implantation studies have featuredmodel organisms and not hu-
man neural stem cells, they serve to emphasize the trajectory of
this technology and the cardinal role of VA-NS arrays. Perhaps
if we can harness the ability of VA-NS arrays to enhance cell re-
programming and differentiation, we can generate human neu-
ral tissue for ex vivo testing of VA-NS array electrode devices in
human brain tissue and take a step closer to neurotherapeutic
applications for nanotechnology.

7. Specific Challenges and Outlook for VA-NS
Arrays

This perspective highlights the diversity of nanostructured sub-
strates used for hNSC and human neural cell culture, but also
that the different substrates can elicit specific cell responses, ei-
ther by surface chemistry, electrical conductivity, or mechanical
properties such as nanotopography or stiffness. The challenge
now is to gain the fundamental knowledge necessary to predict
cell responses to different VA-NS arrays, based on our under-
standing of the underlying molecular mechanisms driving cell
mechanoresponses. Addressing this will see a major improve-
ment in our capacity to understand and control cellular processes
with unparalleled precision and spatial resolution. Such under-
standing will enable specific tailoring of substrate properties to
the desired cell manipulation outcome. We also need to continue

elucidating underlying molecular mechanisms guiding cellular
responses to mechanical cues (mechanotransduction) and any
associated intra and intercellular feedback mechanisms; ensur-
ing that precise nanoscale cell manipulation both stimulates de-
sired results and is not responsible for negative side-effects in
clinical therapeutic settings.
Other current gaps in our knowledge include the need for thor-

ough characterization of VA-NS array-induced neural-like cells,
as highlighted in section 3 (above), before these types of differ-
entiation, transdifferentiation and reprogramming applications
can be fully exploited. Another example is the need to determine
whether fate decisions induced by nanotopographies are tran-
sient or permanent, which has the potential to impact the use
of VA-NS arrays for therapeutic applications, such as the in vitro
expansion of specific neuronal lineages.
Scalable mass recording or stimulation using VA-

nanoelectrodes has yet to be performed in human neurons,
and there are questions to be answered with respect to how long
human neurons can remain interfaced with VA-nanoelectrodes
in vivo without artifacts induced by corrosion of the electrode,
neural tissue inflammatory responses and encapsulation of
the electrode by glial and fibroblast cells. Finally, although the
development of implantable neural devices is rapidly progress-
ing in vitro and in animal models,[100] translation to clinical
applications will no doubt be complicated by host reactions to
the foreign material of the implant. Fibrosis and scarring around
the device, and the risk of a cascade of inflammatory events are
especially concerning in brain tissue.[100,108] While challenges
are to be expected in the implementation of cutting-edge tech-
nologies, the fact remains that VA-NS arrays have enabled the
unprecedented manipulation and intimate interfacing that has
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given rise to the promise of life-changing medical devices and
therapies.

8. Conclusion

Considerable progress has been made in understanding how in-
novative nanoscale topographies interact with hNSCs and differ-
entiated neural cells, and how these interactions can potentially
be harnessed for clinical, therapeutic, and research purposes.
However, research in this field is only in its infancy and the full
potential of these nanoscale, engineered and tunable platforms
for neuroregenerative and neurotherapeutic applications has yet
to be realized. The studies to date have investigated the responses
of many different cell types to several different substrates under
varied culture conditions, making any meta-analysis impossible.
It may be, that due to the diversity of substrates, cells, and
applications suited to VA-NS manipulations and interrogation,
that specific platforms may need to be optimized for a relevant
clinical task at hand, rather than trying to generate a one-size-
fits-all set of guiding parameters. While there is still more work
to be done before implantable devices can be worn long-term,
including further materials engineering advancement to resolve
the significant discrepancy between the very soft brain tissue and
the several orders of magnitude stiffer nanoneuro electrodes,
this field truly integrates the multiple unique properties that
make VA-NSs such an attractive tool. Little work has focused on
the role of electrically conductive VA-NS in human neural cell
fate determination, but substrates like carbon and graphene are
attractive candidates for further exploration. More sophisticated
VA-NS platforms integrating nanoscale mechanical stimuli
with nanomaterial properties such as electrical conductivity or
thermoplasmonics may hold enormous therapeutic potential.
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