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Application of Nanowires
for Retinal Regeneration
Davood Kharaghani, Zahra Tajbakhsh, Phan Duy Nam

and Ick Soo Kim

Abstract

Nanowires aim at developing advanced architectures are gaining popularity for
damaged neural systems. The retina with a complicated structure is an essential part
of our visual nervous system. Any disorder inside retina could lead to blindness due
to irregularity in transferring neural signals to the brain. In recent years, the emer-
gence of nanostructures, as well as nanowires, has provided a viable means for
enhancing the regeneration of retinal. Nanowires with the ability to sense light and
converting it to the electrical signals simulate the extracellular electrical properties,
which are the newest nanostructures for the retinal applications. The different
structure of nanowires has been examined in vitro, and several others are undergo-
ing in vivo for vision recovery. Among the structures, core-shell nanowires and
functionalized nanowires with gold nanoparticles attract the attention for the
regeneration of retinal neural systems. Herein, subsequently provide an introduc-
tion to the anatomy of the retina, and retinal disorders, the latest progress in the
regeneration of retina and vision using nanowires will be reviewed. Also, the dif-
ferent structures, including core-shell and functionalized nanowires with
nanoparticles, will be examined. Eventually, the point of view and perspective of
applying nanowire in retinal regeneration will be offered.

Keywords: regeneration of retina, nanowires in ophthalmology, nanowires
for tissue engineering, nanowires biocompatibility

1. Introduction

The retinal transplantation is limited due to the complex neural network [1].
Retina senses light and converts it into the neural signals and transfers neural
signals to the brain and cause visual perception [2, 3]. Nanostructures have evolved
as multidisciplinary applications by combination with materials as an advanced
architecture to develop functional substitutes for various proposes such as wound
dressing [4–6], tissue engineering [7–11], and biomedical applications [12–14].
Neuroscience, related to the retina is one of the most exciting fields where
nanostructures with modified properties serve as scaffolds to promote and facilitate
the migration and adhesion of the cells [15].

Until recently, it was believed that scaffolds simulated the extracellular matrix
(EMC) in the regeneration of retina, and served as a support for cell migration,
adhesion, and morphology only [16–18]. Emphasis was on loaded materials and
morphology construction to develop biocompatible and biodegradable scaffolds
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with appropriate mechanical properties [19–22]. However, the first definition of
tissue regeneration is developing scaffolds with acceptable biocompatibility to
implant in the host body to repair damaged tissues or organs. Therefore, the
electrospun nanofibers with a high ratio of surface-to-volume, tunable porosity,
and similarity to natural EMC show the ability to modify the surface functions with
different structures for a wide range of tissue regeneration [23]. Nanofibers have
emerged as a potential to simulate the ECM in many tissues such as bone [10],
nerves [24], and various techniques have been employed to fabricate the nanofibers
with excellent properties [25].

As extracellular electrical simulation involves in neuroscience and neural tissue
engineering [26–28], attention is focused on nanowires applications for visual neu-
ral system [29–31], brain [32, 33] and cardiac [34]. Nanowires have recognized as
widely used nanostructure for the cell microenvironment where the electrodynamic
properties [35] have permanently affected cellular functions, such as morphology,
adhesion, differentiation, and proliferation [36]. As a consequence, researchers
have developed new structures for better electroconductivity, biocompatibility, and
cell adhesion [37–39].

Nanowires have been shown that simulate the nerve signals in the retina and
transfer between the layers could improve the vision loss by the damaged retina. To
explain the recovery of vision with nanowires, which lost by retinal degeneration,
we will begin by describing the retinal anatomy, and how various retinal disorders
may cause blindness. Then we will investigate the nanowires which could enhance
retinal organization with sensing light and converting it to the electrochemical
signals with different materials, structures, and properties. Finally, we will discuss
the challenges ahead and prospect in the application of nanowires for recovery of
vision that lost by retinal destruction.

2. Retina

2.1 Anatomy of the retina

The retina is the innermost multilayered structure of the eye with an approxi-
mate thickness of 0.50 mm [40]. Retina first translates light into a biochemical
message and then prepared biochemical messages converted into the electrical
messages, cause to the visual information with transmitted to the primary visual
cortex of the brain via the optic nerve.

The retina is composed of retinal pigment epithelium (RPE) and neuroretina,
which is further divided into nine layers. Respectively, the neuroretina layer
includes the outer and inner segments of photoreceptors (PL), outer limiting mem-
brane, outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer
[41], inner plexiform layer (IPL), ganglion cell layer (GCL), nerve fiber layer
(NFL) and inner limiting membrane (ILM) from nearest layer to choroid up to
nearest layer to vitreous [40]. This part is consists of five types of neurons: the
visual receptors cells (the rods and cones), the horizontal cells, the bipolar cells, the
amacrine cells, and the retinal ganglion cells [42].

RPE with a function to absorb light is a monolayer of pigmented hexagonal cells
which are denser in the macular area. Mostly, the interaction between RPE and
photoreceptors has a significant effect on the ability of photoreceptors to detect
light and convert the light into the electrical signals, which caused vision prepara-
tion [43]. RPE is separated from the choroid by the Bruch’s membrane. As RPE is
located between the outer segments of the photoreceptors and the vascular layer of
the choroid, it has a two-directional function. RPE with transports ions, water, and
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metabolic products from the subretinal space to the blood and receiving nutrients
such as glucose and retinol from the blood to nourish the photoreceptors playing the
critical role in the retina layer. However, failure in mentioned functions can lead to
retinal degeneration, visual loss, and eventually blindness [43].

PL is the only light-sensitive part of the neuroretina and is composed of outer
and inner segments of the rod and cone cells. Cone cells are responsible for color
detection and are found in high number in the macula, especially foveal region,
whereas rods are more active in the dark and are abundant in the peripheral retina.
OLM layer separates PL from the photoreceptor nuclei, and it is not considered as
an actual layer. ONL contains the nuclei of photoreceptors, and its thickness varies
across the retina with the maximum thickness at the fovea. However, the axons of
the photoreceptors cells and their synapses with bipolar and horizontal cells form
the OPL. On the other hand, cell bodies of horizontal cells, bipolar cells, amacrine
cells, and Muller glial cells are in the INL layer. The INL layer, playing the critical
role to transmit inputs signals from IPL to OPL, which is composed of synapses
between the bipolar, ganglion, and amacrine cells. The innermost layer of the retina
is GCL and located in the place near to the vitreous and contains the cell bodies of
ganglion cells and displaced amacrine cells, astrocytes, and Muller cell bodies that
their axons converge on the way to the optic disc and form NFL. The latest layer of
the retina is ILM, which forms the inner boundary of the retina on the vitreous side.
Figure 1 is showing the retinal layer that divided into nine layers with nine different
cell type [40].

The macula is a region inside the retina which contains the highest number of
ganglion cells and cause the optimal vision and color perception process [44]. Rods
and cones are responsible for the initiation of the scotopic and photopic visual
processing, respectively. When the light absorbed by photoreceptors, rod, and cone
cells with releasing glutamate as a neurotransmitter cause to transfer the electrical
signals from synapse onto the bipolar cells at the OPL layer. Afterward, transferring

Figure 1.
The anatomy of retina from outer layer (up) to inner layer (down) is containing of retinal pigment epithelium
(RPE), outer segment of photoreceptors (OS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner
nuclear layer [41], inner plexiform layer (IPL), ganglion cell layer (GCL), inner segments of photoreceptors
(IPL), optic fiber layer (OFL), and inner limiting membrane (ILM) from nearest to choroid to nearest to
vitreous, respectively. The retina is consist of nine cell line consisting of rod photoreceptor (R), cone
photoreceptors (C), horizontal cells (HC), bipolar cells (BC), amacrine cells (AC), displaced amacrine cells
(dAC), retinal ganglion cells (RGC), Muller cells, and astrocyte cells (Astro) [2].

3

Application of Nanowires for Retinal Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.90149



the electrical signals from bipolar cells synapse by amacrine and ganglion cells at the
IPL to the axons of the ganglion cells lead to the output neurons signals formation as
the optic nerve and deliver the visual information to the brain [45].

2.2 Retinal pathology

It is reported that half of the blindness in the world is related to the various
retinal damages. Degenerative damages such as age-related macular degeneration
(AMD) and retinitis pigmentosa (RP), optic neuropathy such as glaucoma and
vascular retinopathy as well as diabetic retinopathy (DR) are the most common
retinal diseases and the leading causes of legal blindness [46].

AMD is an age-related retinal problem occur in two forms of dry and wet. The
dry form is mainly diagnosed by drusen and extracellular materials deposition such
as lipids and proteins which accumulate in Bruch’s membrane, and loss of photore-
ceptors by geographic atrophy of the macula. However, wet form or neovascular/
exudative AMD is diagnosed by choroidal neovascularization (CNV), blood vessel
development and hemorrhage/leakage of blood and fluid accumulation into the
neural retina which can lead to the RPE detachment. The hallmark of AMD is the
degeneration of neurons in the macula, which may result in central vision loss at the
early stage of the disease [47].

RP refers as a hereditary and neurodegenerative disease of the retina may appear
in different forms. The outcome in all forms is photoreceptor degeneration and
subsequently, cell death. Photoreceptor degeneration starts from the periphery of
the retina, which progressively decreases the visual field and consequently makes a
tunnel vision for the patient. Vision impairments in RP will start with rod photore-
ceptors and followed by cone photoreceptors degeneration that latter can lead to
alteration and abnormalities in the RPE [48].

Glaucoma is the most common optic nerve disease that can lead to blindness.
Glaucoma with increasing the intraocular pressure may cause retinal ganglion cells
degeneration. However, disorders in the retinal nerve fiber layer and optic nerve
proceed during glaucoma and will lead to irreversible vision loss if the treatment is
not appropriate [49].

DR as vascular retinopathy is another cause for blindness in the worldwide
which divided into type-one and type-two. There is evidence for possible
dysfunction of Muller cell during diabetic neuropathy [50]. DR is classified into
the proliferative stage with loss of blood supply and non-proliferative stage
with altered retinal vascular permeability, intraretinal microaneurysms, and
macular edema [51].

There is no definite cure for retinal diseases, and most of them end up with
severe visual impairment or blindness. Current medical treatments may help to
decrease the progression of the disease and are unable to cure them. Therefore there
is a need for novel approaches to target restoring partial vision by preparing the
advanced structure as well as nanowires and nanomedicines.

3. Structure and overview of nanowires

Nanostructures could be useful to follow the development of advanced struc-
tures for retinal applications where functionality depends on materials properties.
Moreover, the combination of scaffolds with existing nanomaterials may improve
the required functions [52]. In a recent study, nanowires with various structures
have been used for regeneration of retina. The synthesis and fabrication of
nanowires, with a narrow range of subtracting such as gold and TiO2 nanoparticles
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combined with polymers as well as poly (e-caprolactone) cast onto anodized
aluminum oxide template, have been used for retinal regeneration
applications [53–55].

Gallium phosphide is another example of materials have been employed for the
regeneration of retinal. Gallium phosphide as multimodel nanowire employed for
different geometries such as rod and cone photoreceptor, ganglion cells, and bipolar
cells [56]. Also, the same structure coated with poly-L-ornithine showed that
nanowires have significant potential on morphology, adhesion, and metabolism of
cells in comparison to the flat surface [57, 58].

The nanostructures designs based on silicone, to simulate the retina photorecep-
tor was improved by nanomaterials coating as well as gold and titanium oxide
nanoparticles [59]. Whereas, silicon nanowires have been shown to form spontane-
ous conjunction with photoreceptor cells. Such nanostructures showed that they
could improve the quality of photoreceptor simulation and increase cell adhesion to
the nanowires when placed in direct contact with cells [60].

Silicon nanowires coated with gold were shown to be more effective at the
simulation of photoreceptors; this is mostly attributed to the higher surface to the
area for sensing light and charge transfer [61, 62]. Another type of nanostructures is
thin films functionalized with the nanoparticle to sense light. Thine film structures
were able to simulate cultured photoreceptors when subjected to direct visible
light [50, 63–65].

In addition to sense light, nanowires can use for transferring the electrical signals
through the cells such as rode and cone cells [66]. One way for transfer signals
between the nanostructures and cells is to simulate solar panels structure in
nanosize via materials such as n-type and p-type silicon, which can sense the light
and convert the light signals into the electrical signals. In particular, silicon
nanowires are useful to sense light and transfer the signals to the internal layer of
the retina to recover the eyesight [67, 68].

The architecture of nanowires has been clarified as complex core-shell
nanowires with complex chemical profiles. These advanced structures have been

Nanowire Forms Length (μm) Modification Refs

Iridium wire Pillar array electrode 75 Embedded with glass [66]

Poly

(e-caprolactone)

Nanowire 2.5–27.5 Cast onto anodized aluminum

oxide template

[53]

Poly

(e-caprolactone)

Short nanowire 2.5 Electrospinning method [55]

Gallium phosphide Nanowire 0.5–4 Gold nanoparticles [56]

Parylene/silicon Silicon tip Not reported Platinum and gold tine film [59]

Gallium phosphide Functionalized

nanowire

Not reported Gold/palladium nanoparticles,

nanowires coated with

poly-L-ornithine

[57]

Silicon Nanowire/

microelectrode

20 Coated by polyimide [62]

n-type silicon Nanowire Not reported Gold/palladium nanoparticles [60]

Titanium dioxide Nanowire Not reported Gold nanoparticles [67]

n-type/p-type

silicon

Coaxial nanowire Not reported Gold nanoparticles [69]

Table 1.
The materials have been used to prepare the nanowires structure for retinal implant applications.
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made from n-type and p-type silicon for making connections between the mem-
branes of live bipolar cells and nanowires to sense the light for the recovery of
vision [69]. Table 1 represents the materials have been used as nanowires for vision
recovery lost due to retinal disorders.

4. Nanowire based mechanism of retina regeneration

4.1 Extracellular matrix simulation and cell adhesion

Tissue engineering specified as two foremost policies to redevelop the injured
tissues or organs such as (1) cell-based; when cells are the critical substance to
modify the place before transplanted to the host body, and (2) scaffold-based; when
an extracellular matrix (ECM) from biomaterials designed and simulate in vivo
structures. Recreating the retina requires effective architecture to mimic the extra-
cellular matrix with physiological and morphological features resembling the
in vivo structure [70]. The ECM with the composition of an intricate interweaving
of protein provides the appropriate structure for cells grow with vast morphogene-
sis, which creates the vary forms of tissue and organs. However, the ECM classified
into the two main categories of interstitial and pericellular. The interstitial matrices
define as matrices that surround cells, whereas; pericellular matrices are with close
contact with cells. The obvious example is the basement membrane, which is a type
of pericellular matrix, and with providing an anchoring, membrane prevents
parenchymal cells to break apart [71]. Also, unique ECM is associate to differenti-
ate, changes in morphology and topography of cells to form the unique tissue and
organs [72].

The mature mammalian retina is consists of two basement layer such as Brunch
membrane at the interface between retinal pigment epithelium (RPE) membrane
and choroid and second is the inner limiting membrane (ILM) at the interface of the
neural retina with the vitreous body [73]. Figure 2 is showing the two basement
layers in the structure of the retina and their morphogenesis.

Figure 2.
Immunohistochemistry of the 8 weeks gestation human that stained with the immunofluorescent antibody. The
yellow line labeled are showing the Bruch’s and ILM membrane that continues the same identical membrane
folded over inside the eye (A), the scanning electron microscope of the ILM membrane showing that the surface
in contact with RPE (Ret) is irregular whereas the vitread surface (Vit) represents the smooth surface (B), and
Bruch’s membrane showing the composition of aligned collagenous fibers (F) in composition of cell process (C)
[74, 75].
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Recently, Kharaghani and co-workers [76] reported a study emphasizing the
importance of morphogenesis in the three-dimension (3D) nanofibers scaffold
structure in guiding the seeded cells for ophthalmic tissue engineering mainly for
cornea and retinal applications. The necessities for using scaffolds in ophthalmic
tissue engineering are cell adhesion besides to tensile strength, effectiveness on cell
morphology, and topography of scaffolds [76]. This report stressed the significance
of the underlying ECM in endorsing exclusive micro and nanoenvironments that
fosters tissue regeneration. However, it is unfortunate that there is no report about
the study of ECM simulation by nanowires or surface chemistry of nanowires that
shows cell adhesion, where it is used for retinal regeneration. At the moment, all
reports have been used the single nanowire for the regeneration of retina.

In attempts to control the cell adhesion on nanowires, researchers repopulated
their strategy to change the surface chemistry nanowires prepared based on tita-
nium, silicon, and zinc [77–79]. However, the in vitro and in vivo researches have
been don around the regeneration of retina by nanowires, and results show that
cells tended to encompass. Also, it should be happening due to electrical stimulation
of place based on the extracellular electrical.

4.2 Extracellular electrical simulation

It is mentioned here earlier that converts light into the neural signals and trans-
fer neural signals to the brain by retina will lead to visual perception. Extracellular
electrical involving ion channels has a vital role in nervous systems such as the
retina. Photovoltaic polymers such as silk have been shown the great potential to
use a connection between the layer of the retina to restore the vision with transfer
the electrical signals [80]. The intracellular voltage is one of the unknown metrics
that many types of research have been focused on recording signal strength use a
nanoscale electrode as well as nanowires. Nanowires have been shown the tremen-
dous potential upon extracellular electrical stimulation of cells to promote cell
growth, adhesion, and differentiation. Also, Vodovnik and coworkers showed that
the external electrical field had a significant effect on the polarization of cells on the
cathodal and anodal side of the electrode [81].

On the other hand, the positive and negative charge should be optimized for the
clinical implant to achieve successful results. The cationic polymers and
nanoparticles with high concentrations of nitrogen may help to compaction of
negative charge DNA and RNA and lead to better gens protection and endosomal
escape in addition to high transaction efficiency and stability [2]. Figure 3 is
showing how nanowires with simulating the extracellular electric could cause cell
adhesion to the nanowires and effect on the recovery of vision after implantation
in mice eye.

Among the various nanostructures, gold nanoparticles due to high electrocon-
ductivity, biocompatibility, and chemical inertness have been attracting the atten-
tion to develop scaffolds for neural systems such as retinal applications. However,
it is unfortunate that the development of high-quality gold nanowires faces chal-
lenges in the absence of robust methods for synthesis. Nevertheless, the gold
nanoparticle with the electrical resistance of 52 Ω is one of inseparable part of
scaffolds have been used for retinal applications as reported in Table 1, which gold
nanoparticles have embedded with nanowire structures [61].

In an attempt to design an implantable electronic device for regeneration of
retina when photoreceptors are damaged, electrically stimulate of retinal neurons,
become an essential challenge. Whereas, several retinal prostheses are going on, but
none of them have shown the ability to evoke phosphenes in blindness. Refer to
retinal anatomy controlling the signal impedance is the most crucial subject to
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prepare the appropriate prosthesis due to discerption of the retina as a layered
structure with different electrical conductivity for each layer which the inner layers
have higher resistivity in comparison to outer layers such as retinal epithelial pig-
ment and membrane [83].

However, among the different research, simulation of photovoltaic materials, as
well as silicon and titanium nanowires functionalized by gold nanoparticles that
have the ability to receive the light signals and change the light signals to the
electrical signals, are attracting the interests [68, 84]. Also, photovoltaic nanowires
started the new generation of materials with extracellular electrical simulation and
conjunction with the cells that are remaining the main challenges as implants used
for retinal regeneration (Table 2).

4.3 Light sensation

Nanowires have been explored extensively as a component of photovoltaic to
improve the efficiency of sensing light for retinal applications. The use of single
nanowire as photovoltaic nanostructures present the several crucial advantages,
which may leverage to produce robust, high efficiency and compatibility with cells.
The simple example of sensing light and converting the light signals to the electrical
signals are solar cells made from n-type and p-type silicon. Briefly, the p-type silicon
produced by materials that have one free place for accepting one extra electron on
the outer layer of orbital despite the n-type silicone which produced by elements and
has one extra electron in the outer layer of their orbital and electron is not involved
in any bonding. However, light absorption by the n-type silicon layer will cause to
the movement of an extra electron to the empty orbital of p-type silicon, and this
electron movement between the n-type and p-type silicon layers lead to changing the

Figure 3.
The immunohistochemical graph of glial cells from mouse have been cultured on gallium nanowires, the cells
stained green by glial fibrillary acidic protein (GFAP) and cells nuclei stained blue by 4,6-diamidino-2-
phenylindole (DAPI) (A), SEM image from rat dorsal root ganglion cell surrounded a single a coaxial n-
type/p-type silicon nanowire (B), SEM image from interface between the mice retina (RPE) and titanium
dioxide array nanowire modified by gold nanoparticles (C), and the response of UV-light-evoked in the blind
mice retina after implantation with titanium dioxide array nanowires modified with gold nanoparticles (a),
blind mice without any implantation (b) and control (c) [67, 69, 82].
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light signals to the electrical signals [41, 85]. Figure 4 is showing the process of
turning light signals to the electrical signals used for regeneration of retinal photo-
receptor. Also, sensing the light and electron travels between the n-type, p-type
silicon will cause to the preparation of local extracellular electrical simulation, and
conjunction between nanowires and cells as explained earlier. However, the gold
nanoparticles with one free electron in the outermost layer of orbital play a vital role
in improving the sensitivity of light perception in composition whit coaxial silicon
nanowires [86]. Therefore in most of the nanowires have been produced for the
regeneration of retina, gold nanoparticles loaded on the surface of nanowires.

Another example of using the same construction introduced by Tang et al. [67]
use titanium dioxide nanowire loaded by gold nanoparticles. Also, they show that
titanium dioxide nanowire loaded by gold nanoparticles with size 10 nm have the
ability to efficient electron injection into the nanowires and implant as photorecep-
tor simulation in the rat retina success upon photo-illumination [67].

In the past years, nanowires with various structures but the same proposition for
the regeneration of retina, recovery of vision have been developed, and their per-
formance has been investigated. The researchers found that nanowires loaded with
gold nanoparticles, showed a robust potential compare with cheapest and devices

Nanowire In vitro In vivo Cell responses Refs

Iridium wire — Subretinal

(rat)

Implant connected to inner nuclear layer [66]

Poly (e-

caprolactone)

Retinal progenitor cells — Cells developed on the place that short

nanowires aggregated

[53]

Poly (e-

caprolactone)

— Subretinal

(pigs)

Short nanowires have done better

interaction with cells in comparison to

electrospun nanofibers.

[55]

Gallium

phosphide

Rod and cone

photoreceptor,

ganglion cells and

bipolar cells

— Glial cell did not overgrow the neurons

may be due to topographical of nanowires.

[56]

Parylene/

silicon

— — [59]

Gallium

phosphide

Cortical neural stem

cells

— Nanowires embedded with cells strongly

and nanowires did not have a significant

effect on the morphology and RNA

microarray.

[57]

Silicon — — [62]

n-type silicon Mice retinal cell — The nanowires showed good cell

distributions even though the nanowires

do not permit the neural network

formation.

[60]

Titanium

dioxide

— Subretinal

mice

Array nanowires could transfer the neural

signals and partly recover the vision of

blind mice.

[67]

n-type/p-type

silicon

Dorsal root ganglion — Cells successfully surrounded the

nanowires, and in vitro light senses

showed the ability of produced nanowires

for senses the light and neural signal

transfer.

[69]

Table 2.
The in vitro and in vivo responses of nanowires.
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for vision recovery lost due to retinal degeneration. Such observation emphasizes
that nanowires are starting point in the progress for regeneration and implantable
artificial photoreceptors.

5. Challenges and prospects

We believe that future strategies could involve incorporating smart
nanostructures to simulate the extracellular matrix in addition to extracellular elec-
tric based on the intracellular electric charges to follow the polarization and adhe-
sion of cells in the retina. For example, when the level of light changes, the system
would control the transferred electrical signals by implants. Therefore we believe
that nanostructures such as carbon nanotubes could serve to control the extracellu-
lar electrical charge incorporation nanoparticles such as gold nanoparticles for
light sensation with a size of less than 10 nm to control the thermal stability.
Figure 5 is showing the retinal cell polarization when external electrical charge

Figure 4.
Schematic of electron movement and holes toward the n-type and p-type silicon at the neural cell membrane for
simulating the light senses. Light with receive to the n-type silicon containing the positive ions causes to the
movement of electrons to the p-type silicon layer containing negative ions cause to senses the light and transfer
produced faradic current to the cells [69]. (Refer to ACS ChemMatters online archive 2013–2014).

Figure 5.
The confocal microscopy image of seeded retinal ganglion cells into the random polypyrrole/graphene/poly
(lactic-co-glycolic acid) nanofibers (a), polypyrrole/graphene nanofibers (b), the aligned polypyrrole/
graphene/poly (lactic-co-glycolic acid) nanofibers (c), the SEM mapping of loaded gold nanoparticles into the
polyvinylpyrrolidone nanofiber (d) and the energy-dispersive X-ray for loaded gold nanoparticles into the
polyvinylpyrrolidone nanofibers (e) [24, 26].
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supplied into the aligned nanofiber [26] and how nanofibers can simulate the
extracellular matrixwith loading the gold nanoparticles into the nanofibers which
done by our team [24].

Finally, we envisage the use of stem cells incorporation of smart nanostructures
and instruct the formation and regeneration of retina. Smart nanostructures with
the ability to control the neural signals and simulation of the extracellular matrix
could potentially circulate inside the retina and repair by cell adhesion, and in
conjunction with smart nanostructures followed by transferring the adjusted signals
to the brain in order to form clear vision. Therefore, our team has suggested to use
the carbon nanowires to prepare the appropriate scaffold that can support both
extracellular matrix and extracellular electric for improving the cell adhesion and
light sensation.

6. Conclusion

Nanowires have had a substantial impact on retinal applications and still,
have great potential to advance therapeutic implants for retinal regeneration. The
development of new structures, and their incorporation into the simulation of the
extracellular matrix, extracellular electric and light senses may lead to improvement
of advanced structure for developing artificial retina. However, challenges still need
to be addressed in controlling the local charges and light sensation improvement. It
is believed that engineered nanowires with high efficiency will be increasingly used
in retinal implantations. In recent years, several in vitro and in vivo reports have
indicated the possibility of a significant effect of nanowires on the recovery of
vision that lost due to retinal degeneration. Another challenge that must be
addressed is the extracellular matrix to create a 3D scaffold, where it did not discuss
in reports that have been done for nanowires usage in vision recovery, due to a
limitation in synthesizing of nanowires. Also, it is crucial to discover the key factor
promoting the assemblies of different layers of the retina and create specific
scaffolds for polarization and construction of cells for transferring the neural
signals to the brain. Developing nanowires to control the neural signals and guide
the cells for polarization will be useful for engineering complex architecture as
well as the retina.

Acknowledgements

This research was supported by the Shinshu University, Nano Fusion Technol-
ogy Research Group, Division of Frontier Fibers, Institute for Fiber Engineering
(IFES), Interdisciplinary Cluster for Cutting Edge Research.

Competing interests

The authors declare no competing interests.

11

Application of Nanowires for Retinal Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.90149



Author details

Davood Kharaghani1, Zahra Tajbakhsh2, Phan Duy Nam1 and Ick Soo Kim1*

1 Nano Fusion Technology Research Group, Division of Frontier Fibers, Institute
for Fiber Engineering (IFES), Interdisciplinary Cluster for Cutting Edge Research
(ICCER), Shinshu University, Nagano, Japan

2 School of Optometry and Vision Science, University of New SouthWales, Sydney,
NSW, Australia

*Address all correspondence to: kim@shinshu-u.ac.jp

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

12

Regenerative Medicine



References

[1] Santos-Ferreira T, Llonch S,
Borsch O, Postel K, Haas J, Ader M.
Retinal transplantation of
photoreceptors results in donor–host
cytoplasmic exchange. Nature
Communications. 2016;7:13028

[2] Patel BB, Sharma AD,
Mammadova N, Sandquist EJ, Uz M,
Mallapragada SK, et al. Nanoengineered
biomaterials for retinal repair. In:
Nanoengineered Biomaterials for
Regenerative Medicine. Elsevier; 2019.
pp. 215-264. DOI: 10.1016/B978-0-12-
813355-2.00010-7

[3] Shang F. View of cellular biology
through the eye. Current Molecular
Medicine. 2017;17(4):247-248

[4] Kharaghani D, Khan MQ, Tamada Y,
Ogasawara H, Inoue Y, Saito Y, et al.
Fabrication of electrospun antibacterial
PVA/Cs nanofibers loaded with CuNPs
and AgNPs by an in-situ method.
Polymer Testing. 2018;72:315-321

[5]Ullah S, HashmiM, KhanMQ,
KharaghaniD, Saito Y, YamamotoT, et al.
Silver sulfadiazine loaded zein nanofiber
mats as a novel wound dressing. RSC
Advances. 2019;9(1):268-277

[6]Khan MQ, Kharaghani D, Shahzad A,
Saito Y, Yamamoto T, Ogasawara H,
et al. Fabrication of antibacterial
electrospun cellulose acetate/silver-
sulfadiazine nanofibers composites for
wound dressings applications. Polymer
Testing. 2019;74:39-44

[7] Kharaghani D, Meskinfam M,
Rezaeikanavi M, Balagholi S, Fazili N.
Synthesis and characterization of hybrid
nanocomposite via biomimetic method
as an artificial cornea. Investigative
Ophthalmology and Visual Science.
2015;56(7):5024-5024

[8] Kharaghani D, Meskinfam M,
Bertoldi S, Imani R, Balagholi S,

Rezaeikanavi M, et al. Biomimetic
hybrid scaffolds for eye orbital bone
tissue engineering. Investigative
Ophthalmology and Visual Science.
2016;57(12):221-221

[9] Kim K-O, Akada Y, Kai W, Kim B-S,
Kim I-S. Cells attachment property of
PVA hydrogel nanofibers incorporating
hyaluronic acid for tissue engineering.
Journal of Biomaterials and
Nanobiotechnology. 2011;2(04):353

[10]Wei K, Li Y, Kim KO, Nakagawa Y,
Kim BS, Abe K, et al. Fabrication of
nano-hydroxyapatite on electrospun silk
fibroin nanofiber and their effects in
osteoblastic behavior. Journal of
Biomedical Materials Research Part A.
2011;97(3):272-280

[11] Khan MQ, Kharaghani D, Nishat N,
Shahzad A, Yamamoto T, Inoue Y, et al.
In vitro assessment of dual-network
electrospun tubes from poly (1, 4
cyclohexane dimethylene isosorbide
terephthalate)/PVA hydrogel for blood
vessel application. Journal of Applied
Polymer Science. 2019;136(12):47222

[12] Lee H, Xu G, Kharaghani D,
Nishino M, Song KH, Lee JS, et al.
Electrospun tri-layered zein/PVP-GO/
zein nanofiber mats for providing
biphasic drug release profiles.
International Journal of Pharmaceutics.
2017;531(1):101-107

[13] Kharaghani D, Khan M, Shahzad A,
Inoue Y, Yamamoto T, Rozet S, et al.
Preparation and in-vitro assessment of
hierarchal organized antibacterial
breath mask based on polyacrylonitrile/
silver (PAN/AgNPs) nanofiber.
Nanomaterials (Basel, Switzerland).
2018;8(7):461

[14] Khan MQ, Kharaghani D, Nishat N,
Shahzad A, Hussain T, Khatri Z, et al.
Preparation and characterizations of
multifunctional PVA/ZnO nanofibers

13

Application of Nanowires for Retinal Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.90149



composite membranes for surgical gown
application. Journal of Materials
Research and Technology. 2018;8(1):
1328-1334

[15] Jiang Z, Song Q, Tang M, Yang L,
Cheng Y, Zhang M, et al. Enhanced
migration of neural stem cells by
microglia grown on a three-dimensional
graphene scaffold. ACS Applied
Materials and Interfaces. 2016;8(38):
25069-25077

[16] Biazar E, Baradaran-Rafii A,
Heidari-keshel S, Tavakolifard S.
Oriented nanofibrous silk as a natural
scaffold for ocular epithelial
regeneration. Journal of Biomaterials
Science, Polymer Edition. 2015;26(16):
1139-1151

[17] Komez A, Baran ET, Erdem U,
Hasirci N, Hasirci V. Construction of a
patterned hydrogel—Fibrous mat
bilayer structure to mimic choroid and
Bruch’s membrane layers of retina.
Journal of Biomedical Materials
Research Part A. 2016;104(9):2166-2177

[18] Shrestha BK, Shrestha S, Baral ER,
Lee JY, Kim B-S, Park CH, et al.
π-Conjugated polyaniline-assisted
flexible titania nanotubes with controlled
surface morphology as regenerative
medicine in nerve cell growth. Chemical
Engineering Journal. 2019;360:701-713

[19]Hunt NC, Hallam D, Karimi A,
Mellough CB, Chen J, Steel DH, et al. 3D
culture of human pluripotent stem cells
in RGD-alginate hydrogel improves
retinal tissue development. Acta
Biomaterialia. 2017;49:329-343

[20] Xiang P, Wu K-C, Zhu Y, Xiang L,
Li C, Chen D-L, et al. A novel Bruch's
membrane-mimetic electrospun
substrate scaffold for human retinal
pigment epithelium cells. Biomaterials.
2014;35(37):9777-9788

[21] Chan SY, Chan BQY, Liu Z,
Parikh BH, Zhang K, Lin Q, et al.

Electrospun pectin-polyhydroxybutyrate
nanofibers for retinal tissue engineering.
ACS Omega. 2017;2(12):8959-8968

[22] Sun B, Zhou Z, Li D, Wu T,
Zheng H, Liu J, et al. Polypyrrole-coated
poly (l-lactic acid-co-ε-caprolactone)/
silk fibroin nanofibrous nerve guidance
conduit induced nerve regeneration in
rat. Materials Science and Engineering:
C. 2019;94:190-199

[23]Mo X, Sun B, Wu T, Li D. Chapter
24: Electrospun nanofibers for tissue
engineering. In: Ding B, Wang X, Yu J,
editors. Electrospinning:
Nanofabrication and Applications.
William Andrew Publishing; 2019.
pp. 719-734. DOI: 10.1016/B978-0-323-
51270-1.00024-8

[24] Khan MQ, Kharaghani D, Nishat N,
Ishikawa T, Ullah S, Lee H, et al. The
development of nanofiber tubes based
on nanocomposites of polyvinylpyrroli-
done incorporated gold nanoparticles as
scaffolds for neuroscience application
in axons. Textile Research Journal. 2018;
89(13):2713-2720. DOI: 10.1177/00405
17518801185

[25] Lee H, Kharaghani D, Kim IS.
Mechanical force for fabricating
nanofiber. In: Novel Aspects of
Nanofibers. IntechOpen; 2018

[26] Yan L, Zhao B, Liu X, Li X, Zeng C,
Shi H, et al. Aligned nanofibers from
polypyrrole/graphene as electrodes for
regeneration of optic nerve via
electrical stimulation. ACS Applied
Materials & Interfaces. 2016;8(11):
6834-6840

[27]Hällström W, Mårtensson T,
Prinz C, Gustavsson P, Montelius L,
Samuelson L, et al. Gallium phosphide
nanowires as a substrate for cultured
neurons. Nano Letters. 2007;7(10):
2960-2965

[28] Kotsakidis R, Meffin H,
Ibbotson MR, Kameneva T. In vitro

14

Regenerative Medicine



assessment of the differences in retinal
ganglion cell responses to intra-and
extracellular electrical stimulation.
Journal of Neural Engineering. 2018;
15(4):046022

[29]Mafakheri E, Tahmasebi P,
Ghanbari D. Application of artificial
neural networks for prediction of
coercivity of highly ordered cobalt
nanowires synthesized by pulse
electrodeposition. Measurement. 2012;
45(6):1387-1395

[30] Kim Y-J, Yoo C-J, Lee U, Yoo Y-M.
Cytotoxicity of gold nanorods and
nanowires on cultivated neural
precursor cells. Journal of Nanoscience
and Nanotechnology. 2015;15(8):
5617-5623

[31] Bechara SL, Judson A, Popat KC.
Template synthesized poly
(ɛ-caprolactone) nanowire surfaces
for neural tissue engineering.
Biomaterials. 2010;31(13):3492-3501

[32] Suyatin DB, Wallman L, Thelin J,
Prinz CN, Jörntell H, Samuelson L, et al.
Nanowire-based electrode for acute
in vivo neural recordings in the brain.
PLoS ONE. 2013;8(2):e56673

[33]Gällentoft L, Pettersson LM,
Danielsen N, Schouenborg J, Prinz CN,
Linsmeier CE. Size-dependent
long-term tissue response to biostable
nanowires in the brain. Biomaterials.
2015;42:172-183

[34]Dvir T, Timko BP, Brigham MD,
Naik SR, Karajanagi SS, Levy O, et al.
Nanowired three-dimensional cardiac
patches. Nature Nanotechnology. 2011;
6(11):720

[35] Yang P, Yan H, Mao S, Russo R,
Johnson J, Saykally R, et al. Controlled
growth of ZnO nanowires and their
optical properties. Advanced
Functional Materials. 2002;12(5):
323-331

[36] Xu AM, Aalipour A, Leal-Ortiz S,
Mekhdjian AH, Xie X, Dunn AR, et al.
Quantification of nanowire penetration
into living cells. Nature
Communications. 2014;5:3613

[37] Jaggessar A, Mathew A, Wang H,
Tesfamichael T, Yan C, Yarlagadda PK.
Mechanical, bactericidal and
osteogenic behaviours of
hydrothermally synthesised TiO2

nanowire arrays. Journal of the
Mechanical Behavior of Biomedical
Materials. 2018;80:311-319

[38] Lin H-I, Kuo S-W, Yen T-J, Lee OK.
SiNWs biophysically regulate the fates
of human mesenchymal stem cells.
Scientific Reports. 2018;8(1):12913

[39] Li Z, Persson H, Adolfsson K,
Oredsson S, Prinz CN. Morphology of
living cells cultured on nanowire arrays
with varying nanowire densities and
diameters. Science China. Life Sciences.
2018;61(4):427-435

[40] Kanski JJ. Imaging techniques. In:
Clinical Ophthalmology, A Systemic
Approach. London: Butterworth–
Heinemann; 2007. pp. 44-45

[41] Tian B, Zheng X, Kempa TJ, Fang Y,
Yu N, Yu G, et al. Coaxial silicon
nanowires as solar cells and
nanoelectronic power sources. Nature.
2007;449(7164):885

[42] Young RW. Cell differentiation in
the retina of the mouse. The Anatomical
Record. 1985;212(2):199-205

[43] Strauss O. The retinal pigment
epithelium in visual function.
Physiological Reviews. 2005;85(3):
845-881

[44] Ishikawa H, Stein DM, Wollstein G,
Beaton S, Fujimoto JG, Schuman JS.
Macular segmentation with optical
coherence tomography. Investigative
Ophthalmology & Visual Science. 2005;
46(6):2012-2017

15

Application of Nanowires for Retinal Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.90149



[45]Hoon M, Okawa H, Della Santina L,
Wong RO. Functional architecture of
the retina: Development and disease.
Progress in Retinal and Eye Research.
2014;42:44-84

[46] Krumpaszky HG, Klauss V.
Epidemiology of blindness and eye
disease. Ophthalmologica. 1996;210(1):
1-84

[47] Bird AC. Therapeutic targets in age-
related macular disease. Journal of
Clinical Investigation. 2010;120(9):
3033-3041

[48] Pierce EA. Pathways to
photoreceptor cell death in inherited
retinal degenerations. BioEssays. 2001;
23(7):605-618

[49] Sivalingam E. Glaucoma: An
overview. Journal of Ophthalmic
Nursing & Technology. 1996;15(1):15-18

[50] Pappas TC, Wickramanyake WS,
Jan E, Motamedi M, Brodwick M,
Kotov NA. Nanoscale engineering of a
cellular interface with semiconductor
nanoparticle films for photoelectric
stimulation of neurons. Nano Letters.
2007;7(2):513-519

[51] Forbes JM, Cooper ME. Mechanisms
of diabetic complications. Physiological
Reviews. 2013;93(1):137-188

[52]Dvir T, Timko BP, Kohane DS,
Langer R. Nanotechnological strategies
for engineering complex tissues. Nature
Nanotechnology. 2011;6(1):13

[53] Redenti S, Tao S, Yang J, Gu P,
Klassen H, Saigal S, et al. Retinal tissue
engineering using mouse retinal
progenitor cells and a novel
biodegradable, thin-film poly
(e-caprolactone) nanowire scaffold.
Journal of Ocular Biology, Diseases, and
Informatics. 2008;1(1):19-29

[54] Redenti S, Tao S, Saigal S, Gu P,
Yang J, Klassen H, et al. Tissue

engineering using mouse retinal
progenitor cells and a novel
biodegradable poly (e-caprolactone)
nanofiber scaffold. Investigative
Ophthalmology & Visual Science. 2008;
49(13):4779-4779

[55] Christiansen A, Tao S, Smith M,
Wnek G, Prause J, Young MJ, et al.
Subretinal implantation of electrospun,
short nanowire, and smooth poly
(�caprolactone) scaffolds to the
subretinal space of porcine eyes. Stem
Cells International. 2012;2012:1-8

[56] Piret G, Perez M-T, Prinz CN.
Neurite outgrowth and synaptophysin
expression of postnatal CNS neurons on
GaP nanowire arrays in long-term
retinal cell culture. Biomaterials. 2013;
34(4):875-887

[57] SanMartin A, Johansson F,
Samuelson L, Prinz CN. Microarray
analysis reveals moderate gene
expression changes in cortical neural
stem cells cultured on nanowire arrays.
Journal of Nanoscience and
Nanotechnology. 2014;14(7):4880-4885

[58]Hammarin G, Persson H,
Dabkowska AP, Prinz CN. Enhanced
laminin adsorption on nanowires
compared to flat surfaces. Colloids and
Surfaces B: Biointerfaces. 2014;122:
85-89

[59]Wang R, Huang X, Liu G, Wang W,
Dong F, Li Z. Fabrication and
characterization of a parylene-based
three-dimensional microelectrode array
for use in retinal prosthesis. Journal of
Microelectromechanical Systems. 2010;
19(2):367-374

[60] Piret G, Perez M-T, Prinz CN.
Substrate porosity induces phenotypic
alterations in retinal cells cultured on
silicon nanowires. RSC Advances. 2014;
4(53):27888-27897

[61] Kang M, Lee H, Kang T, Kim B.
Synthesis, properties, and biological

16

Regenerative Medicine



application of perfect crystal gold
nanowires: A review. Journal of
Materials Science and Technology. 2015;
31(6):573-580

[62] Lee S, Jung SW, Ahn J, Yoo HJ,
Oh S. Microelectrode array with
integrated nanowire FET switches for
high-resolution retinal prosthetic
systems. Journal of Micromechanics and
Microengineering. 2014;24(7):075018

[63] Pan YL, Noda T, Sasagawa K,
Tokuda T, Ohta J. Sputtering condition
optimization of sputtered IrOx and TiN
stimulus electrodes for retinal
prosthesis. IEEJ Transactions on
Electrical and Electronic Engineering.
2013;8(3):310-312

[64] Stett A, Barth W, Weiss S,
Haemmerle H, Zrenner E. Electrical
multisite stimulation of the isolated
chicken retina. Vision Research. 2000;
40(13):1785-1795

[65] Gautam V, Rand D, Hanein Y,
Narayan K. A polymer optoelectronic
interface provides visual cues to a blind
retina. Advanced Materials. 2014;
26(11):1751-1756

[66] Loudin J, Simanovskii D,
Vijayraghavan K, Sramek C,
Butterwick A, Huie P, et al.
Optoelectronic retinal prosthesis:
System design and performance. Journal
of Neural Engineering. 2007;4(1):S72

[67] Tang J, Qin N, Chong Y, Diao Y,
Wang Z, Xue T, et al. Nanowire arrays
restore vision in blind mice. Nature
Communications. 2018;9(1):786

[68] Sealy C. Nanowires promise new
ways to restore vision and movement.
Materials Today. 2018;20:1-2

[69] Parameswaran R, Carvalho-de-
Souza JL, Jiang Y, Burke MJ,
Zimmerman JF, Koehler K, et al.
Photoelectrochemical modulation of
neuronal activity with free-standing

coaxial silicon nanowires. Nature
Nanotechnology. 2018;13(3):260

[70] Sommer F, Brandl F, Göpferich A.
Ocular tissue engineering. In: Tissue
Engineering. Springer; 2006.
pp. 413-429. DOI: 10.1007/978-0-387-
34133-0_27

[71] Theocharis AD, Skandalis SS,
Gialeli C, Karamanos NK. Extracellular
matrix structure. Advanced Drug
Delivery Reviews. 2016;97:4-27

[72]Mouw JK, Ou G, Weaver VM.
Extracellular matrix assembly: A
multiscale deconstruction. Nature
Reviews Molecular Cell Biology. 2014;
15:771

[73] Varshney S, Hunter DD,
Brunken WJ. Extracellular matrix
components regulate cellular polarity
and tissue structure in the developing
and mature retina. Journal of
Ophthalmic and Vision Research. 2015;
10(3):329

[74]Halfter W, Sebag J,
Cunningham ET. II.E. Vitreoretinal
interface and inner limiting membrane.
In: Vitreous. Springer; 2014. pp. 165-191.
DOI: 10.1007/978-1-4939-1086-1_11

[75]Hollenberg MJ, Lea PJ. High
resolution scanning electron microscopy
of the retinal pigment epithelium and
Bruch’s layer. Investigative
Ophthalmology & Visual Science. 1988;
29(9):1380-1389

[76] Kharaghani D, Qamar Khan M,
Kim IS. Application of nanofibers in
ophthalmic tissue engineering. In:
Barhoum A, Bechelany M, Makhlouf A.
eds, Handbook of Nanofibers. Cham:
Springer; 2019. pp. 649-664. DOI:
10.1007/978-3-319-53655-2_56

[77] Zhao L, Hu L, Huo K, Zhang Y,
Wu Z, Chu PK. Mechanism of cell
repellence on quasi-aligned nanowire

17

Application of Nanowires for Retinal Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.90149



arrays on Ti alloy. Biomaterials. 2010;
31(32):8341-8349

[78] Lee J, Chu BH, Chen K-H, Ren F,
Lele TP. Randomly oriented, upright
SiO2 coated nanorods for reduced
adhesion of mammalian cells.
Biomaterials. 2009;30(27):4488-4493

[79] Lee J, Kang BS, Hicks B,
Chancellor TF, Chu BH, Wang H-T,
et al. The control of cell adhesion and
viability by zinc oxide nanorods.
Biomaterials. 2008;29(27):3743-3749

[80]Maya-Vetencourt JF, Ghezzi D,
Antognazza MR, Colombo E, Mete M,
Feyen P, et al. A fully organic retinal
prosthesis restores vision in a rat model
of degenerative blindness. Nature
Materials. 2017;16(6):681

[81] Vodovnik L, Miklavčič D, Serša G.
Modified cell proliferation due to
electrical currents. Medical and
Biological Engineering and Computing.
1992;30(4):CE21-CE28

[82] Prinz CN. Interactions between
semiconductor nanowires and living
cells. Journal of Physics: Condensed
Matter. 2015;27(23):233103

[83] Shah S, Hines A, Zhou D,
Greenberg RJ, Humayun MS,
Weiland JD. Electrical properties of
retinal–electrode interface. Journal of
Neural Engineering. 2007;4(1):S24

[84] Lanzani G. Light touch. Nature
Nanotechnology. 2018;13(3):181

[85]Garnett EC, Yang P. Silicon
nanowire radial p–n junction solar cells.
Journal of the American Chemical
Society. 2008;130(29):9224-9225

[86]Gréget R, Nealon GL, Vileno B,
Turek P, Mény C, Ott F, et al. Magnetic
properties of gold nanoparticles: A room-
temperature quantum effect.
ChemPhysChem. 2012;13(13):3092-3097

18

Regenerative Medicine


