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Abstract: Retinal prosthesis has recently emerged as a treatment strategy for retinopathies, providing
excellent assistance in the treatment of age-related macular degeneration (AMD) and retinitis
pigmentosa. The potential application of graphene oxide (GO), a highly biocompatible nanomaterial
with superior physicochemical properties, in the fabrication of electrodes for retinal prosthesis, is
reviewed in this article. This review integrates insights from biological medicine and nanotechnology,
with electronic and electrical engineering technological breakthroughs, and aims to highlight
innovative objectives in developing biomedical applications of retinal prosthesis.

Keywords: retinal prosthesis; electrodes; nanotechnology; graphene oxide; interface

1. Age-Related Macular Degeneration (AMD) and Common Treatment Strategies

Retinal damage may lead to permanent loss of visual function and is considered to be an
irreversible eye disease. In particular, age-related macular degeneration (AMD) is a disease that causes
gradual degeneration of the central retina, and it is the leading cause of blindness in the elderly [1–3].
At present, macular degeneration is treated using different approaches, depending on location, size,
and clinical symptoms of the lesion, with the treatments generally classified into early-, mid-, and
late-stage approaches (Figure 1). Early-stage macular degeneration is treated with oral administration
of antioxidants (e.g., vitamin C or lutein), but this treatment has limited efficacy [4,5]. Mid-stage AMD
treatment consists of subjecting affected tissues to localized laser photocoagulation therapy, i.e., a laser
beam is focused on peripheral tissues of the retina, to induce high-temperature burning [6,7]. This
destroys neovascular vessels, thereby preventing leakage of vascular tissues and causing neovascular
vessels in the lesion to shrink. However, this approach may cause damage to the adjacent normal
tissues and can only be applied in positions far away from foveal lesions [8]. Therefore, although
it prevents disease progression, it is unable to completely restore vision. Another approach is to
employ photodynamic therapy (PDT). In PDT, an intravenously injected photosensitizer reaches the eye
through blood circulation, where it gets concentrated in the wall of abnormal blood vessels, by binding
to endothelial cells of the wall. Next, the cell-bound photosensitizer is irradiated with 690 nm red
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light, which penetrates the retinal tissues and reaches the hemorrhage layer, triggering photochemical
reactions that produce single oxygen atoms and free radicals [9,10]. These cause oxidative damage to
diseased cells and thereby destroy cellular function. This approach is selective, as it allows selective
occlusion and closure of neovascular vessels while not destroying adjacent retinal tissues. In addition,
this treatment approach does not produce high-temperature burning and has low damage to normal
retinal tissues, making it amenable to applications in tissues close to foveal lesions. On the other hand,
late-stage treatment includes injection of anti-vascular endothelial growth factor agents to suppress
vascular endothelial growth factor (VEGF), which is a signal protein produced by retinal pigmented
cells that stimulates the formation of blood vessels, and referred to as anti-VEGF therapy [11,12]. This
represents a novel therapeutic strategy that has been proven to stabilize and improve vision of patients
in a clinical setting and is, therefore, gradually replacing traditional laser photocoagulation therapy
and photodynamic therapy (PDT). The agents directly injected into the vitreous cavity around the
patient’s eyeball reduce the concentration of intraocular VEGF, inhibit vascular leakage and edema, and
can retard neovascularization of the lesion, thereby preventing deterioration in vision. Moreover, this
approach does not damage normal tissue structures, unlike laser photocoagulation therapy. However,
this late-stage approach requires long-term medical therapy (lasting for at least one year), which
may pose risks of developing complications such as endophthalmitis (bacterial infection), elevated
intraocular pressure, cataracts, and retinal detachment, so it is necessary to conduct follow-up medical
examinations at regular intervals [13,14].

Figure 1. Clinical stages of age-related macular degeneration (AMD). Early-stage AMD shows yellow
extracellular drusen deposits surrounding macular area. Late-stage AMD shows hypopigmentation
or background darkening (*) around drusen, and a large number of drusen deposits are observed
accumulated in the macular area. Adapted with permission from Jiangyuan et al. [15].

For patients with late-stage AMD who cannot be treated with medication, the alternative is
retinal transplantation or implantation of retinal prostheses [16,17]. At present, implantable electronic
systems combined with cell-transplantation approaches can effectively enhance the repair efficacy of
tissue and mitigate immunological rejection [18,19]. Moreover, a large number of research teams are
working on the development of retinal prosthesis chip systems [20–25]. This involves replacement
of damaged photoreceptor cells by retinal prosthesis with similar functions. The microelectrodes
in the chips generate currents to stimulate retinal ganglion cells (RGCs), with the impulse signals
transmitted back to the brain [26,27]. The technology of retinal prosthesis has developed gradually,
allowing chip implants to electrically stimulate normal neurons to transmit signals. However, many
problems still exist, including problems with the design of optical wireless transmission channels,
signal resolution processing, and solar cell miniaturization [28–31]. On the other hand, there is a lack
of research on the self-repair and regeneration of RGCs on these chips under electrical stimulation [32].
This is predominantly attributed to the lack of sufficient knowledge about the safety and stability of
electrostimulation electrodes, as the electrical stimulation may induce cell apoptosis [33–35]. If the
abovementioned challenges can be studied more in detail, retinal prosthesis will have even greater
potential to serve as a novel strategy to restore vision.
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2. Application of Retinal Prosthesis

About 40 years ago, several research groups proposed various electronic devices to convert visual
information into hearing or tactile signals targeted toward blindness, such as sensory substitution
devices [36]. In addition, Brindley et al. have implanted electrodes in the right occipital bone and
integrated them to a radio receiver array, thereby stimulating the visual cortex or optic nerve, to restore
vision [37]. However, many technical aspects of these methods remain challenging, such as device
miniaturization, control of electrical stimulation, and power supply.

In recent years, the development of electronic retinal prosthesis has begun to draw attention.
Many research teams are committed to developing retinal prosthesis, in which the chip implanted in
the retina supplants the function of damaged photoreceptor cells (Figure 2) [20–25]. This is especially
applicable in patients with blindness due to photoreceptor necrosis, where electrodes can be implanted
in the retina to effectively stimulate bipolar or ganglion cells and subsequently enhance visual signal
transmission. A retinal prosthesis chip is comprised of three structural units: a photodiode array, a
photosensor with current amplifiers, and a biphasic circuit [38]. The power is mainly supplied by
photovoltaic batteries, which convert incident light into electrical energy. Photoelectric conversion
elements are used in lieu of damaged photoreceptor cells, transmitting electrical signals through the
circuit to electrodes, such that the electrical signals stimulate cells, thereby reconstructing the visual
transmission channel [39].

Figure 2. Introduction to retinal electronic prostheses. Schematic of the ascending visual pathway
(A) and implantation locations of the epiretinal (B), subretinal (C), and suprachoroidal (D) implant
prostheses. Adapted with permission from Eberhart Zrenner [40].
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For example, the Argus II retinal prosthesis system consists of three parts (Figure 3): (1) electronic
components for optical sensing; (2) glasses with transmission function and a portable image processing
device; and (3) an implantable chip with an electrode array (photodiode) [41]. The patient can
capture the external image in the field of view, with the camera on the glasses, and transmit it to
the image-processing device, where the image data are then converted into electronic signals and
wirelessly transmitted to the electrode array chip implanted in the retina of the patient. Light energy is
converted by the photodiodes on the chip into electrical pulse signals that depolarize RGCs and are
finally transmitted through the optic nerve to the brain, to produce a visual image [42,43]. In particular,
the retinal prosthesis chip of the first-generation Argus I system [44,45] has a 16-electrode array, which
is equivalent to 16 pixels with low resolution. As a result, patients implanted with the Argus I retinal
prosthesis system can only see the contour of an object and discern its directions of movement. The
current second-generation Argus II system has a 60-electrode array, allowing the patients to recognize
faces and read letters from the alphabet.

Figure 3. The Argus® II retinal prosthesis system consists of implanted and external components.
(A) The external components include glasses, a video processing unit (VPU), and a cable that are
responsible for image capture, processing, and transmitting stimulation commands to the implant.
Reprinted with permission from da Cruz, Lyndon, et al. [43]. (B) The implanted components include
a receiver coil, electronics case, and an electrode array that are responsible for activating retinal
cells. Adapted with permission from da Cruz, Lyndon, et al. [43]. (C) Fundus photo examination
demonstrates that the microelectrode array is attached to the retina surface. Adapted with permission
from Edward et al. [46].

3. Challenges in Implantable Bio-Electronic Chips

Recent technological advancements in semiconductor manufacturing have made it possible to
implant an electronic chip device that mimics cellular functions into the human body. This approach
could solve many difficult problems in the treatment of various diseases, including treatment with
surgical operations [47]. However, most of the metals used in these electrodes still require improvement
in their safety, stability, and biocompatibility [48]. Therefore, only precious metals, such as platinum,
gold, and silver, can be used for electrode fabrication [49,50]. However, these precious metals deposited
on the electrode surface are dramatically different from the surrounding tissues, with respect to elastic
mechanical properties (Young’s modulus is generally higher than 1 GPa), leading to friction and shear
between the tissues and the electrode. This, in turn, significantly increases the chances of chronic
inflammatory response at the site of implantation [51,52].



Int. J. Mol. Sci. 2020, 21, 2957 5 of 17

However, some studies have proposed modifications of the electrode surface in electronic chips,
to reduce differences in mechanical properties at the interface between the metal electrode and the
surrounding tissue, such that tissue damage is minimized when the device is in motion (Figure 4) [53,54].
The coating material is likely to be electrically conductive polymers, carbon nanotubes, and hydrogel
membranes, all of which may provide a softer interface (Young’s modulus is generally smaller than
1 MPa) on the electrode surface than metal materials [55], thereby closer to matching biological tissue
(Young’s modulus is generally between 0.1 and 10 kPa). In addition, each microchip electrode is subject
to a maximum charge injection limit, which ensures that the voltage generated by the electrode is
within a safe range. To improve charge-transfer efficiency and reduce constraints on charge storage,
surface coating or encapsulation may be applied to the electrode materials, resulting in increased
electrode surface area for charge transfer [56,57]. In addition, electrical stimulation between the tissues
and the electrodes may be carried out in a safe manner, to avoid adverse chemical reactions on the
electrode surface that leads to cell damage [58]. On the other hand, with the increasing demand
for chip miniaturization to provide higher resolution, implants based on electrical properties of
traditional electrode materials fail to overcome current problems. For example, a retinal prosthesis
chip requires a charge density of 158–237 µC/cm2 to induce vision [59], but the charge injection-limit
range of platinum is about 20–150 µC/cm2 [60]. This clearly indicates that the sole use of platinum is
insufficient to drive the operation of retinal prosthesis. More importantly, it is not only necessary to
use surface-modifying materials for improved electrical properties of the electrode surface, but it is
also desirable to develop electrodes that could maintain long-term cell viability and support tissue
regeneration. In this context, many studies have recently proposed the concept of incorporating living
cells onto electrode surfaces [61–63].

Figure 4. Schematic of tissue–electrode interfaces. (A) The electrodes of bioelectronic devices are usually
implanted within 100 µm of the target tissue, and exchange of electronic signals occurs at a nanoscale
electrolyte–electrode interface. Adapted with permission from Hyunwoo et al. [55]. (B) Application of
various non-metallic material coating technologies as electrode interface, includes bare electrode site,
hydrogel, conductive polymer, carbon nanotubes, cell attachment proteins, mobile drug molecules, and
embedded neural cells. Adapted with permission from Aregueta-Robles et al. [57].

4. Coating Materials for the Biochip Interface

In human tissues, the extracellular matrix (ECM), mainly composed of collagen, elastin, and
fibronectin, provides a favorable environment for the growth, repair, support, and connection of
tissues [64]. In order to enhance tissue–chip integration, some studies have used conductive hydrogels
that form a soft interface on the electrode surface that provides a medium for cellular attachment [65–69].
This modification, in addition to facilitating cellular attachment, overcomes electrode limitations in
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mechanical properties, charge transfer, and charge storage. Moreover, the hydrogel networks led
to an increase in the attachment percentage of astrocytes and stabilized the axonal differentiation of
PC-12 cells, which is a neuronal differentiation and neurosecretion model cell line derived from a
pheochromocytoma of the rat adrenal medulla, thereby regulating the growth factor and inducing
gradual release of drugs [70–72]. In another study, a three-dimensional hydrogel structure was
established to serve as a bridge linking nerve tissues, promoting the possibility of neurons growing
vertically toward the tissues [73]. Other research efforts were made to combine ECM with graphene
derivatives. Due to its polyfunctional groups and high hydrophilicity, graphene oxide (GO) forms a
stable hydrogel structure, which promotes mechanical strength and swelling properties of proteins
through cross-linked bonding (i.e., van der Waals forces, electrostatic attraction, and hydrogen
bonding), while sustaining a microenvironment suitable for cell and tissue growth [74,75]. These
studies indicated that GO-based composites provide a promising new material for assembling suitable
cellular microenvironments and should be explored in biochip-interface applications [76,77].

5. Graphene Oxide (GO)

Graphene is a two-dimensional nanomaterial sheet composed of a hexagonal lattice structure
formed by the stacking of single carbon atoms. Carbon atoms are bonded to each other through sp2

hybridization. Due to its unique physical and chemical properties, including excellent mechanical
strength, electron mobility, thermal conductivity, specific surface area, and light transmittance [78,79],
graphene has drawn considerable attention and has been applied to various biomedical fields, such
as electronic components and semiconductors [80,81], biosensors [82,83], nanocomposites [84], and
drug-delivery vehicles [85].

Among graphene derivatives, graphene oxide (GO) is the oxidation product of graphene, with a
structural composition similar to graphene, except for the presence of a number of surface oxygen
functional groups, such as hydroxyl (C-OH), epoxy (COC), carboxyl (COOH), and carbonyl (C=O)
groups, making GO mixture of sp2 and sp3 bonding [86]. The region with sp2 bonding represents a
stable arrangement of carbon atoms, while the region with sp3 bonding represents the distribution
of oxygen groups at sites of carbon structural defects. In particular, the abovementioned oxygen
functional groups render the surface of GO nanomaterials hydrophilic and promote their bonding
with other materials, including microscopic objects, such as quantum dots, antibodies, nanoparticles,
and peptides. In addition, because of its good biological compatibility and richness in poly-functional
groups for chemical modification, GO has been widely used in cell biology experiments, and has found
applications in drug delivery, tissue engineering, and bio-imaging. This has led to GO being considered
as a multifunctional nanomaterial of great development potential in the biomedical field [87–90].

6. Advantages of the GO Interface

GO has good physical and chemical properties. At present, many biosensor studies have
explored the use of single-layered GO nanosheet as a chemical modification platform, based on
the excellent hydrophilicity, electrical conductivity, specific surface area, and chemical stability of
this material [91]. For example, the high specific surface area of GO (736.6 m2/g) is superior to
conventional 2D materials (e.g., aluminum oxide, titanium, and silica) [92], making the GO surface
a biologically active interface where various surface oxygen functional groups can readily bind to
biomolecules [93,94]. Electrochemical measurements have been carried out to determine the properties
of GO-bonded substances, including dopamine, DNA, NADH, which is an important cofactor of
metabolism in all living cells, heavy metal ions, and enzymes [94]. These studies have reported a
relationship between the current of redox reaction and the concentration of the bonded substances.
Studies have demonstrated the use of GO sheet as a glucose biosensor, by inducing covalent bonding
of GO-activated carboxyl groups to the amino groups of glucose oxidase, with excellent detection
sensitivity and reproducibility [95,96]. Moreover, our previous studies have shown that retinal pigment
epithelial (RPE) cells cultured for 72 h on the surface of GO electrode exhibited good adhesion and
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differentiation properties. This suggested that the GO interface exhibits good tissue compatibility and
low levels of cytotoxicity, which can be potentially ideal materials as long-term bioelectrodes [97].

7. GO Biocompatibility

Currently, many research teams have begun exploring the interaction between GO as a
surface material and organisms by performing in vitro and in vivo biocompatibility and toxicity
assessments [98–100]. The most common method for preparing GO is based on the strategy proposed
by Hummers et al., in 1958 [101]. The average lateral dimension of GO synthesized using this
method will vary with chemical conditions of graphene treatment, such as reaction time, temperature,
concentration, and centrifugal speed, which results in changes in surface morphology and thickness
of the GO nanosheet. Although the GO thickness is 1.1 nm, the average lateral sizes of GO are 205.8,
146.8, and 33.8 nm, respectively, which indirectly affect the survival rate of epidermal cancer cells
(HeLa) [102]. When the GO concentration is kept the same at 20 µg/mL, GO with a size of 205.8 nm
has high cytotoxicity, while 146.8 nm GO has lower cytotoxicity than 33.78 nm GO, implying that
small-sized GO may cause less damage to cell membranes [102]. On the other hand, studies have
shown that single-layer and multilayered GO exhibited different colloidal behaviors in cell culture
medium [103]. The results show that the surface area of single-layer GO can interact with fetal bovine
serum (FBS) protein at a much higher rate than multilayered GO. This means that different layers of GO
have significant differences in surface hydrophobicity and dispersion, which will seriously affect the
biological activity of corona. In addition, some relevant studies have compared the effects of in vitro
and in vivo concentration of GO on cell biocompatibility. These showed that, for human diploid
fibroblast (HDF) cells cultured with different doses (10, 20, 50, and 100 µg/mL) of GO, GO exhibits
low cytotoxicity, with > 80% cell survival rate when GO concentration is below 20 µg/mL [104]. When
the GO concentration is above 50 µg/mL, noticeable cell apoptosis occurs, which may be attributed
to loss of function of lysosome, mitochondria, and endoplasmic reticulum. In another study [104],
mice were subjected to intravenous injection of GO suspension in the tail and observed at 1, 7, and
30 days of culture. Lung tissues of these mice collected for hematoxylin–eosin staining and observation
revealed that a low dose (0.1 mg) of GO did not have significant toxicity to the mice. However, a high
dose (0.4 mg) led to accumulation of GO in the lungs and liver, and the accumulated GO could not be
removed from the body through physiological processes, resulting in a 30 days survival rate below
60% in these mice. In short, follow-up in vitro (<20 µg/mL) and in vivo (<0.1 mg) experiments with
low concentration of GO have proven that low-concentration GO has good biocompatibility and can
be used as a biointerface for tissue engineering.

8. GO Potential for the Retina

In recent years, research teams have begun to test the possibility of using GO as a drug-delivery
vehicle, conducting in vitro and in vivo biocompatibility assessments of GO to human retinal pigment
epithelium (RPE) cells. In the in vitro experiments, cell survival rates gradually decreased from the
initial ~85% to 60%, with increasing concentrations (5–100 µg/mL) of GO added to cultured RPE
cells [105]. In addition, in vivo experiments revealed that vitreous injection of three low levels of
GO (0.1, 0.2, and 0.3 mg) in rabbits, followed by 49 days of culture, did not cause obvious ocular
structural defects or any inflammatory reaction, as confirmed by the examination of eyeball appearance
and intraocular pressure (IOP), as well as electroretinography (ERG) [105]. IOP and visual acuity
monitored for seven weeks after the injection were not significantly different from those in the control
group, indicating that GO had no effect on IOP. ERG studies further confirmed that there was no
significant decrease in visual acuity, with the amplitude varying by less than 30%, which is considered
negligible. Inspection of histological sections revealed that GO was not deposited in the retina, thus
demonstrating that low-concentration GO had good biocompatibility in the eye. In the meantime,
some studies explored the use of GO as a fluorescent nanosensor to detect lysine content in RPE
cells [106]. Alizarin red was covalently attached to GO and co-cultured with cells for 1 h, after which
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the system was illuminated with light, to induce electron transfer. This electron transfer released
lysine, which reacted with alizarin red, to generate red fluorescence, enabling instant monitoring of
the electron transfer reaction in RPE cells with fluorescence microscopy imaging. In short, GO has
excellent biomedical-application potential for a wide range of processes, ranging from retinal cell
imaging to drug delivery.

9. Applications of GO Micropatterns

At present, many research teams use ECM to prepare micropatterns to mimic in vivo regulation of
interactions between cells and proteins, including cell migration and differentiation [107–109]. However,
the interaction between cells and ECM is subject to unstable physical and chemical factors, such as
low mechanical strength with high degradation susceptibility, preventing long-term culture; different
protein concentration gradients; and oxidative protein denaturation. All of these unstable factors
may affect the physiological functions of cells [110]. Therefore, some research teams have proposed
using high-biocompatibility polymers or nanomaterials, to prepare micro patterns. These polymers
and nanomaterials have stable physical properties, including high functional groups distribution,
mechanical strength, and surface roughness, which is benefit to cellular morphology, proliferation,
and differentiation behavior of cells [111–114]. To date, there have been many methods to prepare
geometric micropatterns of various materials. In these methods, biological materials are used to
control cellular arrangement and positioning on the surface of various substrates, including gold [115],
glass [116], silicon wafers [117], and polymers [118], with the micropatterns widely applicable to tissue
engineering, cellular drug screening, cell microarrays, and biosensors. It is possible to prepare patterns
mimicking the cellular microenvironment by using various high-precision processing techniques, such
as soft lithography [119], electron beam lithography [120], microcontact printing [121], self-assembled
monolayer [122], and inkjet printing [123].

In recent years, the application of GO in biochips has seen a rising trend of surface micropatterning.
There are a number of reports of using GO to prepare micropatterns to promote cellular processes, such
as directional migration of cells [124], axonal extension and arrangement of neural stem cells (NSCs),
and differentiation of NSCs into neurons [112], as well as regulation of the differentiation direction of
human-adipose-derived mesenchymal stem cells (hADMSCs) [125,126]. The attachment of hADMSCs
to a linear GO pattern has been shown to enhance osteogenic differentiation, and a grid-like GO
pattern facilitates the differentiation of hADMSCs into neurons, due to the ability of the grid patterns
to mimic interconnected/elongated neuronal networks. (Figure 5). On the other hand, many previous
studies [94,127,128] have shown that graphene has the ability of non-covalent bonding (π-π stacking
interactions), while GO has the ability to make electrostatic interactions and hydrogen bonds. The
different degree of oxygen content can be mediated to change the binding capacity of growth agents
(dexamethasone, β-glycerophosphate, insulin, and ascorbic acid) during the differentiation of stem cells.
In addition, Yang et al. [129] used photolithography to prepare GO in a patterned groove substrate,
exploring the effect of roughness and surface morphology of the GO microstructure in promoting
differentiation of NSCs; the result showed that NSCs will grow along the GO attached in the groove.
Immunofluorescence staining revealed that, when the groove width in the pattern is below 5 µm,
NSCs exhibit a good arrangement of cytoskeletal F-actin, aggregation of β1 integrin, and expression
of neuronal markers (neuron-specific beta-III tubulin (Tuj-1) and microtubule-associated protein 2
(MAP2)). This observation indicates that the unique physicochemical properties of GO combined
with the surface topography of microstructured patterns can stimulate the interaction between stem
cells and biomaterials and enhance the ability to induce differentiation of neurons. Therefore, GO
micropatterns may be applied to nerve-tissue engineering and stem-cell therapy.
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Figure 5. Effects of GO micropatterns on stem-cell differentiation. Enhancement of osteogenic
and neuronal differentiation, using microcontact-printed GO substrate with line and grid patterns.
Fluorescence image of stem cells stained with F-actin. Scale bar = 100 µm. Reprinted with permission
from Kim et al. [125].

10. Application of GO Micropatterns to the Retina

Bendali et al. used UV-lithography to prepare a linear graphene pattern, with a width of about
10 µm, and cultured RGCs on this patterned material, finding that the axons grew along the linear
pattern [130]. Moreover, Yan et al. [131] used an electrospinning method to prepare a graphene
nanofiber composite, finding that RGCs were arranged along the direction of nanofibers. Through
electrical stimulation experiments, they further evaluated the possibility that electrical stimulation
would promote axon regeneration and cellular morphological changes, confirming that, under electrical
impulse stimulation (±700 mV/cm), the axon length of RGCs increased from 50 to 107 µm, and the
survival rate of RGCs was more than 80%. This shows that appropriate electrical stimulation of retinal
cells is beneficial for axon growth, and that it is possible to combine retinal prosthesis with GO, to
provide follow-up electrical stimulation. Recently, our group designed GO micropatterns with sizes
compatible to the electrode matrix of retinal prosthesis chip, and successfully employed inkjet-printing
technology, to print GO micropatterns with diameters of 30 and 80 µm on retinal prosthesis [97]. These
GO micropatterns were served as a nanoscale biointerface for the attachment of cells, so as to achieve
cell patterning (Figure 6). The retina cells were successfully attached in a specific area of the electronic
chip, using the above fabricated nano-biointerface, indicative of a prototype for retinal prosthesis. In
the future, retinal prosthesis chips will need to focus more on exploring whether electrical stimulation
will promote intercellular connectivity between cells and biological electrodes, thereby repairing
damaged retinal structure and enhancing the clinical application value of retinal prosthesis chips.
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Figure 6. Improved biocompatibility of RPE cells with retinal prosthesis electrode attachment through
GO patterns. (A) Schematic of the GO micropatterns generated on the electrodes by inkjet-printing
technology. (B) Fluorescence image of cells stained with tight junction protein marker, ZO-1. The
GO-micropatterned interface showed enhanced cell adhesion and barrier function on the retinal
prosthesis electrode substrate. Scale bar = 100 µm. Adapted with permission from Yang et al. [97].

11. Outlook

Recently, due to the rapid technological advancement in semiconductor manufacturing, it has
become possible to implant an electronic chip device that mimics cellular functions into the human
body, as a tentative treatment strategy for retinopathies. However, most of the electrode materials
require improvement in their safety, stability, and biocompatibility. GO, as a nanomaterial with high
biocompatibility and superior physiochemical properties, has great potential for application to the
electrodes of retinal prosthesis. Provided that retinal prosthesis is integrated with GO nanopatterns,
it will be possible to attach retinal cells on a specific chip electrode and, thereby, upgrade retinal
prosthesis into bioelectronic retinal prosthesis. The effects of electrode current on cellular attachment,
proliferation, and survival rate, and even the effects on the connectivity between cells attached to the
chips, remain to be explored. Micropatterned GO interface will facilitate cellular adhesion on retinal
prosthesis, which, in turn, will help improve tissue regeneration and repair functions, enhance safety
associated with retinal prosthesis chip implantation, and overcome immunological rejection (Figure 7).
This represents a big cross-disciplinary breakthrough in chip design. This innovative nano-interface
technology is expected to enhance the clinical application value of retinal prosthesis in future.
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Figure 7. Concept of the advanced electronic retinal prosthesis. Establishing GO-based electrode
interfaces with embedded retinal cells, which has the potential to improve the efficiency of retinal
prosthesis tissue regeneration and repair functions.

Author Contributions: All authors contributed toward conceptualization, preparation, and validation of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Novel Bioengineering and Technological Approaches to Solve
Two Major Health Problems in Taiwan, sponsored by the Taiwan Ministry of Science and Technology Academic
Excellence Program, under Grant Number MOST 108-2633-B-009-001, and the Higher Education Sprout Project of
the National Chiao Tung University and Ministry of Education (MOE), Taiwan. J.H.Y.C would like to acknowledge
funding from the Australian National Fabrication Facility (ANFF)—Materials node and support of the ARC
industrial transformation training centre in additive biomanufacturing (IC160100026). G.Y.C. would like to
acknowledge financial support from National Chiao Tung University (109W270, 108W204), the Ministry of Science
and Technology (MOST 109-2636-E-009-007-, MOST 108-2218-E-080-001-), the National Health Research Institutes
(NHRI-EX109-10714EC), and the Council of Agriculture, Executive Yuan (109AS-24.2.1-AD-U2), Taiwan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Al-Zamil, W.M.; Yassin, S.A.J. Recent developments in age-related macular degeneration: A review.
Clin. Interv. Aging 2017, 12, 1313. [CrossRef] [PubMed]

2. Hernández-Zimbrón, L.F.; Zamora-Alvarado, R.; Velez-Montoya, R.; Zenteno, E.; Gulias-Cañizo, R.;
Quiroz-Mercado, H.; Gonzalez-Salinas, R. Age-related macular degeneration: New paradigms for treatment
and management of AMD. Oxidative Med. Cell. Longev. 2018. [CrossRef] [PubMed]

3. Lim, L.S.; Mitchell, P.; Seddon, J.M.; Holz, F.G.; Wong, T.Y. Age-related macular degeneration. Lancet 2012,
379, 1728–1738. [CrossRef]

4. Khoo, H.E.; Ng, H.S.; Yap, W.-S.; Goh, H.J.H.; Yim, H.S. Nutrients for prevention of macular degeneration
and eye-related diseases. Antioxidants 2019, 8, 85. [CrossRef]

5. Evans, J.R.; Lawrenson, J.G. Antioxidant vitamin and mineral supplements for slowing the progression of
age-related macular degeneration. Cochrane Database Syst. Rev. 2017. [CrossRef] [PubMed]

6. Luttrull, J.K.; Dorin, G. Subthreshold diode micropulse laser photocoagulation (SDM) as invisible retinal
phototherapy for diabetic macular edema: A review. Curr. Diabetes Rev. 2012, 8, 274–284. [CrossRef]

http://dx.doi.org/10.2147/CIA.S143508
http://www.ncbi.nlm.nih.gov/pubmed/28860733
http://dx.doi.org/10.1155/2018/8374647
http://www.ncbi.nlm.nih.gov/pubmed/29484106
http://dx.doi.org/10.1016/S0140-6736(12)60282-7
http://dx.doi.org/10.3390/antiox8040085
http://dx.doi.org/10.1002/14651858.CD000254.pub4
http://www.ncbi.nlm.nih.gov/pubmed/28756618
http://dx.doi.org/10.2174/157339912800840523


Int. J. Mol. Sci. 2020, 21, 2957 12 of 17

7. Ells, A.; Gole, G.; Hildebrand, P.L.; Ingram, A.; Wilson, C.; Williams, R.G. Posterior to the ridge laser treatment
for severe stage 3 retinopathy of prematurity. Eye 2013, 27, 525–530. [CrossRef]

8. Muqit, M.M.; Sanghvi, C.; McLauchlan, R.; Delgado, C.; Young, L.B.; Charles, S.J.; Marcellino, G.R.; Stanga, P.E.
Study of clinical applications and safety for Pascal®laser photocoagulation in retinal vascular disorders.
Acta Ophthalmol. 2012, 90, 155–161. [CrossRef]

9. Newman, D. Photodynamic therapy: Current role in the treatment of chorioretinal conditions. Eye 2016, 30,
202–210. [CrossRef]

10. Wormald, R.P.L.; Evans, J.R.; Smeeth, L.L.; Henshaw, K.S. Photodynamic therapy for neovascular age-related
macular degeneration. Cochrane Database Syst. Rev. 2005. [CrossRef]

11. Maguire, M.G.; Martin, D.F.; Ying, G.-S.; Jaffe, G.J.; Daniel, E.; Grunwald, J.E.; Toth, C.A.; Ferris III, F.L.;
Fine, S.L.; Comparison of Age-related Macular Degeneration Treatments Trials (CATT) Research Group.
Five-year outcomes with Anti–Vascular endothelial growth factor treatment of neovascular age-related
macular degeneration: The comparison of age-related macular degeneration treatments trials. Ophthalmology
2016, 123, 1751–1761. [CrossRef] [PubMed]

12. Amoaku, W.; Chakravarthy, U.; Gale, R.; Gavin, M.; Ghanchi, F.; Gibson, J.; Harding, S.; Johnston, R.; Kelly, S.;
Lotery, A. Defining response to anti-VEGF therapies in neovascular AMD. Eye 2015, 29, 721–731. [CrossRef]
[PubMed]

13. Lyall, D.; Tey, A.; Foot, B.; Roxburgh, S.; Virdi, M.; Robertson, C.; MacEwen, C. Post-intravitreal anti-VEGF
endophthalmitis in the United Kingdom: Incidence, features, risk factors, and outcomes. Eye 2012, 26,
1517–1526. [CrossRef] [PubMed]

14. Solomon, S.D.; Lindsley, K.; Vedula, S.S.; Krzystolik, M.G.; Hawkins, B.S. Anti-vascular endothelial growth
factor for neovascular age-related macular degeneration. Cochrane Database Syst. Rev. 2014. [CrossRef]

15. Gao, J.; Liu, R.T.; Cao, S.; Cui, J.Z.; Wang, A.; To, E.; Matsubara, J.A. NLRP3 inflammasome: Activation and
regulation in age-related macular degeneration. Mediat. Inflamm. 2015, 2015, 690243. [CrossRef]

16. Lin, T.-C.; Chang, H.-M.; Hsu, C.-C.; Hung, K.-H.; Chen, Y.-T.; Chen, S.-Y.; Chen, S.-J. Retinal prostheses in
degenerative retinal diseases. J. Chin. Med. Assoc. 2015, 78, 501–505. [CrossRef]

17. Ahuja, A.K.; Behrend, M.R. The Argus™ II retinal prosthesis: Factors affecting patient selection for
implantation. Prog. Retin. Eye Res. 2013, 36, 1–23. [CrossRef]

18. Rochford, A.E.; Carnicer-Lombarte, A.; Curto, V.F.; Malliaras, G.G.; Barone, D.G. When Bio Meets Technology:
Biohybrid Neural Interfaces. Adv. Mater. 2019, 1903182. [CrossRef]

19. Wise, A.K.; Fallon, J.B.; Neil, A.J.; Pettingill, L.N.; Geaney, M.S.; Skinner, S.J.; Shepherd, R.K. Combining
cell-based therapies and neural prostheses to promote neural survival. Neurotherapeutics 2011, 8, 774–787.
[CrossRef]

20. Mathieson, K.; Loudin, J.; Goetz, G.; Huie, P.; Wang, L.; Kamins, T.I.; Galambos, L.; Smith, R.; Harris, J.S.;
Sher, A. Photovoltaic retinal prosthesis with high pixel density. Nat. Photonics 2012, 6, 391. [CrossRef]

21. Boinagrov, D.; Pangratz-Fuehrer, S.; Goetz, G.; Palanker, D. Selectivity of direct and network-mediated
stimulation of the retinal ganglion cells with epi-, sub-and intraretinal electrodes. J. Neural Eng. 2014, 11,
026008. [CrossRef] [PubMed]

22. Tran, N.; Bai, S.; Yang, J.; Chun, H.; Kavehei, O.; Yang, Y.; Muktamath, V.; Ng, D.; Meffin, H.; Halpern, M.
A complete 256-electrode retinal prosthesis chip. IEEE J. Solid-State Circuits 2014, 49, 751–765. [CrossRef]

23. Wu, C.-Y.; Sung, W.-J.; Kuo, P.-H.; Tzeng, C.-K.; Chiao, C.-C.; Tsai, Y.-C. The design of CMOS self-powered
256-pixel implantable chip with on-chip photovoltaic cells and active pixel sensors for subretinal prostheses.
In Proceedings of the 2015 IEEE Biomedical Circuits and Systems Conference (BioCAS), Atlanta, GA, USA,
22–24 October 2015; pp. 1–4.

24. Luo, Y.H.-L.; Da Cruz, L. The Argus®II retinal prosthesis system. Prog. Retin. Eye Res. 2016, 50, 89–107.
[CrossRef] [PubMed]

25. Tomioka, K.; Miyake, K.; Misawa, K.; Toyoda, K.; Ishizaki, T.; Kimura, M. Photosensing circuit using thin-film
transistors for retinal prosthesis. Jpn. J. Appl. Phys. 2018, 57, 1002B1001. [CrossRef]

26. Barriga-Rivera, A.; Bareket, L.; Goding, J.; Aregueta-Robles, U.A.; Suaning, G.J. Visual prosthesis: Interfacing
stimulating electrodes with retinal neurons to restore vision. Front. Neurosci. 2017, 11, 620. [CrossRef]
[PubMed]

27. Goetz, G.; Palanker, D. Electronic approaches to restoration of sight. Rep. Prog. Phys. 2016, 79, 096701.
[CrossRef]

http://dx.doi.org/10.1038/eye.2012.302
http://dx.doi.org/10.1111/j.1755-3768.2009.01854.x
http://dx.doi.org/10.1038/eye.2015.251
http://dx.doi.org/10.1002/14651858.CD002030.pub2
http://dx.doi.org/10.1016/j.ophtha.2016.03.045
http://www.ncbi.nlm.nih.gov/pubmed/27156698
http://dx.doi.org/10.1038/eye.2015.48
http://www.ncbi.nlm.nih.gov/pubmed/25882328
http://dx.doi.org/10.1038/eye.2012.199
http://www.ncbi.nlm.nih.gov/pubmed/23060022
http://dx.doi.org/10.1002/14651858.CD005139.pub3
http://dx.doi.org/10.1155/2015/690243
http://dx.doi.org/10.1016/j.jcma.2015.05.010
http://dx.doi.org/10.1016/j.preteyeres.2013.01.002
http://dx.doi.org/10.1002/adma.201903182
http://dx.doi.org/10.1007/s13311-011-0070-0
http://dx.doi.org/10.1038/nphoton.2012.104
http://dx.doi.org/10.1088/1741-2560/11/2/026008
http://www.ncbi.nlm.nih.gov/pubmed/24608166
http://dx.doi.org/10.1109/JSSC.2014.2298037
http://dx.doi.org/10.1016/j.preteyeres.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26404104
http://dx.doi.org/10.7567/JJAP.57.1002B1
http://dx.doi.org/10.3389/fnins.2017.00620
http://www.ncbi.nlm.nih.gov/pubmed/29184478
http://dx.doi.org/10.1088/0034-4885/79/9/096701


Int. J. Mol. Sci. 2020, 21, 2957 13 of 17

28. Bloch, E.; Luo, Y.; da Cruz, L. Advances in retinal prosthesis systems. Ther. Adv. Ophthalmol. 2019, 11,
2515841418817501. [CrossRef]

29. Fernandez, E. Development of visual Neuroprostheses: Trends and challenges. Bioelectron. Med. 2018, 4, 12.
[CrossRef]

30. Ay, S.U. A CMOS energy harvesting and imaging (EHI) active pixel sensor (APS) imager for retinal prosthesis.
IEEE Trans. Biomed. Circuits Syst. 2011, 5, 535–545. [CrossRef]

31. Song, K.; Han, J.H.; Lim, T.; Kim, N.; Shin, S.; Kim, J.; Choo, H.; Jeong, S.; Kim, Y.C.; Wang, Z.L. Subdermal
flexible solar cell arrays for powering medical electronic implants. Adv. Healthc. Mater. 2016, 5, 1572–1580.
[CrossRef]

32. Sehic, A.; Guo, S.; Cho, K.-S.; Corraya, R.M.; Chen, D.F.; Utheim, T.P. Electrical stimulation as a means for
improving vision. Am. J. Pathol. 2016, 186, 2783–2797. [CrossRef] [PubMed]

33. Hu, M.; Hong, L.; Liu, C.; Hong, S.; He, S.; Zhou, M.; Huang, G.; Chen, Q. Electrical stimulation enhances
neuronal cell activity mediated by schwann cell derived exosomes. Sci. Rep. 2019, 9, 1–12. [CrossRef]
[PubMed]

34. Geng, L.; Wang, Z.; Cui, C.; Zhu, Y.; Shi, J.; Wang, J.; Chen, M. Rapid electrical stimulation increased cardiac
apoptosis through disturbance of calcium homeostasis and mitochondrial dysfunction in human induced
pluripotent stem cell-derived cardiomyocytes. Cell. Physiol. Biochem. 2018, 47, 1167–1180. [CrossRef]
[PubMed]

35. Guo, B.-S.; Cheung, K.-K.; Yeung, S.S.; Zhang, B.-T.; Yeung, E.W. Electrical stimulation influences satellite cell
proliferation and apoptosis in unloading-induced muscle atrophy in mice. PLoS ONE 2012, 7. [CrossRef]
[PubMed]

36. Brabyn, J. Developments in electronic aids for the blind and visually impaired. IEEE Eng. Med. Biol. Mag.
1985, 4, 33–37. [CrossRef]

37. Brindley, G.S.; Lewin, W. The sensations produced by electrical stimulation of the visual cortex. J. Physiol.
1968, 196, 479–493. [CrossRef]

38. Kang, H.; Abbasi, W.H.; Kim, S.-W.; Kim, J. Fully Integrated Light-Sensing Stimulator Design for Subretinal
Implants. Sensors 2019, 19, 536. [CrossRef]

39. Wu, C.-Y.; Kuo, P.-H.; Lin, P.-K.; Chen, P.-C.; Sung, W.-J.; Ohta, J.; Tokuda, T.; Noda, T. A CMOS 256-pixel
Photovoltaics-powered Implantable Chip with Active Pixel Sensors and Iridium-oxide Electrodes for
Subretinal Prostheses. Sens. Mater. 2018, 30, 193–211. [CrossRef]

40. Zrenner, E. Fighting Blindness with Microelectronics. Sci. Transl. Med. 2013, 5, 210ps16. [CrossRef]
41. Zhou, D.D.; Dorn, J.D.; Greenberg, R.J. The Argus®II retinal prosthesis system: An overview. In Proceedings

of the 2013 IEEE International Conference on Multimedia and Expo Workshops (ICMEW), San Jose, CA,
USA, 15–19 July 2013; pp. 1–6.

42. Devenyi, R.G.; Manusow, J.; Patino, B.E.; Mongy, M.; Markowitz, M.; Markowitz, S.N. The Toronto experience
with the Argus II retinal prosthesis: New technology, new hope for patients. Can. J. Ophthalmol. 2018, 53,
9–13. [CrossRef]

43. Da Cruz, L.; Dorn, J.D.; Humayun, M.S.; Dagnelie, G.; Handa, J.; Barale, P.-O.; Sahel, J.-A.; Stanga, P.E.;
Hafezi, F.; Safran, A.B. Five-year safety and performance results from the Argus II retinal prosthesis system
clinical trial. Ophthalmology 2016, 123, 2248–2254. [CrossRef] [PubMed]

44. Stronks, H.C.; Dagnelie, G. The functional performance of the Argus II retinal prosthesis. Expert Rev.
Med. Devices 2014, 11, 23–30. [CrossRef] [PubMed]

45. Da Cruz, L.; Coley, B.F.; Dorn, J.; Merlini, F.; Filley, E.; Christopher, P.; Chen, F.K.; Wuyyuru, V.; Sahel, J.;
Stanga, P. The Argus II epiretinal prosthesis system allows letter and word reading and long-term function
in patients with profound vision loss. Br. J. Ophthalmol. 2013, 97, 632–636. [CrossRef] [PubMed]

46. Bloch, E.; Da Cruz, L. The Argus II Retinal Prosthesis System. Progress Retinal Eye Res. 2019, 50, 89–107.
[CrossRef]

47. Hodgins, D.; Bertsch, A.; Post, N.; Frischholz, M.; Volckaerts, B.; Spensley, J.; Wasikiewicz, J.; Higgins, H.;
Von Stetten, F.; Kenney, L. Healthy aims: Developing new medical implants and diagnostic equipment.
IEEE Pervasive Comput. 2008, 7, 14–21. [CrossRef]

48. Kotzar, G.; Freas, M.; Abel, P.; Fleischman, A.; Roy, S.; Zorman, C.; Moran, J.M.; Melzak, J. Evaluation of
MEMS materials of construction for implantable medical devices. Biomaterials 2002, 23, 2737–2750. [CrossRef]

http://dx.doi.org/10.1177/2515841418817501
http://dx.doi.org/10.1186/s42234-018-0013-8
http://dx.doi.org/10.1109/TBCAS.2011.2170069
http://dx.doi.org/10.1002/adhm.201600222
http://dx.doi.org/10.1016/j.ajpath.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27643530
http://dx.doi.org/10.1038/s41598-019-41007-5
http://www.ncbi.nlm.nih.gov/pubmed/30862846
http://dx.doi.org/10.1159/000490213
http://www.ncbi.nlm.nih.gov/pubmed/29913448
http://dx.doi.org/10.1371/journal.pone.0030348
http://www.ncbi.nlm.nih.gov/pubmed/22253929
http://dx.doi.org/10.1109/MEMB.1985.5006225
http://dx.doi.org/10.1113/jphysiol.1968.sp008519
http://dx.doi.org/10.3390/s19030536
http://dx.doi.org/10.18494/SAM.2018.1664
http://dx.doi.org/10.1126/scitranslmed.3007399
http://dx.doi.org/10.1016/j.jcjo.2017.10.043
http://dx.doi.org/10.1016/j.ophtha.2016.06.049
http://www.ncbi.nlm.nih.gov/pubmed/27453256
http://dx.doi.org/10.1586/17434440.2014.862494
http://www.ncbi.nlm.nih.gov/pubmed/24308734
http://dx.doi.org/10.1136/bjophthalmol-2012-301525
http://www.ncbi.nlm.nih.gov/pubmed/23426738
http://dx.doi.org/10.1016/j.preteyeres.2015.09.003
http://dx.doi.org/10.1109/MPRV.2008.8
http://dx.doi.org/10.1016/S0142-9612(02)00007-8


Int. J. Mol. Sci. 2020, 21, 2957 14 of 17

49. Geddes, L.A.; Roeder, R. Criteria for the selection of materials for implanted electrodes. Ann. Biomed. Eng.
2003, 31, 879–890. [CrossRef]

50. Wang, B.; Yang, P.; Ding, Y.; Qi, H.; Gao, Q.; Zhang, C. Improvement of the biocompatibility and potential
stability of chronically implanted electrodes incorporating coating cell membranes. Acs Appl. Mater. Interfaces
2019, 11, 8807–8817. [CrossRef]

51. Rivnay, J.; Wang, H.; Fenno, L.; Deisseroth, K.; Malliaras, G.G. Next-generation probes, particles, and proteins
for neural interfacing. Sci. Adv. 2017, 3, e1601649. [CrossRef]

52. Feiner, R.; Dvir, T. Tissue–electronics interfaces: From implantable devices to engineered tissues. Nat. Rev.
Mater. 2017, 3, 1–16. [CrossRef]

53. Kim, C.-L.; Jung, C.-W.; Oh, Y.-J.; Kim, D.-E. A highly flexible transparent conductive electrode based on
nanomaterials. Npg Asia Mater. 2017, 9, e438. [CrossRef]

54. Aqrawe, Z.; Montgomery, J.; Travas-Sejdic, J.; Svirskis, D. Conducting polymers for neuronal microelectrode
array recording and stimulation. Sens. Actuator B Chem. 2018, 257, 753–765. [CrossRef]

55. Yuk, H.; Lu, B.; Zhao, X. Hydrogel bioelectronics. Chem. Soc. Rev. 2019, 48, 1642–1667. [CrossRef] [PubMed]
56. Muhamad, S.U.; Idris, N.H.; Yusoff, H.M.; Din, M.M.; Majid, S. In-situ encapsulation of nickel nanoparticles

in polypyrrole nanofibres with enhanced performance for supercapacitor. Electrochim. Acta 2017, 249, 9–15.
[CrossRef]

57. Aregueta-Robles, U.A.; Woolley, A.J.; Poole-Warren, L.A.; Lovell, N.H.; Green, R.A. Organic electrode
coatings for next-generation neural interfaces. Front. Neuroeng. 2014, 7, 15. [CrossRef] [PubMed]

58. Newbold, C.; Richardson, R.; Millard, R.; Seligman, P.; Cowan, R.; Shepherd, R. Electrical stimulation causes
rapid changes in electrode impedance of cell-covered electrodes. J. Neural Eng. 2011, 8, 036029. [CrossRef]

59. Ayton, L.N.; Blamey, P.J.; Guymer, R.H.; Luu, C.D.; Nayagam, D.A.; Sinclair, N.C.; Shivdasani, M.N.; Yeoh, J.;
McCombe, M.F.; Briggs, R.J. First-in-human trial of a novel suprachoroidal retinal prosthesis. PLoS ONE
2014, 9, e115239. [CrossRef]

60. Staples, N.A.; Goding, J.A.; Gilmour, A.D.; Aristovich, K.Y.; Byrnes-Preston, P.; Holder, D.S.; Morley, J.W.;
Lovell, N.H.; Chew, D.J.; Green, R.A. Conductive hydrogel electrodes for delivery of long-term high frequency
pulses. Front. Neurosci. 2018, 11, 748. [CrossRef]

61. Goding, J.; Gilmour, A.; Robles, U.A.; Poole-Warren, L.; Lovell, N.; Martens, P.; Green, R. A living electrode
construct for incorporation of cells into bionic devices. Mrs Commun. 2017, 7, 487–495. [CrossRef]

62. Green, R.A.; Lim, K.S.; Henderson, W.C.; Hassarati, R.T.; Martens, P.J.; Lovell, N.H.; Poole-Warren, L.A. Living
electrodes: Tissue engineering the neural interface. In Proceedings of the 2013 35th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Osaka, Japan, 3–7 July 2013;
pp. 6957–6960.

63. Langhals, N.B.; Woo, S.L.; Moon, J.D.; Larson, J.V.; Leach, M.K.; Cederna, P.S.; Urbanchek, M.G. Electrically
stimulated signals from a long-term regenerative peripheral nerve interface. In Proceedings of the 2014 36th
Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Chicago, IL, USA,
26–30 August 2014; pp. 1989–1992.

64. Frantz, C.; Stewart, K.M.; Weaver, V.M.J. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200.
[CrossRef]

65. Han, L.; Lu, X.; Wang, M.; Gan, D.; Deng, W.; Wang, K.; Fang, L.; Liu, K.; Chan, C.W.; Tang, Y.; et al. A
Mussel-Inspired Conductive, Self-Adhesive, and Self-Healable Tough Hydrogel as Cell Stimulators and
Implantable Bioelectronics. Small 2017, 13, 1601916. [CrossRef] [PubMed]

66. Mantione, D.; Del Agua, I.; Sanchez-Sanchez, A.; Mecerreyes, D. Poly (3, 4-ethylenedioxythiophene)(PEDOT)
derivatives: Innovative conductive polymers for bioelectronics. Polymers 2017, 9, 354. [CrossRef]

67. Han, L.; Yan, L.; Wang, M.; Wang, K.; Fang, L.; Zhou, J.; Fang, J.; Ren, F.; Lu, X. Transparent, Adhesive, and
Conductive Hydrogel for Soft Bioelectronics Based on Light-Transmitting Polydopamine-Doped Polypyrrole
Nanofibrils. Chem. Mater. 2018, 30, 5561–5572. [CrossRef]

68. Shen, W.; Das, S.; Vitale, F.; Richardson, A.; Ananthakrishnan, A.; Struzyna, L.A.; Brown, D.P.; Song, N.;
Ramkumar, M.; Lucas, T.; et al. Microfabricated intracortical extracellular matrix-microelectrodes for
improving neural interfaces. Microsyst. Nanoeng. 2018, 4, 30. [CrossRef]

69. Lu, H.; Zhang, N.; Ma, M. Electroconductive hydrogels for biomedical applications. Wires Nanomed
Nanobiotechnol. 2019, 11, e1568. [CrossRef] [PubMed]

http://dx.doi.org/10.1114/1.1581292
http://dx.doi.org/10.1021/acsami.8b20542
http://dx.doi.org/10.1126/sciadv.1601649
http://dx.doi.org/10.1038/natrevmats.2017.76
http://dx.doi.org/10.1038/am.2017.177
http://dx.doi.org/10.1016/j.snb.2017.11.023
http://dx.doi.org/10.1039/C8CS00595H
http://www.ncbi.nlm.nih.gov/pubmed/30474663
http://dx.doi.org/10.1016/j.electacta.2017.07.174
http://dx.doi.org/10.3389/fneng.2014.00015
http://www.ncbi.nlm.nih.gov/pubmed/24904405
http://dx.doi.org/10.1088/1741-2560/8/3/036029
http://dx.doi.org/10.1371/journal.pone.0115239
http://dx.doi.org/10.3389/fnins.2017.00748
http://dx.doi.org/10.1557/mrc.2017.44
http://dx.doi.org/10.1242/jcs.023820
http://dx.doi.org/10.1002/smll.201601916
http://www.ncbi.nlm.nih.gov/pubmed/27779812
http://dx.doi.org/10.3390/polym9080354
http://dx.doi.org/10.1021/acs.chemmater.8b01446
http://dx.doi.org/10.1038/s41378-018-0030-5
http://dx.doi.org/10.1002/wnan.1568
http://www.ncbi.nlm.nih.gov/pubmed/31241253


Int. J. Mol. Sci. 2020, 21, 2957 15 of 17

70. Goding, J.; Gilmour, A.; Martens, P.; Poole-Warren, L.; Green, R. Interpenetrating conducting hydrogel
materials for neural interfacing electrodes. Adv. Healthc. Mater. 2017, 6, 1601177. [CrossRef] [PubMed]

71. Cheong, G.M.; Lim, K.S.; Jakubowicz, A.; Martens, P.J.; Poole-Warren, L.A.; Green, R.A. Conductive hydrogels
with tailored bioactivity for implantable electrode coatings. Acta Biomater. 2014, 10, 1216–1226. [CrossRef]

72. Liu, X.; Yue, Z.; Higgins, M.J.; Wallace, G.G. Conducting polymers with immobilised fibrillar collagen for
enhanced neural interfacing. Biomaterials 2011, 32, 7309–7317. [CrossRef]

73. Aregueta-Robles, U.A.; Lim, K.S.; Martens, P.J.; Lovell, N.H.; Poole-Warren, L.A.; Green, R. Producing 3D
neuronal networks in hydrogels for living bionic device interfaces. In Proceedings of the 2015 37th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milan, Italy,
25–29 August 2015; pp. 2600–2603.

74. Girão, A.F.; Gonçalves, G.; Bhangra, K.S.; Phillips, J.B.; Knowles, J.; Irurueta, G.; Singh, M.K.; Bdkin, I.;
Completo, A.; Marques, P.A. Electrostatic self-assembled graphene oxide-collagen scaffolds towards a
three-dimensional microenvironment for biomimetic applications. Rsc Adv. 2016, 6, 49039–49051. [CrossRef]

75. Zhao, G.; Qing, H.; Huang, G.; Genin, G.M.; Lu, T.J.; Luo, Z.; Xu, F.; Zhang, X.J. Reduced graphene oxide
functionalized nanofibrous silk fibroin matrices for engineering excitable tissues. NPG Asia Mater. 2018, 10,
982–994. [CrossRef]

76. Nyambat, B.; Chen, C.-H.; Wong, P.-C.; Chiang, C.-W.; Satapathy, M.K.; Chuang, E.-Y. Genipin-crosslinked
adipose stem cell derived extracellular matrix-nano graphene oxide composite sponge for skin tissue
engineering. J. Mater. Chem. B 2018, 6, 979–990. [CrossRef] [PubMed]

77. Tian, H.-C.; Liu, J.-Q.; Wei, D.-X.; Kang, X.-Y.; Zhang, C.; Du, J.-C.; Yang, B.; Chen, X.; Zhu, H.-Y.; NuLi, Y.-N.;
et al. Graphene oxide doped conducting polymer nanocomposite film for electrode-tissue interface.
Biomaterials 2014, 35, 2120–2129. [CrossRef] [PubMed]

78. Wang, Y.; Shao, Y.; Matson, D.W.; Li, J.; Lin, Y. Nitrogen-doped graphene and its application in electrochemical
biosensing. Acs Nano 2010, 4, 1790–1798. [CrossRef] [PubMed]

79. Zhang, L.L.; Zhou, R.; Zhao, X. Graphene-based materials as supercapacitor electrodes. J. Mater. Chem. 2010,
20, 5983–5992. [CrossRef]

80. Li, X.; Wang, X.; Zhang, L.; Lee, S.; Dai, H. Chemically derived, ultrasmooth graphene nanoribbon
semiconductors. Science 2008, 319, 1229–1232. [CrossRef] [PubMed]

81. Eda, G.; Fanchini, G.; Chhowalla, M. Large-area ultrathin films of reduced graphene oxide as a transparent
and flexible electronic material. Nat. Nanotechnol. 2008, 3, 270. [CrossRef]

82. Wang, Z.; Huang, P.; Bhirde, A.; Jin, A.; Ma, Y.; Niu, G.; Neamati, N.; Chen, X. A nanoscale graphene
oxide–peptide biosensor for real-time specific biomarker detection on the cell surface. Chem. Commun. 2012,
48, 9768–9770. [CrossRef] [PubMed]

83. Lu, C.H.; Yang, H.H.; Zhu, C.L.; Chen, X.; Chen, G.N. A graphene platform for sensing biomolecules.
Angew. Chem. Int. Ed. 2009, 48, 4785–4787. [CrossRef] [PubMed]

84. Compton, O.C.; Nguyen, S.T. Graphene oxide, highly reduced graphene oxide, and graphene: Versatile
building blocks for carbon-based materials. Small 2010, 6, 711–723. [CrossRef]

85. Liu, J.; Cui, L.; Losic, D. Graphene and graphene oxide as new nanocarriers for drug delivery applications.
Acta Biomater. 2013, 9, 9243–9257. [CrossRef]

86. Gurunathan, S.; Kim, J.-H. Synthesis, toxicity, biocompatibility, and biomedical applications of graphene and
graphene-related materials. Int. J. Nanomed. 2016, 11, 1927. [CrossRef]

87. Wang, Y.; Li, Z.; Wang, J.; Li, J.; Lin, Y. Graphene and graphene oxide: Biofunctionalization and applications
in biotechnology. Trends Biotechnol. 2011, 29, 205–212. [CrossRef] [PubMed]

88. Nurunnabi, M.; Parvez, K.; Nafiujjaman, M.; Revuri, V.; Khan, H.A.; Feng, X.; Lee, Y.-k. Bioapplication of
graphene oxide derivatives: Drug/gene delivery, imaging, polymeric modification, toxicology, therapeutics
and challenges. Rsc Adv. 2015, 5, 42141–42161. [CrossRef]

89. Nanda, S.S.; Papaefthymiou, G.C.; Yi, D.K. Functionalization of graphene oxide and its biomedical
applications. Crit. Rev. Solid State Mater. Sci. 2015, 40, 291–315. [CrossRef]

90. He, C.; Shi, Z.-Q.; Ma, L.; Cheng, C.; Nie, C.-X.; Zhou, M.; Zhao, C.-S. Graphene oxide based
heparin-mimicking and hemocompatible polymeric hydrogels for versatile biomedical applications. J. Mater.
Chem. B 2015, 3, 592–602. [CrossRef] [PubMed]

91. Chen, D.; Feng, H.; Li, J. Graphene oxide: Preparation, functionalization, and electrochemical applications.
Chem. Rev. 2012, 112, 6027–6053. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/adhm.201601177
http://www.ncbi.nlm.nih.gov/pubmed/28198591
http://dx.doi.org/10.1016/j.actbio.2013.12.032
http://dx.doi.org/10.1016/j.biomaterials.2011.06.047
http://dx.doi.org/10.1039/C6RA10213A
http://dx.doi.org/10.1038/s41427-018-0092-8
http://dx.doi.org/10.1039/C7TB02480K
http://www.ncbi.nlm.nih.gov/pubmed/32254378
http://dx.doi.org/10.1016/j.biomaterials.2013.11.058
http://www.ncbi.nlm.nih.gov/pubmed/24333027
http://dx.doi.org/10.1021/nn100315s
http://www.ncbi.nlm.nih.gov/pubmed/20373745
http://dx.doi.org/10.1039/c000417k
http://dx.doi.org/10.1126/science.1150878
http://www.ncbi.nlm.nih.gov/pubmed/18218865
http://dx.doi.org/10.1038/nnano.2008.83
http://dx.doi.org/10.1039/c2cc31974h
http://www.ncbi.nlm.nih.gov/pubmed/22919703
http://dx.doi.org/10.1002/anie.200901479
http://www.ncbi.nlm.nih.gov/pubmed/19475600
http://dx.doi.org/10.1002/smll.200901934
http://dx.doi.org/10.1016/j.actbio.2013.08.016
http://dx.doi.org/10.2147/IJN.S105264
http://dx.doi.org/10.1016/j.tibtech.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21397350
http://dx.doi.org/10.1039/C5RA04756K
http://dx.doi.org/10.1080/10408436.2014.1002604
http://dx.doi.org/10.1039/C4TB01806K
http://www.ncbi.nlm.nih.gov/pubmed/32262341
http://dx.doi.org/10.1021/cr300115g
http://www.ncbi.nlm.nih.gov/pubmed/22889102


Int. J. Mol. Sci. 2020, 21, 2957 16 of 17

92. Montes-Navajas, P.; Asenjo, N.G.; Santamaría, R.; Menéndez, R.; Corma, A.; García, H. Surface Area
Measurement of Graphene Oxide in Aqueous Solutions. Langmuir 2013, 29, 13443–13448. [CrossRef]

93. Li, D.; Zhang, W.; Yu, X.; Wang, Z.; Su, Z.; Wei, G. When biomolecules meet graphene: From molecular level
interactions to material design and applications. Nanoscale 2016, 8, 19491–19509. [CrossRef]

94. Yang, J.-W.; Hsieh, K.Y.; Kumar, P.V.; Cheng, S.-J.; Lin, Y.-R.; Shen, Y.-C.; Chen, G.-Y. Enhanced osteogenic
differentiation of stem cells on phase-engineered graphene oxide. Acs Appl. Mater. Interfaces 2018, 10,
12497–12503. [CrossRef]

95. Liu, Y.; Yu, D.; Zeng, C.; Miao, Z.; Dai, L. Biocompatible graphene oxide-based glucose biosensors. Langmuir
2010, 26, 6158–6160. [CrossRef]

96. Akbarisehat, A.; Khodadadi, A.A.; Shemirani, F.; Mortazavi, Y. Fast Immobilization of Glucose Oxidase
on Graphene Oxide for Highly Sensitive Glucose Biosensor Fabrication. Int. J. Electrochem. Sci. 2015, 10,
272–286.

97. Yang, J.W.; Tseng, M.L.; Fu, Y.M.; Kang, C.H.; Cheng, Y.T.; Kuo, P.H.; Tzeng, C.K.; Chiou, S.H.; Wu, C.Y.;
Chen, G.Y. Printable Graphene Oxide Micropatterns for a Bio-Subretinal Chip. Adv. Healthc. Mater. 2018, 7,
1800365. [CrossRef]

98. Kiew, S.F.; Kiew, L.V.; Lee, H.B.; Imae, T.; Chung, L.Y.J. Assessing biocompatibility of graphene oxide-based
nanocarriers: A review. J. Control. Release 2016, 226, 217–228. [CrossRef] [PubMed]

99. Xu, M.; Zhu, J.; Wang, F.; Xiong, Y.; Wu, Y.; Wang, Q.; Weng, J.; Zhang, Z.; Chen, W.; Liu, S.J. Improved
in vitro and in vivo biocompatibility of graphene oxide through surface modification: Poly (acrylic
acid)-functionalization is superior to PEGylation. Acs Nano 2016, 10, 3267–3281. [CrossRef] [PubMed]

100. Amrollahi-Sharifabadi, M.; Koohi, M.K.; Zayerzadeh, E.; Hablolvarid, M.H.; Hassan, J.; Seifalian, A.M.J.
In vivo toxicological evaluation of graphene oxide nanoplatelets for clinical application. Int. J. Nanomed.
2018, 13, 4757. [CrossRef] [PubMed]

101. Hummers, W.S.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
102. Zhang, H.; Peng, C.; Yang, J.; Lv, M.; Liu, R.; He, D.; Fan, C.; Huang, Q.J. Uniform ultrasmall graphene oxide

nanosheets with low cytotoxicity and high cellular uptake. Acs Appl. Mater. Interfaces 2013, 5, 1761–1767.
[CrossRef]

103. Franqui, L.S.; De Farias, M.A.; Portugal, R.V.; Costa, C.A.R.; Domingues, R.R.; Souza Filho, A.G.; Coluci, V.R.;
Leme, A.F.P.; Martinez, D.S.T. Interaction of graphene oxide with cell culture medium: Evaluating the fetal
bovine serum protein corona formation towards in vitro nanotoxicity assessment and nanobiointeractions.
Mater. Sci. Eng. 2019, 100, 363–377.

104. Wang, K.; Ruan, J.; Song, H.; Zhang, J.; Wo, Y.; Guo, S.; Cui, D. Biocompatibility of Graphene Oxide.
Nanoscale Res. Lett. 2011, 6, 8. [CrossRef]

105. Yan, L.; Wang, Y.; Xu, X.; Zeng, C.; Hou, J.; Lin, M.; Xu, J.; Sun, F.; Huang, X.; Dai, L.; et al. Can Graphene
Oxide Cause Damage to Eyesight? Chem. Res. Toxicol. 2012, 25, 1265–1270. [CrossRef]

106. Cheng, R.; Peng, Y.; Ge, C.; Bu, Y.; Liu, H.; Huang, H.; Ou, S.; Xue, Y.; Dai, L. A turn-on fluorescent lysine
nanoprobe based on the use of the Alizarin Red aluminum (III) complex conjugated to graphene oxide, and
its application to cellular imaging of lysine. Microchim. Acta 2017, 184, 3521–3528. [CrossRef]

107. Zheng, W.; Zhang, W.; Jiang, X. Precise control of cell adhesion by combination of surface chemistry and soft
lithography. Adv. Healthc. Mater. 2013, 2, 95–108. [CrossRef] [PubMed]

108. Chen, L.; Yan, C.; Zheng, Z. Functional polymer surfaces for controlling cell behaviors. Mater. Today 2018, 21,
38–59. [CrossRef]

109. Joo, S.; Yeon Kim, J.; Lee, E.; Hong, N.; Sun, W.; Nam, Y. Effects of ECM protein micropatterns on the
migration and differentiation of adult neural stem cells. Sci. Rep. 2015, 5, 13043. [CrossRef] [PubMed]

110. Walker, C.; Mojares, E.; Del Río Hernández, A. Role of Extracellular Matrix in Development and Cancer
Progression. Int. J. Mol. Sci. 2018, 19. [CrossRef]

111. Tay, C.Y.; Yu, H.; Pal, M.; Leong, W.S.; Tan, N.S.; Ng, K.W.; Leong, D.T.; Tan, L.P. Micropatterned matrix
directs differentiation of human mesenchymal stem cells towards myocardial lineage. Exp. Cell Res. 2010,
316, 1159–1168. [CrossRef]

112. Solanki, A.; Chueng, S.T.; Yin, P.T.; Kappera, R.; Chhowalla, M.; Lee, K.B. Axonal alignment and enhanced
neuronal differentiation of neural stem cells on graphene-nanoparticle hybrid structures. Adv. Mater.
Deerfield BeachFla. 2013, 25, 5477–5482. [CrossRef]

http://dx.doi.org/10.1021/la4029904
http://dx.doi.org/10.1039/C6NR07249F
http://dx.doi.org/10.1021/acsami.8b02225
http://dx.doi.org/10.1021/la100886x
http://dx.doi.org/10.1002/adhm.201800365
http://dx.doi.org/10.1016/j.jconrel.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26873333
http://dx.doi.org/10.1021/acsnano.6b00539
http://www.ncbi.nlm.nih.gov/pubmed/26855010
http://dx.doi.org/10.2147/IJN.S168731
http://www.ncbi.nlm.nih.gov/pubmed/30174424
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1021/am303005j
http://dx.doi.org/10.1007/s11671-010-9751-6
http://dx.doi.org/10.1021/tx300129f
http://dx.doi.org/10.1007/s00604-017-2375-0
http://dx.doi.org/10.1002/adhm.201200104
http://www.ncbi.nlm.nih.gov/pubmed/23184447
http://dx.doi.org/10.1016/j.mattod.2017.07.002
http://dx.doi.org/10.1038/srep13043
http://www.ncbi.nlm.nih.gov/pubmed/26266893
http://dx.doi.org/10.3390/ijms19103028
http://dx.doi.org/10.1016/j.yexcr.2010.02.010
http://dx.doi.org/10.1002/adma.201302219


Int. J. Mol. Sci. 2020, 21, 2957 17 of 17

113. Zhou, K.; Thouas, G.A.; Bernard, C.C.; Nisbet, D.R.; Finkelstein, D.I.; Li, D.; Forsythe, J.S. Method to Impart
Electro- and Biofunctionality to Neural Scaffolds Using Graphene–Polyelectrolyte Multilayers. Acs Appl.
Mater. Interfaces 2012, 4, 4524–4531. [CrossRef]

114. Hong, D.; Bae, K.; Yoo, S.; Kang, K.; Jang, B.; Kim, J.; Kim, S.; Jeon, S.; Nam, Y.; Kim, Y.-G.; et al. Generation of
Cellular Micropatterns on a Single-Layered Graphene Film. Macromol. Biosci. 2014, 14, 314–319. [CrossRef]

115. Li, L.; Mo, C.-K.; Chilkoti, A.; Lopez, G.P.; Carroll, N.J. Creating cellular patterns using genetically engineered,
gold-and cell-binding polypeptides. Biointerphases 2016, 11, 021009. [CrossRef]

116. Nichol, J.W.; Koshy, S.T.; Bae, H.; Hwang, C.M.; Yamanlar, S.; Khademhosseini, A. Cell-laden microengineered
gelatin methacrylate hydrogels. Biomaterials 2010, 31, 5536–5544. [CrossRef] [PubMed]

117. Kolodziej, C.M.; Kim, S.H.; Broyer, R.M.; Saxer, S.S.; Decker, C.G.; Maynard, H.D. Combination of
integrin-binding peptide and growth factor promotes cell adhesion on electron-beam-fabricated patterns.
J. Am. Chem. Soc. 2011, 134, 247–255. [CrossRef] [PubMed]

118. Nie, Z.; Kumacheva, E. Patterning surfaces with functional polymers. Nat. Mater. 2008, 7, 277. [CrossRef]
[PubMed]

119. Wang, X.; Hu, X.; Kawazoe, N.; Yang, Y.; Chen, G. Manipulating cell nanomechanics using micropatterns.
Adv. Funct. Mater. 2016, 26, 7634–7643. [CrossRef]

120. Wu, K.-H.; Cheng, H.-H.; Mohammad, A.A.; Blakey, I.; Jack, K.; Gentle, I.R.; Wang, D.-W. Electron-beam
writing of deoxygenated micro-patterns on graphene oxide film. Carbon 2015, 95, 738–745. [CrossRef]

121. Zhu, B.; Niu, Z.; Wang, H.; Leow, W.R.; Wang, H.; Li, Y.; Zheng, L.; Wei, J.; Huo, F.; Chen, X. Microstructured
graphene arrays for highly sensitive flexible tactile sensors. Small 2014, 10, 3625–3631. [CrossRef]

122. Yan, C.; Sun, J.; Ding, J. Critical areas of cell adhesion on micropatterned surfaces. Biomaterials 2011, 32,
3931–3938. [CrossRef]

123. Poellmann, M.J.; Barton, K.L.; Mishra, S.; Johnson, A.J.W. Patterned hydrogel substrates for cell culture with
electrohydrodynamic jet printing. Macromol. Biosci. 2011, 11, 1164–1168. [CrossRef]

124. Kim, S.; Kim, M.; Shin, Y.; Eom, S.; Lee, J.; Shin, D.-M.; Hong, S.; Kim, B.; Park, J.-C.; Shin, B. Cell migration
according to shape of graphene oxide micropatterns. Micromachines 2016, 7, 186. [CrossRef]

125. Kim, T.-H.; Shah, S.; Yang, L.; Yin, P.T.; Hossain, M.K.; Conley, B.; Choi, J.-W.; Lee, K.-B.J. Controlling
differentiation of adipose-derived stem cells using combinatorial graphene hybrid-pattern arrays. Acs Nano
2015, 9, 3780–3790. [CrossRef]

126. Li, J.; Liu, X.; Crook, J.M.; Wallace, G.G. Development of a porous 3D graphene-PDMS scaffold for improved
osseointegration. Colloids Surf. B Biointerfaces 2017, 159, 386–393. [CrossRef] [PubMed]

127. Lee, W.C.; Lim, C.H.Y.X.; Shi, H.; Tang, L.A.L.; Wang, Y.; Lim, C.T.; Loh, K.P. Origin of Enhanced Stem Cell
Growth and Differentiation on Graphene and Graphene Oxide. Acs Nano 2011, 5, 7334–7341. [CrossRef]
[PubMed]

128. Qi, W.; Yuan, W.; Yan, J.; Wang, H. Growth and accelerated differentiation of mesenchymal stem cells on
graphene oxide/poly-L-lysine composite films. J. Mater. Chem. B 2014, 2, 5461–5467. [CrossRef] [PubMed]

129. Yang, K.; Lee, J.; Lee, J.S.; Kim, D.; Chang, G.-E.; Seo, J.; Cheong, E.; Lee, T.; Cho, S.-W. Graphene Oxide
Hierarchical Patterns for the Derivation of Electrophysiologically Functional Neuron-like Cells from Human
Neural Stem Cells. Acs Appl. Mater. Interfaces 2016, 8, 17763–17774. [CrossRef]

130. Bendali, A.; Hess, L.H.; Seifert, M.; Forster, V.; Stephan, A.F.; Garrido, J.A.; Picaud, S. Purified Neurons can
Survive on Peptide-Free Graphene Layers. Adv. Healthc. Mater. 2013, 2, 929–933. [CrossRef]

131. Yan, L.; Zhao, B.; Liu, X.; Li, X.; Zeng, C.; Shi, H.; Xu, X.; Lin, T.; Dai, L.; Liu, Y. Aligned nanofibers from
polypyrrole/graphene as electrodes for regeneration of optic nerve via electrical stimulation. Acs Appl.
Mater. Interfaces 2016, 8, 6834–6840. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/am3007565
http://dx.doi.org/10.1002/mabi.201300346
http://dx.doi.org/10.1116/1.4952452
http://dx.doi.org/10.1016/j.biomaterials.2010.03.064
http://www.ncbi.nlm.nih.gov/pubmed/20417964
http://dx.doi.org/10.1021/ja205524x
http://www.ncbi.nlm.nih.gov/pubmed/22126191
http://dx.doi.org/10.1038/nmat2109
http://www.ncbi.nlm.nih.gov/pubmed/18354414
http://dx.doi.org/10.1002/adfm.201601585
http://dx.doi.org/10.1016/j.carbon.2015.08.116
http://dx.doi.org/10.1002/smll.201401207
http://dx.doi.org/10.1016/j.biomaterials.2011.01.078
http://dx.doi.org/10.1002/mabi.201100004
http://dx.doi.org/10.3390/mi7100186
http://dx.doi.org/10.1021/nn5066028
http://dx.doi.org/10.1016/j.colsurfb.2017.07.087
http://www.ncbi.nlm.nih.gov/pubmed/28818783
http://dx.doi.org/10.1021/nn202190c
http://www.ncbi.nlm.nih.gov/pubmed/21793541
http://dx.doi.org/10.1039/C4TB00856A
http://www.ncbi.nlm.nih.gov/pubmed/32261766
http://dx.doi.org/10.1021/acsami.6b01804
http://dx.doi.org/10.1002/adhm.201200347
http://dx.doi.org/10.1021/acsami.5b12843
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Age-Related Macular Degeneration (AMD) and Common Treatment Strategies 
	Application of Retinal Prosthesis 
	Challenges in Implantable Bio-Electronic Chips 
	Coating Materials for the Biochip Interface 
	Graphene Oxide (GO) 
	Advantages of the GO Interface 
	GO Biocompatibility 
	GO Potential for the Retina 
	Applications of GO Micropatterns 
	Application of GO Micropatterns to the Retina 
	Outlook 
	References

