
Hamidreza Arzaghi, Bashir Adel, Hossein Jafari, Shaghayegh Askarian-Amiri,
Amin Shiralizadeh Dezfuli, Abolfazl Akbarzadeh* and Hamidreza Pazoki-Toroudi*

Nanomaterial integration into the scaffolding
materials for nerve tissue engineering: a review

https://doi.org/10.1515/revneuro-2020-0008
Received February 8, 2020; accepted May 21, 2020; published online
August 10, 2020

Abstract: The nervous system, which consists of a com-
plex network of millions of neurons, is one of the most
highly intricate systems in the body. This complex network
is responsible for the physiological and cognitive functions
of the human body. Following injuries or degenerative
diseases, damage to the nervous system is overwhelming
because of its complexity and its limited regeneration ca-
pacity. However, neural tissue engineering currently has
some capacities for repairing nerve deficits and promoting
neural regeneration,withmore developments in the future.
Nevertheless, controlling the guidance of stem cell prolif-
eration and differentiation is a challenging step towards
this goal. Nanomaterials have the potential for the guid-
ance of the stem cells towards the neural lineagewhich can
overcome the pitfalls of the classical methods since they

provide a unique microenvironment that facilitates cell–
matrix and cell–cell interaction, and they can manipulate
the cell signalingmechanisms to control stem cells’ fate. In
this article, the suitable cell sources andmicroenvironment
cues for neuronal tissue engineering were examined. Af-
terward, the nanomaterials that impact stem cell prolifer-
ation and differentiation towards neuronal lineage were
reviewed.

Keywords: differentiation; nanomaterials; neural tissue
engineering.

Introduction

The nervous system regulates and controls body functions.
The nervous system consists of the central nervous system
(CNS) and the peripheral nervous system (PNS). The CNS,
including the brain and spinal cord, is the signal producing
and processing center and it is connected to other parts of
the body by long fibers of the PNS (Engelhardt et al. 2017;
Wong et al. 2019; Zarch et al. 2009).

At the cellular level, the nervous system consists of
neural and non-neural cells. Neural cells or neurons,
which are responsible for the transmission of the signals
to other cells via synapses, collect data by their dendrites
and soma and transmit signals away by their axons
(Arabian et al. 2015, 2017). Twomajor types of neurons are
sensory and motor neurons. The former is responsible for
collecting the sensory action potential from the PNS to the
CNS, and the latter relays signals from the CNS to their
effectors. Glial cells or non-neural cells are the supporting
cells that provide nutrition and maintain homeostasis for
neurons. These types of cells are subdivided into oligo-
dendrocytes, astrocytes, and microglial cells in the CNS,
and Schwann cells and satellite glial cells in the PNS.
Schwann cells and oligodendrocytes provide myelin
sheaths, which surround the axons in the PNS and the
CNS, respectively. These lipid-rich discontinuous struc-
tures facilitate axonal signal transmission, and they in-
crease the conduction velocity of the action potentials
between two nodes of Ranvier. Nodes of Ranvier are the
myelin-sheath gaps between the myelin insulation of
Schwann cells where axolemma is exposed to
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extracellular space. Impairment of the myelin, which is
the symptom of neurodegenerative diseases such as
multiple sclerosis, Guillain–Barré syndrome, and Leuko-
dystrophy that result in dysfunction of the neurons and
deficiency in cognitive, sensory or movement functions
(Amani et al. 2019a, b, c, d;Miyata et al. 2016; Schmidt and
Leach 2003).

In addition to demyelination, neurodegenerative dis-
eases such as amyotrophic lateral sclerosis, Alzheimer’s
disease, and Parkinson’s disease can cause progressive
neuron loss, including functions or structures of neurons.
The brain is protected by the scalp, skull, and meninges
layers, and it is suspended in cerebrospinal fluid.
Furthermore, it is even isolated from thebloodstreamby the
blood-brain barrier (BBB), but external damage, trauma,
and infection can cause irreversible damage to the CNS. In
the U.S., seven million traumatic brain injuries (TBI) or
intracranial injuries occur every year. The significant
problems with brain injuries are the inadequacy of the
treatments and limited options for enhancing clinical out-
comes. For instance, the side effect of the tissue plasmin-
ogen activator (tPA), which is a gold standard for ischemic
strokes is inflammation of the capillaries. In the case of TBI,
the only option is reducing the possibility of the second
injury with surgical treatments (Amani et al. 2019a, b, c, d;
Bradbury and McMahon 2006; Jain 2019).

Like CNS, the spinal cord is susceptible to injuries as
well. The mechanical forces can cause spinal cord injuries
(SCI), which can occur in primary and secondary damage.
Following the cell death in the site of the original injury, the
biochemical cascades such as inflammation, apoptosis,
and ischemic cascade can produce secondary damage. As
mentioned before, the PNS is the bridge between the CNS
and the outer body, which unlike the CNS is not protected
by the skull or BBB, and not being protectedmakes the PNS
more vulnerable to toxins, mechanical injuries or in-
fections. The general term for the damage to the PNS is
peripheral neuropathy, which can cause by elongation,
compression, or laceration of the PNS. For example, pro-
longed mechanical compression can cause endoneurial
channels dysfunction and increase the endoneurial fluid
pressure by creating the endoneurial edema, alteration of
the ionic balance and fascicular microcirculation, and
subsequently ischemia. Peripheral neuropathy causes
symptoms such as loss of organ functions,muscle loss, and
bone degeneration depending on the area of the injuries.
For instance, damage to the motor neurons, which is a
motor neuropathy, results in muscle weakness and bal-
ance impairment; sensory neuropathy can reduce sensi-
tivity, induce numbness, and skin allodynia (Belanger
et al. 2016; Bradbury and McMahon 2006; Pollard et al.
2019).

Significantly, nerve repair and regeneration is present
in PNS, but it only allows for 1 mm/day regrowth after an
injury. Schwann cells control the regeneration by secretion
of chemotactic factors. After the injury Schwann cell, mac-
rophages, and phagocytes migrate to the damaged site and
clear the debris of damaged tissue and regeneration of the
nerve begins (Amani et al. 2019a, b, c, d). Conversely, the
neuroregeneration is limited in the CNS compared to the
PNS. This low repair of neurons is the consequence of the
inhibitory result of the glial scars and the extracellular
matrix, which creates a hostile microenvironment in the
CNS. For example, the growth factors are not expressed in
the CNS, and the extracellular matrix is lacking laminin
protein. Moreover, according to Llinás’s law, the
morphology of the CNS is very complex, and a neuron
cannot be functionally replaced by another type even the
secretion of the neurotransmitter and the synaptic connec-
tivity is identical. Currently, researchers have introduced
several new methods and agents to treat degenerative and
other diseases (Firooz et al. 2005; Javedan et al. 2016; Llinás
2014; Pazoki-Toroudi et al. 2010a, b; Rahgozar et al. 2001;
Toroudi et al. 1999).

In this review, wewill summarize different cell sources
that can be utilized in neural tissue engineering along with
the intracellular signaling pathways and environmental
signaling such as cell–cell interactions, cell–matrix in-
teractions, and soluble factors that control stem cells’
maturation towards neural cells. Indeed, we will highlight
the effect of nanomaterials on proliferation differentiation,
maturation, and cell fate for neural tissue engineering
applications.

Cell sources for neural tissue engineering

Nerve tissue engineering relies on combining the bio-
materials and external cues such as neurotrophic factors,
cell–cell, and cell–matrix interactions (Amani et al. 2019a,
b, c, d; Chooi and Chew 2019; Rosso et al. 2004; Solanki
et al. 2010). Moreover, such approaches require the appli-
cation of stem cells that can obtain in various sources with
different characteristics. For example, autologous cells can
accumulate from a patient; culture and store in the lab and
reimplanted into the same individual. These cells distin-
guished from allogeneic and Xenogeneic stem cells which
obtain from different people and different species respec-
tively. Nerve autografting, which utilizes the autologous
cells in nerve tissue engineering is the gold standard for
peripheral nerve regeneration. Since they have immune
rejection risk for the patients, autologous sources aremuch
preferable than other cell sources. However, the limitation
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sources for autologous cells should be taken into consid-
eration (Gu et al. 2014; Sensharma et al. 2017; Tajdaran
et al. 2016).

Additionally, the stem cells can be classified into
several groups regarding their differentiation potential.
Pluripotent stem cells can differentiate to all kinds of cell
lineage in the body. However, full differentiated somatic
cells do not have any differentiation potential, which
indicates that the differentiation potential of stem cells
decreases through the developmental stages (Jiang et al.
2017).

The more reliable results in nerve tissue engineering
depend on the detailed knowledge about the types and
characteristics of stem cells. Several stem cells with diverse
potential differentiation are available for neural tissue
engineerings such as embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), mesenchymal stem cells
(MSCs), and neural stem cells (NSCs) (Bhangra et al. 2016).
The next section focuses on various types of stem cells that
can be utilized in nerve tissue engineering.

Embryonic stem cells

Embryonic Stem cells (ESCs) derived from the inner cell
mass of a blastocyte are the cells with pluripotency capa-
bility, which enable them to propagate indefinitely as well
as differentiate into all derivatives of three embryonic germ
layers (Zhang et al. 2001).

Differentiation of the ESCs to the various somatic cell
types especially to the neural progenitor cells (NPCs) have
been served as an in vitro model for the study of neuro-
genesis in early human development such as themolecular
mechanisms of the proliferation and differentiation (Reu-
binoff et al. 2001). For instance, Yao et al. utilized mouse
ESCs as a model system to demonstrate the crucial role of
the PCGF5 protein in the neural differentiation (Yao et al.
2018). The ESCs with plasticity properties and the self-
renewal ability paved theway for stemcell transplantation,
regenerative medicine, and tissue engineering. Cui et al.
utilized ESCs-derived neural progenitor cell trans-
plantation to improve regeneration of the PNS (Cui et al.
2008).

The therapeutic properties of ESCs have been often
challenged by stochastic differentiation of the ESCs, which
makes unfavorable options for nerve tissue engineering
(Dhara and Stice 2008). Likewise, the other concern is the
possibility of tumorigenicity including teratoma appear-
ance after transplantation into the patients (Hentze et al.
2009). The principal strategy to overcome this impediment
and enhance the potential clinical application of the ESCs

is to reduce the tumorigenicity by control differentiation of
the ESCs to a particular cell lineage. Consequently,
Kumamaru et al. reported the thriving method for differ-
entiation and maintenance of the ESCs derived spinal cord
neural Stem cells (NSCs) by activation of the WNT and
FGF2/8 and dual inhibition of SMAD signaling pathways
for corticospinal regeneration (Kumamaru et al. 2018).

Induced pluripotent stem cells

After the prohibition of utilizing the ESCs cells in regen-
erative medicine by the Japanese Ministry of Health, Labor
and Welfare in 2006, contemporaneously, Yamanaka and
his colleagues Takahashi introduced the induced iPSCs
from the somatic cells by the transfection of the cells with
Yamanaka factors (Oct3/4, Sox2, Klf4, c-Myc) (Nagoshi and
Okano 2018; Takahashi and Yamanaka 2006). The iPSCs
overcame the ethical concern that rose above ESCs. More-
over, iPSCs properties are analogous to ESCs such as plu-
ripotency, teratoma formation, embroid formation, and
differentiation.

The iPSCs technology has been used as autologous
cells to reduce immune rejection after the transplantation.
Moreover, it can overcome the ethical concern behind the
ESCs and created a novel way towards cell therapy and
regenerative medicine. For example, Wang et al. cultured
neural crest stem cells derived from iPSCs on a tubular
nanofibrous scaffold for sciatic nerve regeneration (Wang
et al. 2011). In another study, Kimura et al. conducted cell
transplantation by neural crest-like cells derived from hu-
man induced pluripotent stem cells (hiPSCs) and utilizing a
silicon tube as a bridge for sciatic nerve regeneration
(Kimura et al. 2018). Okawa et al. utilized the same strategy
to improve diabetic neuropathy. They reported the thera-
peutic activity of the neural crest-like (NCL) cells derived
from iPSCs, by the secretion of growth factors such as NT-3
and NGF. Moreover, transplantation of the NCL cells
developed the neovascularization induction that mediated
by the VEGF and bFGF secretion (Okawa et al. 2013).

Neural stem cells

The formation of the new neurons was long considered to
occur in the embryonic state. This concept was challenged
by Joseph Altman in 1962 who suggested that an adult
brain can generate new neurons (Altman 1962; Obernier
and Alvarez-Buylla 2019). Neurogenesis is the process in
which new neurons generated by NSCs. Neural stem cells
are multipotent cells with self-renewal ability that found in
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the subventricular zone (SVZ) and subgranular zone (SGZ)
in the CNS (Engler et al. 2018; Kennea and Mehmet 2002).

The therapeutic properties of NSCs has been inves-
tigated for decades. Reynolds et al. cultivated NSCs as
neurosphere in vitro and demonstrated the proliferation
and the potential differentiation of the NSCs into neu-
rons, astrocytes, and oligodendrocytes (Reynolds and
Weiss 1992). These properties paved the way for the
treatment of neurodegenerative diseases such as Par-
kinson, Huntington disease, and SCI (Zhao and Moore
2018).

NSCs have great potentials for tissue engineering
purposes since they have self-renewal ability as well as the
capacity to differentiate tomultiple neural lineages such as
neurons, astrocytes, and oligodendrocytes. For example,
O’Rourke et al. cultured the allogeneic NSCs on the
collagen-hydrogel for the reconstruction of the 12 mm
sciatic nerve injury model (O’Rourke et al. 2018).

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are the stromal cells with
fibroblast-like morphology that have the potential to
differentiate into various cell types (Phinney and Prockop
2007). Moreover, MSCs can be found in the nervous system
andwrap around bundles of peripherals axons (Adameyko
and Ernfors 2019).

They are great candidates for tissue engineering and
regenerative medicine due to availability, immuno-
modulatory effects, simplicity in isolation, and lack of
ethical concerns. Moreover, the potential differentiation
of MSC to the neuronal cells generates a substantial and
growing attraction to utilizing the MSCs for autologous
nerve grafting. Recently, the differentiation ability of
the MSCs to the Schwann cells with paracrine activity
demonstrated in the peripheral nerve regeneration
(Evaristo-Mendonca et al. 2018). Georgiou et al. con-
structed an engineered neural tissue with Schwann cells
aligned in constrained collagen hydrogel utilizing the
adipose-derived stem cells (ADSCs) for sciatic nerve
regeneration in a rat model (Georgiou et al. 2015). In
another study, Zhang et al. showed the tendency of the
human gingiva-derived MSCs for the spheroid forming
and differentiation into neuronal and Schwann cells.
They utilized the spheroids as a component in the 3D
bio-printer system for nerve construction, which pro-
moted rat facial nerve regeneration after trans-
plantation (Zhang et al. 2018a, b).

Other stem cells for neural differentiation

Dental pulp stem cells (DPSCs) are another source for
neural regeneration that presents in the dental follicle,
dental pulp, and periodontal ligament. The self-renewal
and multipotency properties in addition to the neural crest
origin of DPSCs make them a suitable candidate for neural
regeneration (Ghasemi Hamidabadi et al. 2017; Hafner
et al. 2017; Mead et al. 2017). Furthermore, other classes of
stem cells for nerve tissue engineering are hair-follicle-
associated pluripotent (HAP) Stem cells. Obara et al. syn-
thesized the polyvinylidene fluoride membrane encapsu-
latedwithHAP and implanted to the thoracic spinal cord of
mice, which resulted in improvement and restoration of
functional peripheral neurons (Obara et al. 2019).

Other classes of multipotent stem cells such as skeletal
muscle-derived stem cells (SMDSCs), skin-derived pre-
cursors (SKPs), and perinatal stem cells can be utilized in
peripheral nerve regeneration (Bhangra et al. 2016; Jiang
et al. 2017; Tamaki et al. 2014).

Key intracellular signaling pathways in
neural differentiation

Nerve tissue engineering requires controlling cellular
behavior towards cell proliferation and differentiation of
neurons. Generation of new neurons from stem cells in the
human body depends on the intricate cellular signaling
transductions that not only a link between the cell surface
and nucleus but also control the cell’s fate by regulating
the gene expressions (Navarro Quiroz et al. 2018).

The dynamic interactions between microenvironment
cues and intracellular pathways regulate the determina-
tion of stem cells towards the neural lineage (Faigle and
Song 2013). Understanding the essential intracellular
pathways such as Wnt, sonic hedgehog, and notch, which
control the stem cells fate paved the way for better neuro-
regeneration strategies.

Wnt signaling

As mentioned before, SGZ of the dentate gyrus in the hip-
pocampus and SVZ of the lateral ventricles, which are the
niches for NSCs, are two parts of the CNS. Importantly, SGZ
and SVZ utilizing the Wnt ligands for the regulation of the
neural differentiation (Armenteros et al. 2018). Numerous
studies demonstrate the crucial role of the Wnt signaling
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pathway in neurogenesis and neural development (Ines-
trosa andVarela-Nallar 2015). Expression of theWnt3 in the
astrocytes of the hippocampus, which hindered the
B-catenin degradation and activation of TCF/LEF tran-
scription factors and consequently, activation of NeuroD1
and neural differentiation. NeuroD1, which is the member
of the basic Helix-loop-Helix (HLH) transcription factors, is
sufficient for the differentiation of the NSCs. Interestingly,
NeuroD1 activation is depending on the Sox2 repression as
a consequence of the overlapping between Sox2 and TCF/
LEF (Sox/LEF) in the NeuroD1 promotor. Moreover, LINE1
is another essential regulating factor during neural differ-
entiation that activates and suppresses Wnt/B-catenin and
Sox2 respectively. It has been shown that Sox2 Contributes
to the maintenance of the self-renewal and undifferenti-
ated state of the NSCs (Dennis et al. 2019; Kuwabara et al.
2009).

Notch signaling

The Notch signaling pathway is another conserved
pathway that regulates many aspects of neurogenesis in
adult and neural development such as proliferation, dif-
ferentiation, and apoptosis. The Notch signaling pathway
is crucial for cell–cell interactions and communications
due to the transmembrane nature of the notch ligand and
receptor. The Notch signaling pathway is essential for self-
renewal ability and maintenance of NSCs. Direct cell–cell
interactions leads to binding the Notch receptor and ligand
(DLL or jagged). After the proteolytic release of NICD and
formation of a complex with the mastermind and RBPj, the
complex translocates to the nucleus and activates the Hes1
and Hes5 transcription factors that inhibit the Neurogenin
and DLL1 (Ben-Shushan et al. 2015; Ohtsuka et al. 1999).
Furthermore, Hes1 protein suppresses the transcription of
Hes1 gene by negative feedback, which is responsible for
the Oscillation expression of the Hes1 in progenitor cells.
Consequently, Neurogenin and DLL1 present reversed dy-
namic expressions in correspondence with Hes1 oscilla-
tion, which is essential for maintenance and diversity of
NPCs (Figure 1–10) (Kageyama et al. 2008; Shimojo et al.
2008); (Table 1).

It has been demonstrated that the balance between
NPSCs and NSCs population in SVZ regulates by cell–cell
interactions through the Epidermal Growth Factor Recep-
tor (EGFR). Epidermal Growth Factor Receptor regulates
the Notch signaling pathway by the NUMB protein, which
inhibits the internalization of NICD and blocks the Hes1
activity. Moreover, NUMB promotes degradation of the

Notch1 by ubiquitination and downregulation of the notch
signaling pathway in SVZ (Aguirre et al. 2010).

Sonic hedgehog signaling

Another ubiquitination and the inhibitory effect of numb
protein is suppressing the Gli1, which is a transcription
activator of the canonical hedgehog signaling pathway (Di
Marcotullio et al. 2006). Sonic hedgehog (Shh) plays a
significant role in proliferation, differentiation, neural
patterning, and neural development. The Gli transcription
factor activates when the soluble extracellular Shh protein
binds to Patchy transmembrane receptor protein (Ptc), and
it activates Smoothened (Smo) G protein in Canonical Gli-
dependent signaling (Antonelli et al. 2019; Carballo et al.
2018). Canonical Gli-dependent signaling pathway

Figure 1: Presence of oscillation in the notch signaling pathway in
dividing neural progenitors. (A) In immature postmitotic neurons,
the Hes1 downregulated, but Ngn2 and Dll1 are upregulated. (B) the
Oscillation of Hes1, DLL1, and Ngn2 expressions is favorable for
maintaining and proliferation of neural progenitor cells, which
demonstrated the necessity of the sustain upregulation of Ngn2 in
neural differentiation (Shimojo et al. 2008).
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associated with the proliferation of NSCs and inhibition of
apoptosis for maintenance of the SVZ and DG niches. The
injection of cyclopamine, which is an Shh inhibitor into the
hippocampus resulted in a severe reduction in DG pro-
genitor cells’ proliferation. Moreover, activation of Ptc
produced none terminal symmetric cell division and

conversely, inhibition of Shh resulted in promoting asym-
metric cell division and differentiation (Yang et al. 2015).

Shh signaling pathway executes various functions
depending on the stage of the development. For example,
canonical glial signaling increasing neural progenitor cell
specification and proliferation in the neural plate. The

Figure 2: Cross-talk between various
signaling pathways in neural
differentiation.

Figure 3: Effect of AuNPs-decorated scaf-
folds on neural differentiation and matu-
ration. (A) Effect of AuNPs-decorated
scaffolds on the growth of PC12 cells and
(B) primary neurons by confocal micro-
scopy stainedagainstα-tubulin. (a) Pristine
scaffold (electrospinning PCL/gelatin
nanofibers) and (b) AuNPs-decorated scaf-
fold. Formation of neural network in (c)
Pristine scaffold and (d) Gold nanoparticle
decorated scaffold (Baranes et al. 2015).
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Transition to the spinal cord resulted in the none canonical
Shh signaling pathway and Calcium spike, which recruit

the PKA and P-CREB to inhibit the Gli activity in the
differentiating neuron (Brennan et al. 2012).

Other signaling pathways

The regulation of shifting between proliferation and dif-
ferentiation is crucial in neurogenesis. The dynamic cross-
talk between various signaling pathways provides complex
principles for neural development. For example, Armen-
teros et al. demonstrated that BMP2 and BMP4 have a
synergistic effect on the differentiation of NSCs with Wnt
signaling via the binding of the Smad4 to LEF/TCF
(Armenteros et al. 2018). Moreover, the BMP7 along with
Wnt, and FGF/FGF8 improve differentiation by inhibition
of the Shh canonical signaling pathways. This antagonist
activity between BMP7 and Shh, shifting the differentiation
and specification of cells towards rostral phenotypes or
floor plate cells during neural development. Similarly, FGF
preventing Gli activity by recruiting the ERK and JNK ki-
nase and promoting differentiation (Belgacem et al. 2016).

It should be noted that further studies required to
evaluate the role of signaling pathways in the development
of the nervous system. For instance, several studies intro-
duced the Retinoic acid (RA) as a differentiation inducer
molecule. In contrast Misha et al. demonstrated the pro-
liferation sides of the RA by activation of the HIF1a and
VEGFA, which promote the G1 to S phase transition in
NPSCs by activation and inhibition of the Cdk4/6 and
p27Kip1 respectively (Mishra et al. 2018).

Figure 4: Polydopamine-Gold/PCL
nanocomposite nerve conduit facilitates
neural differentiation. (A) Schematic
representation of synthesizing and
implementing of PDA-gold/PCL nano-
composites in a rat model. The gold/PCL
membrane (yellow and orange layer) was
fabricated by spraying the gold and PCL
suspensiononto themoldwith a 3Dprinter.
Afterward, the PDA (green layer) was
sprayed on gold/PCL and the pores made
by the microneedles. (B) (a) Implementing
PDA-gold/PCL nerve conduit for connecting
the sciatic nerve of a rat with a 15 mm in
length which was implanted in the hind
limb of the Sprague–Dawley rat model. (d)
Regeneration of the sciatic nerve after
18 weeks. (b) SEM image of nonporous,
(c) multilayered structure of PDA-Gold/PCL
nanocomposites and (e, f) SC morphology
on PDA-Gold/PCL Scaffold (Qian et al.
2018).

Figure 5: HRSEM image of SH-SY5Y cells on a glass substrate coated
with AgNPs show straighten neurites that emerging from the cell
body, which attach to the glass substrate coated with AgNPs. White
arrows show the AgNPs on the substrate (Alon et al. 2014).
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Figure 6: SEM image that shows the surface
morphology of TiO2 nanotubes under
different voltage. The average length of the
nanotubes were measured approximately
1.34 ± 0.26 µm (Lan et al. 2018).

Figure 7: Characterization of NSCs differentiation on Carbon nanotube multilayered nanocomposites. (A) Characterization of NSCs
differentiation by immunohistochemical staining. The green (GFAP) and red colors (beta III tubulin) show the neurons and astrocytes
respectively, and the nucleus stained by DAPI). (B–D) Statistic analyzing of the differentiation proportion of neurons and astrocytes and cell
viability of the NSCs on different substrates (Shao et al. 2018).
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Environmental cues involved in neural
differentiation

The human body consists of numerous cell types derived
from a totipotent zygote. During embryonic development,
the zygote gives rise to more specialized cells by variation
in gene expression, which results in more complex tissues.
The process in which immature cells evolve to more
specialized cells described as cell differentiation that
dramatically changes the size, shape, and metabolic ac-
tivity of the cells (Amit and Itskovitz-Eldor 2002).

The primary molecular process that regulates the dif-
ferentiation and determination of cells’ fate is cell
signaling. Moreover, the regulation of stem cells is estab-
lished by their microenvironment, which called a niche.
The mixture of physical and chemical cues in stem cells’
niche influence and instruct them tomaintain or determine
their fate. The harmony between external environment
signals and cellular intrinsic factors is crucial for cells’ fate
regulation. The ECM-cell interactions, cell–cell in-
teractions, and soluble factors stimulate diverse internal
signals that alter the gene expression and cellular behav-
iors (Mashinchian et al. 2015).

Cell–ECM interactions

The ECM is a three-dimensional biological scaffold that
secreted by the resident cells and consists of a complex
composition of proteins and glycoproteins. Such hetero-
geneous structure plays a pivotal role in the unique
compositions-dependent response, which is essential for
cells’ fate determination through cell–matrix interactions
(Chen et al. 2007; Wojcik-Stanaszek et al. 2011).

The cell–ECM interactions mediated by the integrin
molecules on the cell surface. Integrins are the trans-
membrane adhesion proteins that directly interact with the
ECM Proteins and glycoproteins including collagen, lam-
inin, fibronectin, and vitronectin (Barczyk et al. 2010;
Hynes 2002; Wilems et al. 2019). It has been shown that
integrins have important functions in neuroregeneration
particularly in peripheral nerve regeneration. The hetero-
dimeric structure of the integrins provides diverse func-
tionality in several physiological circumstances (Barros
et al. 2011; Kazanis and ffrench-Constant 2011). For
instance, in peripheral nerve injury, the interactions be-
tween vimentin and B1 integrins in Schwann cells
contribute to the peripheral nerve regeneration and axonal

Figure 8: Effect of GO and rGO
nanostructures on guiding and
differentiation of NSCs. (A) (a) Comparison
between PCL nanofibers and PCL
nanofibers coated with GO (1.0 mg/mL GO
solution) scaffold effects on the
morphology of NSCs after 6 days of culture
with the FE-SEMmicroscopy (the cells show
by the pseudo-color for a better contrast-
ing). (b) Quantitative PCR analysis of spe-
cific fold change gene expression of
astrocytes (GFAP), neuron (TuJ1), and oli-
godendrocytes (MBP) on the various sub-
strates (Shah et al. 2014). (B) (a) Effect of
nanostructured rGO microfibers on the dif-
ferentiation of NSCs, which investigated by
the immunostaining. The green color rep-
resents the nestin biomarker and the blue
color belongs to DAPI (B) (a) electropho-
resis analysis of Nestin expressions in
NSCs cultured for 3 days on Graphene film
and nanostructures rGO microfibers (b)
SEM image of NSCs spreading on nano-
structures rGO microfibers (c) qPCR anal-
ysis of the expression level of GFAPand TuJ1
in tissue culture plate, graphene film, and

nanostructured rGO microfibers (Guo et al. 2017).
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outgrowth (Chang et al. 2012). Moreover, Abe et al. (2018)
reported the promotion of the initial and final differentia-
tion stage transition in cerebellar granule cell precursors
through the interactions between avB5 integrins and
vitronectin. In contrast, adult neurogenesis is limited in
the CNS due to the lack of localization of integrins through
selective polarized transport. Moreover, axon-repulsive
molecules such as Nogo-A, Myelin-associated-glycopro-
tein (MAG), Aggrecan, and Class III semaphorins inacti-
vate and restrict axonal regeneration in the CNS
(Nieuwenhuis et al. 2018).

Study of the cell–matrix interactions and the ECM
composition effects on proliferation and differentiation,
can contribute to the nerve repair and neural tissue engi-
neering (Ruzicka et al. 2019; Wu et al. 2017; Zhang et al.
2018a, b). Modifying alginate hydrogel with integrin-
binding ligands such as LXW64 and LXY30 resulted in

inducing differentiation of NPCs to oligodendrocytes (Wen
et al. 2019). Moreover, Haggerty et al. demonstrated the
acceleration of the axonal growth and functional recovery
of motor neurons in the hindlimb through the injection of
the soluble laminin polymers (Haggerty et al. 2019).

Cell–cell interactions

Currently, the major approaches in nerve tissue engineer-
ing is focused on cell–matrix interactions and neuro-
trophic factors signaling including design and synthesize
various ECM and delivery of cells and neurotrophic factors.
Despite the numerous functions of cell–cell interactions in
the nervous system such as synapse formation, cell
migration, and neural development, utilizing the cell–cell
communication in neural development and regeneration

Figure 9: Micro/nanoscale P3HT nanofibers
as a substrate for neural differentiation. (A)
Schematic representation of PC12 cells
differentiation on P3HT nanofibers,
microfibers, and patterned surface. (B) The
positive effect of P3HT nanofibers on the
differentiation of PC12 cells (Wu et al.
2019).
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strategies is neglected (Chooi and Chew 2019; Gu et al.
2014; Subramanian et al. 2009).

Cell adhesive molecules (CAMs) located on the cell
surface and mediated the direct cell–cell contact. Cadher-
ins and immunoglobulin superfamily (IgSF) is the general
category of the CAMs in the nervous system. Dysregulation
in the CAMs level contributes to severe neurological dis-
orders and dysfunctionality of the nervous systems. On the
other hand, CAMs play a crucial role in cells’ fate deter-
mination and nerve regeneration (Chooi and Chew 2019;
Pollerberg et al. 2013). For example, N-cadherin (NCAD) is
the most studied subtype of cadherins in the nervous sys-
tem that induces neurite outgrowth by stimulation of the
FGFR, cytoskeleton linked catenins, and p120 signaling
pathways. Besides, NCAD is responsible for neural differ-
entiation of NPCs by recruiting the B-catenin and AKT
signaling pathways (Gavard et al. 2004; Miyamoto et al.
2015; Zhang et al. 2013).

The Nerve growth factor is the common soluble
factor in nerve tissue engineering, which differentiate

the NSCs. It has been suggested that the NCAD and NGF
have a synergistic effect on neurite outgrowth, which
hallmark the combination effect of cell–cell interactions
and neurotrophic factors. Consequently, coating and
modifying of biomaterials with NCAD or encapsulation
of the NCAD and NGF for co-stimulation of neurite
outgrowth and neural differentiation can be utilized
neural tissue engineering (Doherty et al. 1991; Ferguson
and Scherer 2012; Willerth and Sakiyama-Elbert 2007).
In contrast, maintenance and self-renewal ability
mediated by ECAD (Dasgupta and Gutmann 2005).
Interestingly, the switch between the expressions of
ECAD and NCAD modulates the neural differentiation in
ESCs (Haque et al. 2012).

Neurotrophic factors

Cell differentiation is a mechanism requiring inclusive
biochemical crosstalk between ECM and cellular proteins.

Figure 10: NSC differentiation on NanoRU. (A) Schematic representation of extracellular matrix coated with silica nanoparticles and their
applications NSC differentiation on NanoRU coated with SOX9 siRNA. (B) SEM image of NSCs on the scaffold coated with silica nanoparticles.
(C) Differentiation of NSCs on NanoRU scaffold (Solanki et al. 2013).
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Neurotrophic factors play an essential role in nerve growth
and differentiation in neural development and adult neu-
rogenesis. The most common neurotrophic factors are the
brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), neurotrophin-4/5, and NGF, which activate Trk re-
ceptors and have a low affinity for the p75 receptor (Wil-
lerth and Sakiyama-Elbert 2007).

One of the main neurotrophic factors produced by
Schwann cells after peripheral nerve injury is NGF. The
direct contact of NGF with TrkA activates the MAPK intra-
cellular pathways, which are responsible for the axonal
alignment and outgrowth, differentiation, migration, and
cell survival in the site of injury. Furthermore, NGF has a
significant role in the development of the cholinergic
neurons that makes them efficient in the treatment of
neurodegenerative diseases such as Alzheimer’s disease
(Martorana et al. 2018; Okur et al. 2018; Siegel andChauhan
2000; Xu et al. 2016). The main problem with the admin-
istration of NGF and growth factor therapy are redistribu-
tion and rapid enzymatic degradation. These obstacles can
be overcome by utilizing a proper delivery vehicle that not
only controls the growth factor release in a spatiotemporal
manner but also improves the recapitulation of the neural
microenvironment (Marcus et al. 2015). For instance, Li
et al. acquired the thermo-sensitive heparin-poloxamer
hydrogel for the co-delivery of the NGF and basic fibroblast
growth factor (bFGF) for the peripheral nerve regeneration
(Li et al. 2018).

Turning to BDNF, high expression of the BDNF and
its receptor (trkB) in the adult nervous system sug-
gested the neurogenesis activity of the BDNF in the
adult brain. Moreover, The BDNF/NSCs transplantation
highlighted the improvement in functional recovery
after ischemia and brain damage in rats (Ma et al. 2012;
Zhu et al. 2011). Furthermore, Li et al. demonstrated the
impairment of the neurogenesis in the embryos and
adult hippocampus by the ablation of the TrkB re-
ceptors (Li et al. 2008).

Another neurotrophic factor in the NGF family is NT-3,
which promoting neural differentiation and neurogenesis
in peripheral nerve injury and neuronal outgrowth in mo-
tor neurons after spinal cord injury with its unique TrkC
receptors (Grill et al. 1997; Taylor and Sakiyama-Elbert
2006; Wu et al. 2018).

Various growth factors such as TGFb, GDNF, CNTF, etc.
have been demonstrated to be able to promote neuro-
genesis, which can be utilized in nerve tissue engineering
(Willerth and Sakiyama-Elbert 2007). For example, the FGF
family promotes neurogenesis indirectly by angiogenesis
and enhances nerve proliferation and axonal outgrowth
after an injury (Grothe et al. 2006).Ta
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Effect of nanomaterials on neural
differentiation

One of the intricate biological phenomena is nerve regen-
eration. Regeneration in the PNS occurs only in small in-
juries, and the CNS has limited regeneration potential.
Furthermore, the complexity in the properties of the nerve
cells such as morphology and electrical activity has raised
the challenges for nerve regeneration strategies (Abdal
Dayem et al. 2018a, b; Polak and Shefi 2015). Currently,
most strategies for neural regeneration including direct cell
injection into the injured site and utilizing growth factors
for promoting cell regeneration have limited success,
considering the inadequate differentiation efficiency in cell
therapy (Wei et al. 2017a, b). Consequently, more effective
strategies needed for controlling cellular behaviors such as
proliferation, migration, and directed cell differentiation
for neural regenerations. Moreover, in the case of periph-
eral nerve injuries, nanomaterials can be utilized for the
design and development of engineered nerve guidance
channels (NGCs) that contribute to the regeneration of PNS.
NGCs have the ability to reduce the scar tissues, and they
can contribute to the sprouting of axons from the proximal
nerve (Amani et al. 2019a, b, c, d). Nanomaterials provide
alternative strategies to affect neuronal behaviors such as
differentiation, proliferation, and electrical properties. It
has been shown that the nanomaterials can activate the
signaling pathways and transcription factors that are
responsible for neural proliferation and differentiation
(Khan et al. 2018; Polak and Shefi 2015). Nano-constructs
could be utilized in various ways. They could be used as
suspensions or they could be immobilized on various 2D or
3D substrate that can change the properties of nano-
materials. For example, there are concerns about the
toxicity of metallic nanoparticles when they injected
directly into the body. However, immobilizing these
nanoparticles on different substrates can significantly
reduce their toxicity. Moreover, the immobilizing of
metallic nanomaterials on the different substrates can
improve the electroconductivity of various substrates that
could be beneficial for neural regeneration. Another
approach is to change the chemical surface properties of
nanomaterials. For instance, Alghazali et al. modified gold
nanorods with thiolated PEG, which contained -NH2

groups for enhanced cell adhesion (Alghazali et al. 2017).
Nanomaterials can be functionalized with various proteins
such as monoclonal antibodies, RGD, and various ECM
proteins for different purposes such as targeted delivery
and increase in biocompatibility and cell adhesion prop-
erties of nanomaterials (Chen et al. 2018; Esmaeely

Neisiany et al. 2020; Jodat and Shin 2020). Furthermore,
nanomaterials can be utilized with various shapes such as
nanorods and nanospheres as well as nano-scaffolds
(Abdal Dayem et al. 2018a, b; Paviolo et al. 2013). Be-
sides, nanoparticles can be acquired in nanocomposite;
providing a suitable microenvironment capable of modu-
lating the stem cells’ fate (Baranes et al. 2015). Such stra-
tegies can be combinedwith cell therapy and growth factor
delivery for a desirable outcome in the neural repair, which
can pave the way towards neural disease treatment (Dvir
et al. 2011).

Metal-based nanomaterials

Metal-based nanomaterials such as Gold nanoparticles
(AuNPs), Silver nanoparticles (AgNPs), Iron oxide nano-
particles (IONPs), zinc oxide (ZnO), titanium oxide (TiO2)
with different shapes and sizes, can be synthesized with
chemical or biological methods. Such materials with high
surface energy, surface plasmon resonance (SPR), high
surface area to volume ratio, and conductivity are well
known for their biomedical applications such as drug de-
livery, diagnostic, and anti-microbial activity (Abdal
Dayem et al. 2018a, b; Ramos et al. 2018). Moreover, they
can influence behaviors of stem cells such as attachment,
migration, proliferation, and differentiation by releasing
the metal ions, which modulating the gene expressions
involved in activation of cell adhesion, cellular rear-
rangement, and neural differentiation (Paviolo and Stod-
dart 2015; Polak and Stoddart 2015; Yoo et al. 2004; Yuan
et al. 2018). As conductive nanomaterials, they can be
utilized in nanocomposites for electrical stimulation based
nerve regeneration. Park et al. synthesized 20 nm gold
nanoparticles and coated onto a positively charged glass
substrate pretreated with PEI for electrical stimulation of
PC12 cells, which leads to differentiation and neurite
outgrowth after each round of electrical stimulation (Park
et al. 2008). Another application is employing theMagnetic
nanoparticles (MNPs) for axonal growth and guidance of
newneurites towards the distal stump. For instance, Riggio
et al. functionalized the MNPs with beta-NGF and aligned
the neurite outgrowth with a magnetic field in PC12 cells
(Riggio et al. 2014).

One of the main concerns is the safety of the Metal
based NPs, which depends on various characteristics such
as size, shape, concentration and synthesis methods, etc.
Therefore, more toxicological assessment is required to
evaluate the safety of Metal based NPs (Amani et al. 2019a,
b, c, d; Mordorski and Friedman 2017).
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Gold nanoparticles

Gold nanoparticles (AuNPs) have been utilized widely in

nanotechnology, drug delivery, photothermal therapy, tu-

mor detection, imaging, and biomedicine (Giljohann et al.

2010; Hernández-Sánchez et al. 2018; Kyriazi et al. 2018). In

the past few decades, several approaches for controlling the

size, shape, and surface functionality of the AuNPs were

developed. In 1951, Turkevich et al. developed the AuNPs

synthesis method by utilizing the citric acid as a stabilizer.

Afterward, various synthesizing methods developed for

producing AuNPswith different sizes and shapes (Freitas de

Freitas et al. 2018; Jazayeri et al. 2016; Yeh et al. 2012).
Recently, numerous studies demonstrated the effect of

AuNPs on cells’ fate and cellular behavior since it can
encourage the differentiation of the various stem cells such
as ESCs and MSCs to cardiomyocytes and osteoblast cells
(Ko et al. 2015; Li et al. 2016; Ravichandran et al. 2014). The
effect of AuNPs on ESCs investigated byWei et al. revealed
the promotion of dopaminergic neuronal differentiation in
ESCs. Respectively, they showed the significant role of the
mTOR/P70S6K signaling pathway by blocking the mTOR
with Rapamycin, which reduces the differentiation of the
ESCs (Wei et al. 2017a, b). These findings suggested that the
interaction between the AuNPs and cellular signaling
pathways involved in cells’ fate determination. For nerve
tissue engineering, integration of the AuNPs into the
scaffolding materials have been used by researchers
around the world. For example, Baranes and co-workers
synthesized PCL/gelatin nanofibers 3D scaffold decorated
by AuNPs through electrospinning for differentiation and
maturation of neuronal cells. The PC12 cells cultured on the
pristine scaffold displayed the limited neuronal outgrowth.
Conversely, the cells on AuNPs scaffold exhibited a long
neurite extension and able to form basic neuronal net-
works that envision the possibility of utilizing such ap-
proaches for neural repair such as spinal cord injury
(Baranes et al. 2015).

Likewise, it has been reported that AuNPs can be in-
tegrated into the structure of hydrogels (injectable and
stimulus responsiveness structures in tissue engineering)
to create advanced controllable substrates with superior
electrical and mechanical features. For instance, switch-
able AuNPs-hydrogel composites can be used as smart
materials for the release of growth factors or drugs within
the desired tissue via irradiation of light at the AuNPs SPR
peak (Sershen et al. 2000; Skirtach et al. 2005; Yoo et al.
2017).

In another example, Qian et al. designed a polydop-
amine coated gold/PCL for differentiation of the MSCs to

neurons for sciatic nerve injury, which improved the pro-
liferation, differentiation, myelin sheath growth, angio-
genesis, and functional recovery in vivo after 18 weeks
postoperatively (Qian et al. 2018). Similarly, Das et al.
fabricated silk-based gold nanocomposite for adhesion of
Schwann-like cells for the peripheral nerve regeneration
(Das et al. 2015).

AuNPs are prominently unique due to their physical
and chemical properties such as easymodification, various
optical properties, size, shapes and Localized Surface
PlasmonResonance (LSPR), which can be coupledwith the
beforementioned roles of AuNPs in cells’ fate determina-
tion. For instance, collagen nanofibers canbe coated by the
gold nanospheres, which can be prepared by layer by layer
deposition method as an electroconductive substrate for
differentiation of the human placental-derived MSCs to
neural lineages (Orza et al. 2011).

The repair of large lesions in the nervous system is the
main challenge in nerve tissue engineering. An emerging
alternative for the rehabilitation of large nerve gaps is
NGCs. Since nerves are electrogenic cells, using conductive
materials can contribute to the acceleration of neurite
growth. For instance, Qian et al. used amultilayer molding
method to provides conductive NGC consist of a
polydopamine-coated gold/polycaprolactone (Qian et al.
2018). The authors mentioned that conductive NGCs were
able to contribute to the differentiation of bone marrow
MSCs into Schwann-like cells. Moreover, they found that
implantation of conductive NGCs in the site of nerve sciatic
injury resulted in angiogenesis and recovery in the animals
(Qian et al. 2018).

The different sizes and shapes of AuNPs can influence
the potential neural differentiation. It has been reported
that the 30 nm AuNPs is the most effective size in pro-
moting differentiation of the ESCs to the dopaminergic
neurons with excellent biocompatibility (Wei et al. 2017a,
b). Furthermore, the rode shape of AuNPs is acquired for
neural differentiation. Utilizing the optically active surface
of gold nanorods (AuNRs), which caused by LSPR is re-
ported to enhance axonal extension, cellular activity, and
activated membrane ion channels in neuronal cells (Pav-
iolo et al. 2014; Paviolo et al. 2013). Alghazali et al.
modulated the differentiation of MSCs through function-
alized AuNRs with thiolated polyethylene glycol (PEG).
They demonstrated the link between surface properties of
AuNRs and the acceleration in the neurogenesis by acti-
vation of the LSPR through IR laser source and regulation
of the Ca2+ channels (Alghazali et al. 2017). Moreover, it is
well documented that the introduction of AuNPs into
various scaffolds and decellularized natural matrices can
changes their stiffness and elastic moduli, which are
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fundamental factors for controlling cellular behaviors such
as migration, proliferation, and differentiation (Baei et al.
2016; Shevach et al. 2014).

However, there is a controversy in toxicity associated
with the sizes and shapes of the AuNPs. For example, uti-
lizing the CTAB in preparation of theAuNRs correlatedwith
the toxicity of the rode shape of gold nanoparticles.
Moreover, AuNPs greater than 15 nm is associated with
lower toxicity compared to smaller particles (Hornos Car-
neiro and Barbosa 2016). For example, Senut and co-
workers demonstrated the cell death and toxicity of the
1.5 nm AuNPs on hESCs and their neural precursor de-
rivatives (Senut et al. 2016). Therefore, further research and
investigation should be addressed considering the none-
biodegradability, toxicity, and adverse effects of AuNPs
before clinical applications.

Silver nanoparticles

Nowadays, silver nanoparticles (AgNPs) applications are
prevalent due to their excellent antibacterial and anti-
fungal activities (Anandalakshmi et al. 2016; Franci et al.
2015; Xu et al. 2011). Generally, AgNPs synthesized by the
reduction of silver salt in the presence of sodium borohy-
dride as a reducing agent and a colloidal stabilizer such as
PVA, PVP, BSA, citrate, and cellulose. Moreover, ß-D-
glucose as reducing sugar and starch as the stabilizer can
be utilized to synthesizing AgNPs (Stepanov et al. 2002).

There is a controversy regarding the ability of AgNPs to
enhance neurogenesis as well as their toxicity and safety.
However, it has been reported that toxicity of Ag-integrated
scaffolding materials can be linked to the total release of
AgNPs, reactive oxygen species (ROS) production by
nanoparticles or ions (Ag+) is an important factor for cell
proliferation and differentiation (Stojkovska et al. 2014).
For example, Dayem and co-workers demonstrated the
differentiation of SH-SY5Y cells when they expose to
AgNPs, which biologically synthesized with E.coli. They
suggested that the enhancement of intracellular ROS leads
to the activation of AKT and ERK and inhibition of dual-
specificity phosphatase (DUSP) (Abdal Dayem et al. 2018a,
b; Dayem et al. 2014). Conversely, numerous studies sug-
gested the opposite aspect of AgNPs. For instance, it has
been reported that exposure of the embryonic stem cell-
derived neurons and astrocyte networks to AgNPs reduces
neurite outgrowth and induces neurotoxicology by activa-
tion of AKT/GSK-3/caspase-3 signaling pathways (Repar
et al. 2018). Similarly, Yamada et al. reported the unfavor-
able effect of AgNPs on the differentiation of human IPSCs.
They showed the down-regulation of the OTX-2 as well as

the inhibition of the mfn1 and intracellular level of ATP in
human IPSCs (Yamada et al. 2018). Other studies described
the effect of sublethal level of AgNPs on adult stem cells,
which highlighted the reduction of B-catenin level and
disruption of the actin dynamics in NSCs of SVZ (Cooper
et al. 2019; Cooper and Spitzer 2015). Recently, Zhang et al.
showed the compromise female hESCs differentiation
through the interruption of x chromosome inactivation and
the impairment of the Xist and Tsix expressions (Zhang
et al. 2019a, b). Silver nanoparticles can be integrated into
the scaffolding materials to improve their performance for
nerve tissue engineering. For instance, Alon et al. (2014)
designed a glass substrate coated with AgNPs using the
sonochemical method. In this work, the authors tested if
the positive promoting effect of nanotopography on the
neuronal growth canbe reinforcedusing activematerials as
the topographic platform. They examined the cell growth
onAgNPs coated substrates and substrates sputteredwith a
homogenous layer of Ag, without topographical patterns
(Alon et al. 2014). They found that both substrates signifi-
cantly increased the number of neurites relative to glass
substrates, indicating a material-driven promoting effect
on the initiation of neurite outgrowth. With further anal-
ysis, the authors mentioned that coating the substrate with
AgNPs act as anchoring sites to which the neurites adhere.
Induction of tensile forces along the neurites following
attachment to the AgNPs results in the promotion of their
stabilization and formation of highly straightened neurites.
In order to test the biocompatibility of AgNPs coated sub-
strates, the issue of the NPs leaching from the glass sub-
strate was studied by the authors, showing no release of
nanoparticles or ions (Ag+) to themedium (Alon et al. 2014).
In another study by the same group, the effects of sub-
strateswith various particle densities on the behavior of the
SH-SY5Y human neuroblastoma cells were studied (Nissan
et al. 2016). Different particle densities onto the substrates
were obtained by changing the concentration of theAg ions
and the sonication time. They found that increases in the
density of AgNPs deposition increased neurites formation.
Anoptimumconcentration ofAgNPs that exertedhighest in
neurite formation relative to other densities of the same
diameter or smooth substrateswas 45 NPs/µm2 (diameter of
65–85 nm). The authors also suggested that the positive
promoting effect of AgNPs in neurite formation can be
linked to ROS generation because they mentioned that the
highest generation of ROSwas found at 45 NPs/µm2 (Nissan
et al. 2016). Indeed, the release of ROS plays an important
role in controlling cell proliferation and differentiation
because it can act as a specific second messenger in cell
signaling cascades that are relevant to cellular behaviors
such as differentiation and proliferation (Nissan et al.
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2016). The risk of infection owing to direct contamination of
scaffolding materials and implants during surgery and
hospitalization remains the main challenge to conquer the
realization of such eclectic techniques for routine clinical
use. To overcome this problem, Koudehi et al. designed a
bio-composite conduit containing nano bioglass/gelatin/
AgNPs for peripheral nerve regeneration (Foroutan Kou-
dehi et al. 2019). Theyhave soaked the conduits in 2× 10−4 to
9 × 10−4 μL of the colloidal nanosilver solution and then
tested antibacterial activity using gram-negative (E. coli)
and gram-positive (S. aureus) bacterial strains. They found
that 7 × 10−4 μL AgNPs exhibited the most antibacterial
activity and the lowest cytotoxicity effect (Foroutan Kou-
dehi et al. 2019). It has been reported that changes in
physicochemical properties of AgNPs affect their toxicity
andneuroregeneration capacity. In an interesting example,
Leynen et al. examined non-coated AgNPs and poly-
vinylpyrrolidone (PVP)-coated AgNPs (30 nm in diameter)
on neurodevelopment in the freshwater flatworm Schmid-
tea Mediterranea (Leynen et al. 2019). They found that the
lowest non-coatedAgNPs exposure led to amarkedly larger
relative brain ganglia size, relative to the nonexposed
worms. Additionally, when worms were exposed to the
highest exposure concentration, 29% of PVP-AgNP and
10% of non-coated AgNPs-exposed worms failed to regen-
erate their cephalic brain ganglia. Likewise, the authors
mentioned that 59% of the PVP-AgNP-exposed worms
showed partial eye regeneration (33%) while disruption of
eye regeneration occurred in 24% of non-coated AgNPs-
exposed worms. Finally, they concluded that physico-
chemical properties and concentration of AgNPs signifi-
cantly influence their regenerative capacity and toxicity
(Leynen et al. 2019).

Titanium dioxide

Titanium dioxide (TiO2) nanomaterials are one of the
widely used metal-based nanomaterials in food and
cosmetics manufacturing due to anti-microbial activity
and high UV radiation (Chen et al. 2014; Kinsinger et al.
2011). TiO2 nanomaterials have been utilized in the
biomedical field and clinical applications in prosthetic
implants (Hou et al. 2013). However, they have raised
concerns about safety and undesirable outcomes in
regenerative medicine and biomedical applications.
Generally, physiochemical properties of TiO2 nano-
materials such as the tube diameter play pivotal roles
in affecting cellular behaviors such as attachment,
spreading, proliferation, differentiation of stem cells
(Park et al. 2007).

Proteomics study of the TiO2 NPs effects on the human
ESCs revealed the disruption of pluripotency, DNA dam-
age, and apoptotic response (Pan et al. 2018). Furthermore,
TiO2 NPs may involved in neurotoxicology by down-
regulation and upregulation of the Rac1/cdc42 and RhoA
proteins respectively, which associate with neural devel-
opment, axonal outgrowth, neurite formation, and neural
differentiation (Hong et al. 2018). Accordingly, differenti-
ation of primary neurons isolated from Caenorhabditis
elegans (C. elegans) in the presence of TiO2NPs revealed the
direct uptake of TiO2 NPs by neurons and axonal growth
impairment in 200–300 μg/mL, but no significant decrease
in axonal length reported in less than 200 μg/mL. Inter-
estingly, surface coating of biomaterials by TiO2 NPs in-
creases nerve proliferation and differentiation, which
suggested the beneficial aspect of TiO2 NPs attached to the
substrate (Hu et al. 2018). There is a close association be-
tween neuronal toxicity of TiO2 nanomaterials, the dura-
tion of exposure and their concentration. For instance,
Wang et al. found a direct association between brain
toxicity of TiO2 NPs and sample concentrations (Jia et al.
2017). Jia et al. demonstrated that lowest test dose of nano-
TiO2 (50 mg/kg) showed no histopathological changes in
the brain of mice after 14 days while intraperitoneal in-
jection of 200 mg/kg nano-TiO2 once a day for 14 days
resulted in infiltration of inflammatory cells in the brain
and cracking the neuronal cells (Jia et al. 2017). In another
study,Hsiao et al. reported that TiO2NPsweremainly taken
upbymicroglial cells and astrocytes (not by neuronal cells)
and they can cause TiO2NP-mediated ROS and secretion of
pro-inflammatory cytokines such as TNF-α frommicroglia,
not from astrocytes (Hsiao et al. 2016). An overview of
neuronal toxicity of TiO2 NPs has been recently reported by
Baranowska-Wójcik and coworkers (Baranowska-Wójcik
et al. 2020). Another study by Liu and co-workers demon-
strated the dosage-dependent reduction in proliferation of
NSCs by TiO2 NPs in 24 h. They reported a significant
depletion in neural proliferation for the concentrations
higher than 100 μg/mL. Furthermore, they investigated the
differentiation ability of NSCswhen treatedwith 150 μg/mL
of TiO2 NPs (Liu et al. 2010). In an interesting work, Lan
et al. designed TiO2 nanotubes loaded with minocycline as
antioxidant scaffolding materials on the surface of pure
titanium through anodization at the voltage of 20, 30, 40
and 50 V and then soaking in minocycline solution (Lan
et al. 2018; Leynen et al. 2019). They found that nanotubes
at a voltage of 30 V had the diameter nearly 100 nm that
makes them good candidates for neurogenesis. Addition-
ally, the authors mentioned that the TiO2 nanotubes
fabricated at the voltage of 30–50 V demonstrated a lower
contact angle and stronger hydrophilic surface than others
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that can be attributed to the increase in surface area of
nanostructures. Generally, they concluded that the optimal
concentration of 5–20 μg/mL minocycline loaded in the
TiO2 nanotubes fabricated at the voltage of 30 V exerted the
highest effect on the proliferation of Schwann cells and
secretion of neurotrophic factors (Lan et al. 2018; Leynen
et al. 2019). The physicochemical properties of TiO2 nano-
materials can be modulated by surface coating to obtain
the best outcomes for nerve tissue engineering. Yuan et al.
developed nano-TiO2/HA composite bioceramic on the
surface of commercially pure titanium (cpTi, grade 2) discs
using sol–gel techniques. Moreover, they demonstrated
that the Schwann cells that cultured on nano-TiO2/HA
composite bioceramic were able to secrete much more
BDNF at third day compared to smooth Ti discs (Yuan et al.
2007).

Iron oxide nanoparticles

Iron oxide nanoparticles (IONPs) attracted so much atten-
tion due to their superparamagnetic properties, which
have numerous applications such as drug delivery and
magnetic resonance imaging (MRI) (Du et al. 2019; Van-
gijzegem et al. 2019). Synthesizing IONPs with the sizes
between 10 and 200 nm is a complex process and can be
developed with various methods such as microemulsion,
electrospray synthesis, hydrothermal reactions, hydrolysis
and thermolysis, sol-gel synthesis, and more commonly,
chemical co-precipitation technique of iron salts (Mody
et al. 2010).

IONPs can be utilized for tracking the transplanted
stem cells’ fate. Lu et al. acquired an IONPs for visualiza-
tion of the MSCs differentiation. Iron oxide nanoparticles
were utilized for MRI protocol based cell tracking, which
reported no significant difference in differentiation and
cellular behavior (Lu et al. 2017). Besides, the character-
ization of the IOPNs and the biological effects is essential.
Uptake of IONPs by PC12 cells leads to the upregulation of
cell adhesion proteins, which regulate the cell–matrix in-
teractions. Furthermore, IONPs increase the expressions of
neural markers and promote the activation of the MAPK
signaling pathways, which leads to promoting neurite
outgrowth. Interestingly, IONPs and NGF affect neurite
outgrowth synergistically, and the neurites start to elon-
gate following one day exposure. Moreover, increasing the
IONPs concentration promote the elongation of neurites,
which showed the dose-dependent behavior of the IONPs
in combinationwith NGF. It should be noted that the IONPs
can not activate the MAPK signaling pathways without
NGF. Kim et al. hypothesized that after internalization, the

IONPs localized in the lysosomes, and the low pH con-
tributes to the release of Fe ions from IONPs, which can be
considered as the neurite outgrowth ability of the Fe ions in
the presence of NGF. This ability can improve the cell–
matrix interactions by elevating the beta-1 integrin ex-
pressions (Katebi et al. 2019; Kim et al. 2011).

Another application of the IONPs is utilizing the dual-
modality characteristic of the IONPs. The IONPs can be
functionalized with numerous agents such as Growth fac-
tors for selective delivery to the central or PNS (Giannaccini
et al. 2017). Marcus and co-workers, covalently conjugate
NGF on the IONPs for selective differentiation of the PC12
cells in the culture plate through a magnetic field. They
confirmed that the functionalization of theNGF extends the
NGF half-life and significantly improves neural differenti-
ation and neurite outgrowth compared with free NGF.
Furthermore, they showed the localization of the particles
utilizing a magnetic field at the sciatic nerve and retina
with direct and intravenously injection respectively (Mar-
cus et al. 2015, 2018).

The main concern about utilizing the IONPs is their
toxicity. Certainly, IONPs toxicity depends onmany factors
such as size, shape, surface chemistry, and chemical
compositions, which can be modified. For example,
coating the IONPs with different substances such as PEG
and dextran can efficiently reduce the toxic effect of IONPs
(Khalid et al. 2018; Pisanic Ii et al. 2007).

Carbon-based nanomaterials

Carbon nanotubes

The characteristics of CTNs such as thermal and mechan-
ical properties combined with their size, shape, and elec-
troconductivity properties make them unique for neural
growth and neural tissue engineering. The CNTs can be
utilized as a drug delivery system for neural cells. More-
over, they can be modified with various molecules for
improving neural proliferation and differentiation. The
bioinformatics studies proposed integrin-based in-
teractions between NSCs and CNTs multilayers, which
activate the Fak protein. Subsequently, the Wnt, MAPK,
and PI3K/AKT signaling pathways activated, which regu-
late the proliferation and differentiation in NSCs. Further-
more, RhoGTPase recruits the actin cytoskeleton for
neurite extension and synapse formation (Shao et al. 2018).

Carbon nanotubes can be synthesized in various types
and sizes, which can be developed with different methods
such as chemical vapor deposition (CVD), laser ablation,
high-pressure carbon monoxide disproportionation, and
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arc discharge method (Takeuchi et al. 2014). Generally,
single-wall carbon nanotubes (SWCNTs) with 0.2–3 nm
and multi-wall carbon nanotubes (MWCNTs) with 1.4–
100 nm in diameter are two types of CNTs. The exposure of
PC12 cells to 0.5–2 μm long MWCNTs reveals the activation
and augmented stimulation of the neurotrophins through
the upregulation of the TrkA/p75 receptors, which leads to
neural differentiation. Since shorter MWCNTs can be easily
internalized, the effect of shorter and longer MWCNTs can
be different.

The shorter MWCNTs able to stimulate the expression
of Gap43, Pincher, TH, and other associated protein, which
involved in neurotrophins signaling pathways. Conversely,
longer MWCNTs accumulated in the cytoplasm, which in-
hibits the TH protein expressions and has a toxic effect on
cytoskeletal structures.

Carbon nanotubes can be utilized in both PNS and CNS
tissue engineering. For example, Sang and Liu et al.
fabricated the SWCNT- based thermosensitive hydrogel
utilizing the PNIPAAM polymer for the SCI regeneration.
They utilized an amphiphilic cross-linker for stabilizing the
carbon nanotube, which can improve the electro-
conductivity of the hydrogel. Moreover, they investigated
the potential roles of SWCNT-PNIPAAM hydrogel on
SH-SY5Y growth aswell as the effect of this hydrogel on SCI
regeneration. Indeed, they found that SWCNT-PNIPAAM
hydrogel enhances neurite outgrowth by inducing the
electrical stimulation in vitro. Turning to the SCImodel, the
SWCNT-PNIPAAM hydrogel not only promotes the neural
regeneration but also it reduces scars formation in vivo
(Sang et al. 2016). In another study, Jahromi and coworkers
fabricated the PLLA/MWCNT conduits filled with fibrin
hydrogel containing SCs and curcumin encapsulated chi-
tosan nanoparticles for sciatic nerve regeneration. They
concluded that the presence of 0.25 wt% MWCNTs inside
thewall of the PLLA conduit is an optimized concentration,
which showed an excellent biocompatibility, mechanical
properties, and hydrophilicity (Jahromi et al. 2020).

The biocompatibility and neuronal toxicity of the CNTs
are debatable and under investigation since some studies
addressed the potential toxicity through the agglomeration
of CNTs in CNS (Belyanskaya et al. 2009). The study by
Zhang et al. demonstrated the concentration and shape
dependency cytotoxicity effect of the SWCNTs bymeasuring
the ROS generation and caspase-3 activation (Zhang et al.
2010). Another significant factor in neurotoxicity of SWCNTs
is the surface chemistry of, which can be overcome by sur-
face modification methods. The non-covalent p–p stacking
between DNA and CNTs and the covalent modification has
been established, which the latter significantly influences
the neural toxicity of SWCNTs. For example, the

functionalization of the SWCNTs by PEG significantly re-
duces the toxic effect of SWCNTs (Zhang et al. 2011).
Furthermore, the toxicity effect of MWCNTs is studied by
Meng et al. They investigated the influence of 5–60 μg/mL
MWCNTs concentration on PC12 cells, which exhibited no
significant toxicity (Meng et al. 2013). Conversely, the
potentially detrimental effect of MWCNTs was reported by
Wuand co-workers. They confirmed that 0.1 μg/mLdoes not
inhibit neural outgrowth whereas 1, 5, and 10 μg/mL
significantly reduce the axonal length, branching, and
axonal regeneration (Wu et al. 2012). The comparison be-
tween the toxicity of the SWCNTs and MWCNTs revealed
that the SWCNTs are more toxic thanMWCNTs to PC12 cells.
The toxicity mechanisms of SWCNTs compared to MWCNTs
are different. The SWCNTs activate the apoptotic cell death
by mitochondria disruption through high surface tension,
whereas theMWCNTs inducenecrotic cell death considering
the lower tension of the MWCNTs, which is responsible for
cell membrane damage. Moreover, they are responsible for
conformational changes and denaturation of the Tau pro-
tein, which can influence the toxicity profile of CNTs.

As mentioned before, CNTs can be utilized as scaffold
reinforcements since they can improve structural integrity
and electrical properties, which make them promising for
neural regeneration. Association of the functionalized
MWCNTs with polyurethane/silk fibroin utilizing the elec-
trospinning technique improves neural extension and dif-
ferentiation along the direction of the fibers (Shrestha et al.
2019).

Graphene-based nanomaterials

Graphene (GR) is one of the carbon-based materials with a
2D honeycomb lattice structure. The sigma bondwith three
other carbon in the aromatic structure responsible for the
planar nature of GR, unique physical and mechanical
properties, large surface area, thermal conductivity, and
chemical stability. Moreover, GR can be chemically and
physically manipulated to forms other nanomaterials such
as graphene oxide (GO) and reduced graphene oxide (rGO).
Simple modifications of GR paved the way for drug and
gene delivery since they can be easily functionalized with
growth factors, DNA, drugs, and proteins.

Graphene and their derivatives can be utilized in the
biomedical fields and regenerative medicine. Their excel-
lent biocompatibility, flexibility, and unique physico-
chemical properties make them an ideal material for
supporting stem cells’ proliferation and differentiation. For
example, GR can enhance the attachment and osteogenic
and adipogenic differentiation of the MSCs. Moreover, GR
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can improve the cardiomyogenic differentiation of the
hESCs (Lee et al. 2014).

The surface properties of GR and its derivatives can
promote distinctive cellular behaviors. Culturing the iPSCs
on GR and GO can support proliferation and differentiation
although the cell adhesion and proliferation are higher in
GO. That is probably due to the chemical groups on the
surface, whichmake the GOmore hydrophilic. On the other
hand, GO promotes spontaneous differentiation of iPSCs
towards endodermal lineage whereas GR increases main-
tenance of iPSCs (Chen et al. 2012). Conversely Jing and co-
workers examined the effects of various concentration of
GO (4, 8, 16, 32, and 64 mg/mL) on the maintenance of the
pluripotency of mESCs. They concluded that 16 and 32 mg/
mL concentrations of GO exhibited the highest effects on
inhibition of differentiation potential of mESCs. Likewise,
they found that GO exerted this effect by downregulation of
vinculin protein, which leads to inhibition of the expres-
sion ofMEK1. Suppression ofMEK1 can induce inhibition of
ERK1/2 results in sustaining self-renewal ability (Jing et al.
2018). Such results highlighted the importance of the gra-
phene’s physicochemical properties and its derivatives
effects on biocomponent interactions and cellular behav-
iors. Controlling the oxygen contents on the GO by a low-
temperature thermal reduction method on few-layer
reduced graphene oxide (FRGO) can influence cell adhe-
sion and proliferation. There is a close association between
the capability of cells for adhesion and the amount of
protein adsorption on the surface of the scaffold.Moreover,
the amount of protein adsorption on the surface relies on
hydrogen, electrostatic, and hydrophobic interactions. for
instance, Shi et al. reported that the reduction state of GO
can affects cellular behavior such as cell attachment and
proliferation by regulating protein adsorption on the sur-
face. They found that moderately rGO had a higher ability
for protein adsorption through hydrophobic interactions
compared to highly rGO and GO (Shi et al. 2012).

It has been proven that the GR-based materials are
beneficial in nerve tissue engineering since they have
unique electrical conductivity owing to their hexagonal
aromatic structure. These outstanding properties of gra-
phene increase the neurons to glial cells ratio by promoting
the proliferation and differentiation of the hNSCs. A com-
parison between the graphene film and glass substrate
revealed the increasing attachment and differentiation of
hNSCs with neurite outgrowth and neural network devel-
opment on the graphene film. In contrast, the hNSCs on the
glass substrate form unstable attachment, which leads to
detachment of neuronal cells during long differentiation. It
should be noted that the differentiated neurons on gra-
phene film demonstrated the upregulation of genes related

to GPCR and calcium signaling pathways, which high-
lighted the enhancement of differentiation when graphene
utilized as a substrate for neural tissue engineering (Park
et al. 2011).

In another study, GO supported dopaminergic neural
differentiation of mESCs in a dose-dependent manner
compared to CNT and GR, which suggested the promising
application of GO for cell transplantation therapy (Yang
et al. 2014). For dopaminergic neuron differentiation, they
utilized the co-culturing methods with PA6 feeder cells,
which have stromal cell-derived inducing activity (SDIA).

Recently, Zhang and his coworkers utilized a highly
conductive graphene trapped silk fibroin scaffold for
neurite growth and differentiation of the PC12 cells by
electrical stimulation (Zhang et al. 2019a, b).

Another application of the graphene is utilizing other
materials such as natural and synthetic polymers for
reinforcement of chemical, mechanical, and electrical
properties. Coating of nanofibrous polycaprolactone (PCL)
with GO by plasma treatment can promotes differentiation
of the NSCs to oligodendrocytes. Evaluation of oligoden-
drocytes markers showed significant expression of Olig2
andMBP inHybrid scaffolds compare to PCL andGO alone.
Additionally, the PCL–GOpromotes differentiation of NSCs
towards oligodendrocytes by promoting the FAK, Akt, ILK,
and Fyn signaling pathways, which modulate actin dy-
namics and control the cytoskeletal reorganization (Shah
et al. 2014). In another example, the combination of the
PLLA nanofibrous scaffold with GO showed that GO not
only doesn’t disrupt the alignment of nanofibrous but also
enhance the surface roughness and hydrophilicity of the
substrate, which supports cell adhesion, differentiation
and neurite outgrowth of PC12 cells as well as regulation
and orientation of the Schwann cells (Zhang et al. 2016).
Wang et al. utilized Antheraea pernyi silk fibroin (ApF)/
(Poly(L-lactic acid-co-caprolactone)) (PLCL) electrospun
nanofibers as a substrate for PC12 cell differentiation. They
utilized rGO coating for proliferation and myelination of
Schwann cells as well as differentiation of PC12 cells by
electrical stimulation without any chemical inducer. The
nanostructured scaffold combined with 1.14% graphene
showed a similar peripheral nerve regeneration in vivo as
the autograft, which is a gold standard for repairing the
peripheral nerve damage (Wang et al. 2019). Turning to
CNS regeneration by utilizing the graphene derivatives,
Domínguez-Bajo et al. investigated the regenerative po-
tential of rGO microfibers in cervical spinal cord injury for
the first time. They investigated the physicochemical
properties of rGO microfibers as well as the neural regen-
eration capacity in a rat model after 4 months of implan-
tation by behavioral test and immune labeling of neuronal
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cytoskeleton protein. They demonstrated that not also the
rGO microfibers improve axonal growth but also no sign of
inflammatory response was observed after implantation
(Domínguez-Bajo et al. 2020).

Polymeric nanomaterials

As mentioned before, growth factor therapy has the po-
tential for nerve regeneration as it could accelerate neu-
rogenesis, angiogenesis, remyelination, synaptogenesis,
and axonal outgrowth. However, delivery of neurotrophic
factors is an inadequate therapeutic method due to erratic
distribution, minimal tissue penetration, short half-life,
and enzymatic degradation, which can be overcome by
stabilizing or incorporating with natural or synthetic
polymers. Polymeric nanomaterials with biodegradable
and biocompatible composition play a pivotal role in
nerve tissue engineering considering the crossing BBB
and utilizing as a drug delivery system for delivery of
neurotrophic factors that can impact the cellular behavior
and stem cells’ fate (Amani et al. 2019a, b, c, d; Mili et al.
2018).

The various methods of delivery can determine the
effectiveness of the delivered neurotrophic factors. Adsorp-
tion of the cargo on the surface of the vehicles leads to lower
cargo-efficiency and the initial burst-release whereas
encapsulation or entrapment of the drug by polymers results
in sustain-release profile and longer half-life. For example,
Lin et al. utilized the polybutylcyanoacrylate (PBCA) nano-
particles for the delivery of the BDNF for neural differentia-
tion of the iPSCs. Interestingly, the comparison between the
encapsulation and adsorption of the BDNF on the surface of
NPs demonstrate the noticeable efficiency of surface adsor-
bedBDNF inneural outgrowth and intercellular connectivity
compared to encapsulation forms. Moreover, they combined
the tween 80 for CNS targeting and SPION for image tracking
of PBCA NPs (Lin et al. 2019).

Another application of polymeric nanomaterials in
nerve tissue engineering is controlling the differentiation
of stem cells by intracellular delivery of neurogenic factors.
Polyethyleneimine (PEI) employed as a drug vehicle for the
internalization of RA to SVZ stem cells. The polymer can be
internalized through endocytosis and subsequently cyto-
plasmic release of RA after the disruption of the lysosome
by proton sponge effect in a few hours. The internalization
of the PEI-RA induced differentiation of SVZ stem cells with
a minimal impact on proliferation and cell viability in vitro
(Maia et al. 2010). Importantly, the internalized release of
RA upregulates the Ngn1 and Mash1 by activation of the
SAPK/JNK signaling pathways, which result in

differentiation and commitment of resident NSCs in SVZ
in vivo (Santos et al. 2012).

Another versatile usage of the polymeric nanoparticles
is to take advantage of smart nanomaterials such as
poly(N-isopropyl acrylamide) (Pnipaam), which is a ther-
moresponsive polymer as it undergoes a hydrophilic to
hydrophobic phase transition above its lower critical so-
lution temperature (LCST). RA-loaded PNIPAM-co-Acryl-
amide nanoparticles (PCANs) utilized for differentiation of
the hiPSCs. RA loaded PCANs with the concentration of 1–
2 μg/mL enhanced the neural differentiation potential of
hiPSCs (Seo et al. 2015). Utilizing such systems can be
proper for future in vivo applications since they can release
RA or other differentiating factors in a temperature-
dependent manner.

Several studies demonstrated the importance of elec-
trical stimulation in neurite outgrowth and nerve regenera-
tion. Conductive polymers such as polypyrrole, polyaniline,
and poly(3,4-ethylene dioxythiophene) can be utilized in
neural tissue engineering as they can enhance neural
adhesion and differentiation. Wu et al. acquired poly(3--
hexylthiophene) (P3HT), which is a semiconductive and
photoconductive polymer for synthesizing self-assembled
nanofibers with an average diameter of 100 nm. They uti-
lized a green LED for wireless photostimulation of neural
outgrowth andneuronal differentiation of the PC12 cells (Wu
et al. 2019).

Semiconductor nanomaterials

It has been shown that silica nanoparticles not only cannot
promote differentiation but also it has a detrimental effect
on stem cell differentiation. A.D. Ducray et al. investigated
the uptake of silica nanoparticle by SH-SY5Y cells, which
showed a reduction in neural differentiation (Ducray et al.
2017). Moreover, some authors showed a different side of
silica nanoparticles. For example, Kouki Fujioka and co-
workers synthesized silica nanoparticles with different
sizes and showed that all particles increased Nestin and
N-FH expression. Furthermore, nanoparticles with 30 and
44 nm at 0.1 mg/mL increased GFAP expressions, which
suggest promotion of self-renewal and neural differentia-
tion of hNSCs. Interestingly, they found a slight reduction
in HMGA1 after exposure to 30 nm silica nanoparticles
which indicates the reduction of neurogenesis of hNSCs
(Fujioka et al. 2014).

Despite the controversy over the ability of silica
nanoparticles in promoting neural differentiation, These
NPs are one of the important semiconductors, which can be
recognized as nanocarriers for stem cell neural
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differentiation due to their biocompatibility and high
loading capacity. For instance, utilizing the silica nano-
particles as non-viral carrier for neural differentiation is
popular. Chang et al. used silica nanoparticles for the co-
delivery of Nurr1 plasmid (pNurr1) and Rex1 siRNA (siRex1)
into iPSCs to achieve dopaminergic neuron differentiation
(Chang et al. 2017). In another study, Solanki et al. devel-
oped a nanotopography-mediated reverse uptake
(NanoRU) coated with laminin for the efficient delivery of
the siRNA for the blockage of the SOX9 transcription factor.
This transcription factor is responsible for the neuronal
differentiation and reduction in glial differentiation. They
coated silica nanoparticles with laminin and siRNA with
electrostatic force since laminin and siRNA have negative
forces and Silica nanoparticles have positive forces (Amani
et al. 2019a, b, c, d; Solanki, Shah et al. 2013). Another
example of codelivery withmesoporous silica nanoparticle
is Cheng et al. work in which they utilized curcumin as a
ROS-induced cell damage protective agent and plasmid
RhoG-DsRed as an inducer of lamellipodia and filopodia
for promoting neurite outgrowth. Moreover, they introduce
TAT peptide to this nano-complex through the electrostatic
interactions for enhancing the gene expression (Cheng
et al. 2019).

Conclusion

The rapid development of nanotechnology provides various
nanomaterialswith different properties that can impact stem
cell microenvironments and behaviors. The combination of
nanomaterials and stemcells researches offers new ideas for
the treatment of numerous neurodegenerative diseases.
However, several challenges should be overcome to utilized
nanomaterials to solve critical clinical problems. For
example, there is a controversy around the toxicity of
nanomaterials due to the small size and chemical composi-
tion of nanomaterials. It has been shown that different
metallic nanoparticles caused neuronal damage in specific
concentrations. Therefore, further studies should be con-
ducted towards various nanomaterials’ safety for neural
tissue engineering. Among metallic nanoparticles, AuNPs
show better compatibility and electroconductivity, which
resulted in vast applications of these nanomaterials in
different forms in tissue engineering. Other nanomaterials
such as carbon-based nanomaterials and polymeric nano-
materials showed great biocompatibility and low toxicity,
which can be combined with various metallic nanoparticles
to improve their electroconductivity properties. Nano-
materials with various properties especially controlling the
cellular behavior and stemcells’ fate havebroadprospects in

neural tissue engineering. Therefore, Understanding the
pathophysiological alterations in various neurological dis-
orders and the design of suitable nanomaterials for effective
changes in stem cell behaviors can impact neural tissue
engineering methods in the future.
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