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A B S T R A C T

Retinal prostheses offer viable vision restoration therapy for patients with blindness. However, a critical
requirement for maintaining the stable performance of electrical stimulation and signal transmission is the
biocompatibility of the electrode interface. Here, we demonstrated a functionalized electrode-neuron biointerface
composed of an annealed graphene oxide-collagen (aGO-COL) composite and neuronal cells. The aGO-COL
exhibited an electroactive 3D crumpled surface structure and enhanced the differentiation efficiency of PC-12
cells. It is integrated into a photovoltaic self-powered retinal chip to develop a biohybrid retinal implant that
facilitates biocompatibility and tissue regeneration. Moreover, aGO-COL micropatterns fabricated via 3D bio-
printing can be used to create neuronal cell microarrays, which supports the possibility of retaining the high
spatial resolution achieved through electrical stimulation of the retinal chip. This study paves the way for the next
generation of biohybrid retinal implants based on biointerfaces.
1. Introduction

The leading cause of age-related macular degeneration and retinitis
pigmentosa is partial or complete necrosis of the photoreceptor in the
retina, which can cause blurred vision and even blindness [1,2]. Only
surgery or medications can be used to delay disease progression.
Recently, emerging retinal prostheses have demonstrated the potential to
restore functional vision in patients [3–5]. Retinal prostheses can sub-
stitute artificial electrical components for the light-responsive function of
photoreceptor cells in the retina, converting incoming light into electrical
impulses, and transmitting them to residual retinal nerve cells for im-
aging [6,7]. Nonetheless, there are still some challenges concerning
biocompatibility between electrode interfaces of implantable prostheses
and residual tissue, especially low interaction and transplant rejection [8,
9]. An urgent demand for improving this issue has urged scientists to
develop biohybrid retinal prostheses [10], which integrate electroactive
retinal nerve cells with synthetic electrodes to enhance bioelectrode
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interface compatibility while providing unique opportunities for tissue
regeneration. In addition, biohybrid retinal prostheses and residual
retinal cells within the body can interconnect through axons of neurons
to improve the electrical pulse transmission efficiency [11,12]. However,
conventional metal electrodes exhibit low charge injection and capaci-
tance, resulting in abnormal electrochemical reactions during electrical
stimulation and transmission [13–15]. In this case, many cellular mole-
cules and free ions are deposited on the electrode surface, affecting the
viability of nerve cells and damaging the electrodes. Moreover, the me-
chanical properties of metal electrodes are generally unsuitable for cell
attachment and connection, which reduces the electrical activation effi-
ciency [16,17].

It is worth mentioning that nanomaterial-modified electrodes can
effectively address the limitations of their mechanical and biological
properties [18,19]. One of the most widely used nanomaterials is gra-
phene oxide (GO), a derivative of graphene, which has excellent physi-
cochemical and functional properties [20,21]. In addition, the edges and
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basal planes of GO have abundant oxygen-containing functional groups
(e.g., hydroxyl and carboxyl groups) as reaction sites for chemical and
physical modifications, which provide advantages for manipulating
surface properties for specialized biomedical applications [22,23]. As an
example, we previously demonstrated that GO-coated substrates enable
pre-concentration of nutrients and grafting of peptides on the substrate
surface to enhance the osteogenic differentiation efficiency of human
mesenchymal stem cells [24]. More importantly, we have recently
attempted to use printed GO micropatterns as a biointerface for the
electrode surfaces of retinal prosthesis chips [25]. Compared with the
bare electrodes of the retinal chip, the GO micropatterned electrodes
significantly improved the growth and attachment of retinal pigment
epithelial cells on the electrode surface, which supports the potential of
GO as an electrode interface for biohybrid retinal prostheses [26].

To expand the applicability of GO to biohybrid electronic devices, the
optimization of its conductivity must be considered. One direct approach
to improving the GO conductivity is to reduce the oxygen content
through high-temperature or chemical processes to obtain reduced GO
(rGO) [27,28]. These rGO lack excellent functionalization properties
because they lose a significant amount of oxygen functional groups [29].
Another practical approach is to control the surface topology of GO [30].
Fig. 1. The electroactive aGO-COL biointerface enhance the differentiation and grow
retinal chip to develop a biohybrid retinal implant. The aGO-COL micropattern was
microarrays, which allows response to high spatial resolution of electrical stimulation
to provide great advantages that not only improves the biocompatibility of the neur
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For example, the formation of crumpled or wrinkled GO structures can
effectively improve the physicochemical properties [31–33]. However,
such crumpled three-dimensional (3D) GO materials require complex
non-conventional fabrication techniques which are not widely used.
Earlier, we have successfully developed a unique mild thermal annealing
procedure to modify GO so that the same planar structure can provide
superior physical and chemical properties of both GO and graphene [34].
The annealed graphene oxide (aGO) not only increases the number of the
sp2 domain to increase the conductivity but also considerably maintains
the oxygen functional groups, thereby exhibiting the advantages of
functional surface modification for biomedical applications [24,35,36].
With this unique feature, aGO has an extraordinary ability to develop
multifunctional structural biocomposites and provides enormous ad-
vantages for implantable bioelectronic devices. Therefore, as an inno-
vative biomaterial concept for biohybrid retinal prostheses, aGO can
incorporate extracellular matrix (ECM) and/or small molecules to pro-
duce functional composites with high compatibility and electrical con-
ductivity [37,38].

Here, we present a concept of using aGO-based composite coupling
neural cells as a biointerface for the next generation of biohybrid retinal
prostheses (Fig. 1). The aGO-COL composite is produced by crosslinking
th of neuronal cells and subsequently integrate with the photovoltaic-powered
accurately generated by a 3D bioprinter to support the creation of neuronal cell
of the retinal chip. Therefore, such a biohybrid retinal implant has the potential
on-electrode interface but also realizes tissue regeneration therapy.
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reaction of aGO and collagen (COL) with a 3D crumpled structure. PC-12
cells, a typical neuron-like cell, are used instead of a limited source of
retinal ganglion cells (RGCs) to assess neural differentiation on subretinal
electrodes. Compared with the original GO, the aGO increases the con-
ductivity of the electrodes by over 59%. Meanwhile, the aGO-COL-coated
substrate with a crumpled structure can effectively improve the neurite
differentiation and growth of PC-12 cells and increase the efficiency of
electrical stimulation from light to electrical pulse signals in implantable
retinal prostheses. Moreover, aGO-COL can be used with micropattern
printing to create live cell arrays. This novel hybrid biomaterial dem-
onstrates advantages that are not commonly available at interfaces using
the GO or ECM alone, providing an unprecedented capability for cell-
electrode interface application on retinal prostheses and implantable
bioelectronic devices.

2. Material and methods

2.1. Preparation of the aGO and aGO-COL composite

A 4 mg/mL GO aqueous solution (Sigma-Aldrich, 777676) was first
diluted with deionized water to 300 μg/mL and placed in an oven at 80
�C for 3, 5, and 9 days. The solution was then dispersed using an ultra-
sonic probe sonicator and filtered using a 1.2 μm syringe filter to obtain
the aGO solution. For the synthesis of aGO-COL composites, carboxyl
groups of the aGO solution were activated through the EDC/NHS
coupling reaction for 1 h; it was then mixed with type I collagen from rat
tails (Thermo Fisher Scientific, A1048301) for 1 h. Three different aGO
weight percentages in aGO-COL were used in the experiments: 16%,
32%, and 64% (w/w, aGO/COL).

2.2. Characterization of the aGO and aGO-COL composite

The sheet resistivity of the aGO was measured using a four-point
probe sheet resistivity measurement system (KeithLink Technology,
LRS4-TG) in four-wire mode. The automatically measured parameters
were a voltage of 2.1 V, a current of 100 nA, and an accurate resistance
value range of 2–200 MΩ.

The chemical compositions of the GO, aGO, and aGO-COL samples
were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific, ESCALAB Xi þ) and Fourier-transform infrared spectroscopy
(FTIR, Bruker, Vertex 80v). All XPS spectra were calibrated with the C1s
peak binding energy (284.6 eV for neutral carbon (C(sp2)), and the peak
identification was performed using XPSPEAK41 software with a standard
XPS database as a reference. In the C1s orbital, the fitted peaks corre-
spond to specific carbon species with different chemical valences, namely
C–C/C––C (284.6 eV), C–O/C–OH (285.7 eV), and C––O/C–NH (288.2
eV). In the N1s orbital, the fitted peaks correspond to N–C (399.2 eV),
N––C (400.2 eV), and N–C––O (401.7 eV). In the FTIR spectra, the peaks
observed corresponded to C–H (2700 cm�1), C–OH (3343 cm�1), C

–

–O
(1650 cm�1), N–H (1560-1640 cm�1 and 3400-3500 cm�1), and C–N
(1100-1300 cm�1).

The microstructure of the aGO-COL was determined using a scanning
electron microscope (SEM, Hitachi, SU-8010). The samples were first
plated with platinum for 60 s and then detected with a 15-kV electron
beam at a magnification of 15 kX. The topography information of the
aGO-COL was acquired using atomic force microscopy (AFM, Bruker,
Dimension Edge AFM). The samples were scanned in a frequency of
0–300 Hz and a voltage of 0.5 V in a range of 1 μm � 1 μm under tapping
mode operation.

2.3. Electrochemical analysis of the aGO-COL composite

Cyclic voltammetry was used to analyze the electrochemical proper-
ties of aGO-COL. The samples were dropped on a single carbon electrode
(Zensor, SE100) and dried in an oven for one day, serving as a working
electrode during the experiment. A silver wire was used as the auxiliary
3

electrode, and an Ag/AgCl electrode was used as the reference electrode.
All electrodes were set together in a beaker containing 10 mM Fe(CN)63�

in 0.1 M phosphate-buffered saline (PBS) as the electrolyte. The voltage
range was configured from �0.75 V to 1.25 V, and the scanning rate was
100 mV/s for five cycles. To measure the electrochemical reversibility
and stability of aGO-COL, 100 scans were performed on the 64% aGO-
COL samples with the same scan voltage and rate as described above.

2.4. Cell culture

PC-12 cells (rat adrenal pheochromocytoma cell line) were obtained
from the Food Industry Research and Development Institute (BCRC
60048) in Taiwan and cultured in RPMI 1640 (Thermo Fisher,
11875093) with 5% fetal bovine serum (FBS, Corning, 35-076-EV) and
10% donor equine serum (HS, HyClone, SH30074). The cells were
maintained in a humidified incubator at 37 �C and 5% CO2, and the
culture medium was exchanged every 2–3 days.

2.5. Cytotoxicity assays

To assess the biocompatibility of the aGO-COL composite, the cells
were cultured on the aGO-COL-coated glass coverslip, and the cell
viability and toxicity were tested. First, clean glass coverslips were
treated with 0.1% poly L-lysine solution (Sigma-Aldrich, P4707) for 5
min, followed by a thorough wash with PBS and then treated with 32%
and 64% aGO-COL and COL for 3 h. Subsequently, the PC-12 cells were
seeded at 5✕104 cells/cm2 on the aGO-COL and COL-coated substrates
after the glass coverslips were rinsed three times with PBS and exposed to
UV radiation for 15 min.

After culturing for 3 days, the cells were stained with calcein-AM and
propidium iodide (PI) (BioScience, A017) to distinguish the proportion of
live and dead cells by fluorescent imaging. The fluorescent images were
taken with a confocal laser scanning microscope (Leica Microsystems,
TCS-SP8) with excitation/emission wavelengths of 488/520 and 552/
620 nm for calcein-AM and PI, respectively. In addition, cell viability was
determined using a lactate dehydrogenase (LDH) assay kit (Dojindo,
CK12). First, the lysis buffer was added to the wells of the positive control
(100% cytotoxicity) and incubated at 37 �C for 30 min. Subsequently, the
supernatant of each well of the samples was transferred into a 96-well
plate, and then the working solution was added. After incubation at
37 �C for 30 min, the stop solution was added to each well, and the
absorbance was measured at 490 nm using a microplate reader
(Awareness Technology, ChroMate-4300). Finally, the cell viability was
calculated by subtracting the average cytotoxicity.

2.6. Neuronal differentiation of the PC-12 cells

To induce differentiation of PC-12 cells on the aGO-COL-coated
substrates, the culture medium was replaced with fresh RPMI 1640 me-
dium supplemented with 50 ng/mL neuron growth factor (NGF, Thermo
Fisher, 13257–019), 1% HS, and 1% penicillin-streptomycin after seed-
ing the cells for 12 h. For differentiation experiments, the cells were
seeded at a low density (1 � 104 cells/cm2), and the differentiation
medium was changed every 48–72 h. After 7 days of differentiation, the
cells were stained with a fluorescence-conjugated anti-Tuj-1 (neuron-
specific class III beta-tubulin) antibody. First, the cells were fixed with
4% formaldehyde solution for 15 min and blocked with PBS containing
5% FBS and 1% bovine serum albumin (BSA) for 1 h. After that, the cells
were incubated with the antibody (BioLegend, A488-435L) for 1.5–2 h,
and the nuclei were stained with Hoechst 33342 for 15 min. Finally, the
cells were washed with PBS three times, and then the samples were
sealed with mounting medium (Vector Laboratories, H-1000) to preserve
fluorescence during long-term storage. The fluorescent images were
captured with a confocal microscope, and morphological analysis of
neurite coverage, length, and diameter was performed using ImageJ
software and NeurphologyJ plugin [39].
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2.7. Retinal prosthesis chip

The photovoltaic-powered 256-pixel subretinal prosthesis chip was
fabricated using CMOS image sensor (CIS) technology. The retinal chip
area was 3.2 mm � 3.2 mm, and each active pixel sensor (APS) area was
32.5 μm � 85 μm. The APSs were powered by on-chip photovoltaic cells
to generate electrical stimulation [40]. A precision manual linear trans-
lation stage with a white LED was set up as a light irradiation device for
an electrical test. An oscilloscope measured the stimulation current and
clock frequency of a pixel to confirm different output voltages depending
on the distance between the light source and the chip. The luminance of
the LED at different distances from the retinal chip using a digital illu-
minance meter (TES electrical electronic, TES-1332 N).

For the cell culture experiment, the retinal chips were coated with
COL and aGO-COL, as described previously. PC-12 cells (5 � 104 cells/
cm2) were seeded on the chip and incubated for 12 h, after which the
medium was replaced with the differentiation medium. Next, the cells
were placed on the LED lamp irradiation platform for the subsequent
electrical stimulation experiment, and the electrical stimulation signal
was generated by the retinal chip and controlled by the LED switch. The
Arduino UNO R3 microcontroller was used to program the LED switch to
control the lights to be cyclically turned on for 1 min and off for 4 min for
1 h each day. After 5 days of electrical stimulation, the cells were stained
with the anti-Tuj-1 antibody (BioLegend, 801209) and observed under a
confocal microscope as described above.
Fig. 2. Preparation and characterization of the aGO-COL composites. (a) Schematic a
the aGO-COL at different weight percentages (16%, 32%, and 64%). (c) Schematic o
structural (sp2) domains. (d) Photographs of the aGO solution with different days of a
aGO with different annealing days. (f) Comparison of the sheet resistance of the GO
COL and aGO-COL composites. (h) FTIR spectra of the aGO, COL and aGO-COL comp
aGO-COL coated substrates. Scale bar, 500 nm. (j) AFM topography images of the C
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2.8. Preparation and characterization of micropatterns

A custom 3D bioprinter (developed by ARC Center of Excellence for
Electromaterials Science, University of Wollongong, Australia) was used
to print the micropatterned aGO-COL in a sterile laminar airflow cabinet.
First, the aGO-COL composite was loaded into a syringe cartridge and a
syringe barrel (Nordson, 7012074/3CC) with a 34G needle (Longze,
34G). The syringe was then connected to a dispensing controller (Iwa-
shita, AD3000D) that accurately regulated nitrogen delivery, both in
terms of pressure and output time. The micropattern array configuration
and spacing were controlled using the MatterControl software (Matter-
Hackers). After printing, the micropatterned aGO-COL was incubated at
room temperature for 3 h and then washed twice with PBS. For the cell
culture experiment, the cells were seeded at a density of 5 � 104 cells/
cm2 into a cell culture dish (TPP, 93040) with the aGO-COL micro-
patterns. After 24 h of culture, the cells were stained with Hoechst 33342
to visualize the specific attachment of the cells. The bright-field images of
aGO-COL micropatterns were obtained with an upright light microscope
(Leica Microsystems, DM2700 M), and fluorescence images of the cells
were acquired using a confocal microscope.

2.9. Statistical analysis

GraphPad Prism 8.0 (GraphPad software) and OriginPro 9.1 (Ori-
ginLab Corporation) were used to analyze the data and plotted graphs.
The data were expressed as the mean � the standard error of the mean.
The statistical differences were analyzed using the one-way ANOVA test,
nd process diagram of the aGO-COL composites preparation. (b) Photographs of
f the aGO surface characteristics with oxygen clusters and prominent graphitic
nnealing treatment at 80 �C. (e) Variation of oxygen content and C/O ratio of the
and aGO at different annealing days. (g) XPS spectra of C1s and N1s of the aGO,
osites. (i) Top view (above) and tilted view (below) SEM images of the COL and
OL and aGO-COL. Scale bar, 2 μm.
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and P values less than 0.05 were considered statistically significant. *P <

0.05; **P < 0.01; ***P < 0.001; ns, non-significant.

3. Results and discussion

3.1. Preparation and characterization of the aGO-COL composites

Several studies have demonstrated that the COL matrix surface pro-
motes neuronal cell differentiation [41]. Therefore, we conjugated the
aGO with COL by covalent amide bonding to produce highly biocom-
patible and electroactive composites (0, 16, 32, and 64% w/w) (Fig. 2a
and b).

The aGO was prepared according to a previous reported mild thermal
annealing procedure that treated GO at 80 �C for 3, 5, and 9 days (aGO-
D3, aGO-D5, aGO-D9) to enhance GO properties through temperature-
driven oxygen diffusion and cluster formation [42]. This transforms the
GO structure into prominent oxidized and graphitic domains (Fig. 2c). As
shown in Fig. 2d, the color of the aGO suspension changed from
yellowish-brown to black with increasing annealing time, indicating the
presence of a clear aGO structure evolution. The C1s XPS spectra clearly
show significant changes in the relative ratio of C––C (Fig. S1). Impor-
tantly, the structural evolution of aGO was gradually transformed from a
mixed sp2–sp3 hybridized carbon domain into sp2 carbon domains, with
no loss in the overall oxygen content (Fig. 2e). In addition, the mea-
surement of the sheet resistance revealed that the increase in the sp2

domains of aGO also enhanced the electron conduction efficiency.
Compared to the GO electron conduction efficiency of 2 � 108 Ω/sq
which exceeds the equipment limit, the efficiency of aGO-D5 and aGO-D9
decreased to 2� 107Ω/sq and 1� 106Ω/sq, respectively (Fig. 2f). These
results are consistent with previous reports at the same temperatures
[42]. Notably, this structural evolution of aGO was attributed to both
diffusion and transformation of oxygen atoms, which improved the
electronic properties while maintaining a substantial number of oxygen
functional groups. Subsequently, we chose aGO-D9 for the synthesis of
the conductive aGO-COL composite because of its higher electrical
conductivity.

To optimize the synthesis of the aGO-COL composites, we first
attempted to determine the differences in crosslinking reactions at
various molar ratios of 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) and pH values of
5.5–7.0. It was found that the aGO-COL composites were synthesized
more efficiently by forming covalent bonds under the EDC/NHS ratio of
100:100 mM compared to 100:10 and 100:0 mM conditions (Fig. S2a).
For the reactions at pH 5.5 and pH 7.0, there was no significant difference
in the strength of the arylamine C–N bond (O

–

–C–N) (Fig. S2b). There-
fore, we adopted the 100:100 mM ratio of EDC/NHS and pH 5.5 as the
optimal parameters for the chemical crosslinking reaction of the aGO-
COL in this study. Collectively, the XPS full spectrum indicated that
aGO-COL and COL have a specific additional N1s peak compared to aGO
(Fig. S3). In addition, the C1s and N1s spectrums also revealed that the
aGO-COL exhibited extra C

–

–O/C–NH (288.2 eV) and N–C
–

–O (288.2 eV
and 401.7 eV) peaks compared to aGO (Fig. 2g). Fourier-transform
infrared spectroscopy (FTIR) measurements also showed specific peaks
of N–H (1560-1640 cm�1 and 3400-3500 cm�1) and C–N (1100-1300
cm�1) (Fig. 2h). These results clearly demonstrated the optimized
crosslinking reaction of the aGO-COL composites and suggested the
successful formation of a stable covalent reaction between aGO and COL
through amide bonding. Incidentally, the aGO-COL-coated substrate
presented a 3D crumpled surface morphology, whereas the COL-coated
substrate had a 2D structure (Fig. 2i). The roughness of the wrinkles
increased with the concentration of aGO, ranging from 57 nm for 16%
aGO-COL to 138 nm for 64% aGO-COL (Fig. 2j). This 3D crumpled
structure was perhaps formed by the aGO-COL crosslinking process in
which aGO sheets were entrapped into fibrous collagen since a more
significant sheet-like morphology was observed with increasing aGO
concentration (Fig. S4). Notably, interfaces with crumpled and
5

roughened structures have been shown to enhance cell adhesion, pro-
liferation, and differentiation [43,44].

We further investigated the electrochemical performance by cyclic
voltammetry (CV) to study the effective electron transfer between the
aGO-COL and the electrode surface (Fig. 3a and b). As shown in Fig. 3c,
the oxidation wave of aGO-COL gradually shifted from þ0.7 mV of the
COL to þ0.37 mV of the aGO (vs. Ag/AgCl), suggesting the presence of
the aGO component in the aGO-COL composite. Compared to untreated
GO, no oxidation or reduction waves were observed (Fig. S5). In addi-
tion, the peaks of the oxidation and reduction waves of aGO-COL increase
with the percentage of aGO, indicating that the specific capacitance is
dependent on the aGO concentration. The specific capacitance calculated
from integration of the CV curves showed that the COL, 32% aGO-COL,
and 64% aGO-COL were 0.43, 0.56, and 0.62 mF/g, respectively
(Fig. 3d). In addition, we performed an electroactivity stability analysis
for the 64% aGO-COL (Fig. 3e). After scanning the same sample 100
times, it was found that the oxidation and reduction peaks still existed,
and no significant shifts were observed, suggesting that the aGO-COL has
a stable electron flow and transfer reversibility under the circulating
potentials.

Altogether, we successfully developed functional aGO-COL compos-
ites with self-assembled 3D crumpled structures. In particular, aGO
prepared by the one-step mild thermal annealing procedure showed a
59% increase in electrical conductivity while maintaining the oxygen
functional group, which can provide effective functional modifications.
Additionally, we confirmed that aGO-COL improved the electrochemical
properties of COL and exhibited stable electrical activity.

3.2. Growth and differentiation of PC-12 cells on the aGO-COL coated
substrate

We then evaluated biocompatibility of the aGO-COL to determine
whether it supports neuronal cell growth and differentiation. Therefore,
a neuron-like PC12 cell line was cultured on the aGO-COL-coated sub-
strates for subsequent analysis. Calcein-AM and propidium iodide (PI)
solutions were used to visualize live and dead cells after 3 days of culture.
As shown in Fig. 4a, there was no significant difference in the PI fluo-
rescence signal emitted by the cells in the 32% aGO-COL and 64% aGO-
COL compared to the COL sample. The cell compatibility of aGO-COLwas
further quantified by measuring the lactate dehydrogenase (LDH)
release. High cell viabilities of 99% for change to the 32% aGO-COL and
94% for the 64% aGO-COL were recorded (Fig. 4b). These results indi-
cated that the aGO-COL composite supported the growth of PC-12 cells
and was not cytotoxic. Subsequently, we used nerve growth factor (NGF)-
supplemented medium to induce PC-12 cell differentiation. After 7 days
of differentiation, the cells were immunostained with anti-Tuj-1 anti-
body, which identifies neuron-specific class III beta-tubulin. From the
confocal fluorescence images (Fig. 4c), it was observed that the 32%
aGO-COL and 64% aGO-COL enhanced neuronal differentiation effi-
ciency and increased neurite length (Fig. 4d and e). Notably, the neurites
of PC-12 cells under the aGO-COL group were found to exhibit a
microtubule bundle-like structure with an increase in the neurite diam-
eter from 1.4 to 3.8 μm (Fig. 4f). Such microtubule bundles are crucial for
neuronal function because extensive studies have shown that only bun-
dles of neuronal cells are capable of axonal transport activity, while small
caliber and ruptured neurites are not sufficient for reception and trans-
mission of physiological signals [45]. One possible explanation for the
aGO-COL-enhanced neuronal differentiation is attributed to its
self-assembled 3D crumpled structure because cells noticeable attached
centrally to the surface of the crumpled structure and were uniformly
distributed to form small clusters on the aGO-COL-coated substrate
(Fig. S6) [46]. Another possibility is that aGO exhibited superior per-
formance in the adsorption of biomolecules. Our previous study [24] has
demonstrated that the oxygen-containing functional groups and sp2 do-
mains in the aGO plane can enable efficient concentration of bio-
molecules in the aGO surface via van der Waals interactions and π-π



Fig. 3. Electrochemical properties of the aGO-COL composites. (a) Illustration of the electron transfer between the aGO-COL and electrode surface. (b) Schematic of
the sample preparation steps for aGO-COL electrochemical analysis. (c) Cyclic voltammetry curves of the aGO, COL, 32% aGO-COL, and 64% aGO-COL. The scan rate
was 100 mV/s. (d) The specific capacitance of aGO, COL, 32% aGO-COL, and 64% aGO-COL. (e) Cyclic performance of 64% aGO-COL at 1st cycle, 50th, and 100th
cycle. The scan rate was 100 mV/s.

Fig. 4. Cytotoxicity and neural differentiation on the aGO-COL composites. (a) Fluorescence images of calcein-AM/PI stained PC-12 cells. The cells were cultured on
COL, 32% aGO-COL, and 64% aGO-COL coated substrate for 3 days. Scale bar, 200 μm. (b) The LDH result of PC-12 cultured on COL, 32% aGO-COL, and 64% aGO-
COL coated substrate. (c) Fluorescence images of Tuj-1 stained PC-12 cells after 7 days of differentiation on COL, 32% aGO-COL, and 64% aGO-COL coated substrate.
Scale bar, 50 μm (40x magnification) and scale bar, 15 μm (100x magnification). (d–f) Quantification of neurite diameter, coverage and length of PC-12 cells cultured
on the COL and aGO-COL interfaces. (g) Schematic of enhanced neurites differentiation of PC-12 cells on the aGO-COL coated substrate with crumpled interfaces.
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stacking, thus enhancing cell differentiation. Importantly, recent studies
have demonstrated that GO interfaces can mediate the transport of active
substances to promote differentiation and axonal lengthening of
neuronal cells [20,47]. These findings suggested that the aGO-COL with
crumpled interfaces adequately supports PC-12 cell differentiation and
6

increases the neurite diameter over 2 times (Fig. 4g).
3.3. Coupling the neuronal cell with the retinal prosthesis chip

As a long-term implant in the retinal tissue, the adequate interaction
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of the retinal prosthesis chip with optic nerve cells is critical in deter-
mining the efficiency of signal transmission [48]. Although functional
surface modification of the chip electrodes with biomaterials can modify
their surface properties, such as pulse transmission efficiency, electro-
chemical stability, and biocompatibility, it is relatively passive in terms
of improving the inter-tissue interaction. A proactive strategy is to
develop a biohybrid retinal chip that integrates biomaterials and living
cells with synthetic electrodes [10], so that the retinal prosthesis chip not
only has excellent electrode surface properties, but also has the potential
to provide in situ tissue regeneration. Therefore, we attempted to culture
the PC-12 cells on the aGO-COL-coated retinal chip, which is a photo-
voltaic self-powered implantable chip (Fig. 5a).

The retinal prosthesis chip was previously demonstrated to success-
fully activate retinal ganglion cells in adult rd1 mice [49], which in-
tegrates photodiodes, photovoltaic cells, charge pumps, and a
microelectrode matrix (85 μm in length, 32.5 μm in width) (Fig. 5b). To
use the photovoltaic self-powered chip to conduct cell culture experi-
ments, we first designed a highly adjustable light-emitting diode (LED)
lamp irradiation device (Fig. 5c, Fig. S7). The light irradiation device
allowed the retinal chip to be arranged in the center of a 35 mm diameter
culture dish and placed directly below the LED light source. The device
Fig. 5. Neuron differentiation on the retinal prosthesis chip. (a) Schematic of photovo
the 3.2 � 3.2 mm retinal chip with 256 pixels and higher magnification shows the
device for electrical stimulation. (d) Variation of voltage intensity at different dista
voltage waveform on the retinal chip. (f) Fluorescence images of Tuj-1 stained PC-1
retinal chip. Scale bar, 50 μm. (g) Quantification of relative neurite coverage of PC-
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was also able to simultaneously perform three different experimental
groups to activate the retinal chip, producing electrical stimulation. In
addition, Fig. 5d shows that the intensity of the electrical stimulation
generated by the microelectrodes depended on the distance between the
LED and the retinal chip, which provided a voltage range of 40–100 mV.
Previous studies have revealed that the differentiation efficiency and
neurites growth of PC-12 cells were enhanced under an applied electric
field intensity of 30–80 mV/mm [50]. Notably, the voltage excitation
generated by the retinal chip was a biphasic square waveform of ~23.6
Hz rather than a unidirectional constant (Fig. 5e), which facilitated
neurotransmitter communication between neurons more effectively
[51]. After excluding the possibility of light or heat evoked cell differ-
entiation by LEDs (Fig. S8), PC-12 cells were cultured for 5 days under
electrical stimulation for 1 h per day to evaluate the growth and differ-
entiation of neuronal cells on the retinal prosthesis chip. As shown in
Fig. 5f, the neurites of PC-12 cells in the aGO-COL-coated retinal chip
were observed to have a bundle-like structure with a thicker diameter
than that of the COL-coated retinal chip. This result is consistent with the
findings in the previous section, suggesting that the aGO-COL composite
can stable modify the surface properties of a variety of material sub-
strates, including glass (coverslips), plastic (cell culture vessels), and
ltaic-powered retinal chip as a biohybrid neuron implant. (b) An optical image of
size of electrodes and photodiode position. (c) Photograph of a light irradiation
nces between the LED and the retinal chip. (e) The measured biphasic square
2 cells after 5 days of electrical stimulation on COL and 64% aGO-COL coated
12 cells cultured on the retinal chip.
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metallic aluminum (retinal prosthesis chips). Importantly, the
aGO-COL-coated retinal chip showed more prominent differentiation
trends under electrical stimulation (Fig. 5g) This was mainly attributed to
the higher electrical conductivity provided by the aGO-COL-coated
interface, supporting more efficient signal interaction and transmission
between the external electric field injected by the electrodes and the
neuronal cells. Collectively, the biohybrid retinal prosthesis chip with an
aGO-COL-coated interface demonstrated enhanced neuronal differenti-
ation and neurites growth under electrical stimulation.

As the performance of a retinal prosthesis ultimately depends on the
electrode-neuron interface, the optimal situation would be expected to
have a complete connection between the retinal prosthesis chip and the
retinal tissue in the body. Thus, this strategy of creating a biohybrid
electrode interface with the aGO-COL and neuronal cells offers the
prospect of addressing the following limitations [11,13,16,17]: (1)
foreign body reactions, (2) mechanical mismatch between tissues and
implantable electrodes, and (3) signal transmission between the elec-
tronic and biological domains. Future development in biohybrid retinal
prosthesis chips utilizing retinal neuronal cells derived from
patient-derived induced pluripotent stem cells (iPSCs) would also be
promising for autologous transplantation [52,53]. This may greatly in-
crease the immunocompatibility of the retinal prosthesis chips while
providing exciting opportunities to restore visual function through both
tissue regeneration and electrical stimulation.
3.4. Developing the biohybrid retinal prosthesis with micropatterned aGO-
COL

As the ultimate goal in biohybrid retinal prosthesis chip is to achieve
micropatterns of functional biomaterials and living cells on the chip. This
is because exposed surfaces other than electrodes in the actual
Fig. 6. Micropatterning of the aGO-COL composites. (a) Schematic of the aGO-COL m
patterned on the retinal chip through the contact pin printing method. (b) Bright-fiel
chip (right). Scale bar, 200 μm. (c) Bright-field image (left) and fluorescence images o
bar, 200 μm.
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implantationmust be covered and encapsulated with inert biocompatible
materials to prevent unanticipated safety risks such as oxidative spalling
of the retinal chip surface [54], blood clotting [55], and foreign body
reactions [56]. In addition, the presence of a specific connection between
the cells and electrodes also affects visual resolution reproduction [57,
58]. The single-point electrical signals generated by the retinal chip
electrodes may experience crosstalk when the cells grow randomly and
cover multiple electrodes in parallel. Therefore, experiments were con-
ducted on the possibility of micropatterning aGO-COL to allow selective
attachment of PC-12 cells.

A customized 3D bioprinter with droplet printing capability was
utilized (Fig. 6a, Fig. S9). The printing parameters were optimized (P¼ 1
kPa, F ¼ 400 mm/min) to print the smallest droplet size possible within
the electrode (85 μm � 32.5 μm) using a 34G needle (80 μm inner
diameter, 200 μm outer diameter). A contact-pin printing method was
adopted to minimize droplet size and spread. As shown in Fig. 6b, the
bright field image of the aGO-COL micropattern in the cell culture dish
and the retinal chip was approximately 200–250 μm. It was observed that
each micropattern covered 4–6 microelectrodes, which is somewhat
different from the size of the target electrodes. Although themicropattern
size cannot be ideally matched to the electrode size, there is no doubt that
the aGO-COL composite can still be adequately printed as uniform
micropatterns. Importantly, when culturing the PC-12 cells on the aGO-
COL micropatterned substrates, we observed that the cells were selec-
tively attached to the aGO-COL micropattern (Fig. 6c). This result
demonstrated that aGO-COL supported the formation of neuronal cell
microarrays through an interface coating with specific micropatterns.

During the optimization process of the bioprinter, it was observed
that the size of the micropatterns using the contact pin printing method
depended on the outer diameter of the needle. Given that the needle size
employed in this study was the smallest available size by the
icropatterning by the 3D bioprinter. The syringe loaded aGO-COL composite was
d images of aGO-COL micropatterns on the cell-culture dish (left) and the retinal
f nuclei staining (right) of PC-12 cell cultured on aGO-COL micropatterns. Scale
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manufacturer, future studies can divert towards non-contact droplets
printing methods such as piezoelectric inkjet printing or drop-impact
printing systems, which could significantly reduce the minimum limit
of micropattern size [59,60]. Several advanced bioprinting systems have
recently demonstrated the possibility of producing cell micropatterns
within 30 μm using drop-on-demand inkjet printing [61,62]. Notably, we
also attempted to directly print cells by incorporating the PC-12 cells into
the aGO-COL composite at a concentration of 1 � 107 cells/mL as a
bioink (Fig. S10). The positive findings of successfully printing
cell-encapsulated aGO-COL indicated that aGO-COL based bioink
formulation can support neural cell printing. Overall, we demonstrated
the possibility of creating specific neuronal cell-attached electrodes via
the aGO-COL micropatterns. These results demonstrate that aGO-COL
can support micropattern printing and serve as a bioink.

The micropatterned biohybrid electrode interface holds a niche that
provides unique therapeutic opportunities and resources to restore and
activate specific neurons in pathological tissues. For example, the
transmission of visual messages in the optic nerve system is mainly
summarized by the spatial receptive fields of retinal ganglion cells
(RGCs) [63]. Therefore, electrical stimulation encoding specific signal
pathways plays a critical role in reconstructing the bright spot size, color
channels, and lightness contrast of the natural image in the light-evoked
responses to maintain a high-resolution during processing [64]. In
addition, the patterned biohybrid interface serves as a suitable bridge
between biological and implantable electronic devices. It can also facil-
itate the design and fabrication of diverse electronic devices with good
tissue compatibility.

4. Conclusions

In summary, we proposed a method to integrate PC-12 cells into a
retinal prosthesis chip using an aGO-COL composite biomaterial and
micropatterning printing technology. First, we confirmed that aGO
increased the electrical conductivity by 59% compared to GO while
retaining a large number of oxygen-containing functional groups to
facilitate the cross-linking reactions of aGO-COL. Compared to natural
COL, the aGO-COL not only exhibited better electrical activity, but also
presented a unique self-assembled 3D crumpled surface structure on the
substrate, which promoted neuronal cell differentiation and electrical
stimulation efficiency of the retinal chip. Subsequently, we used droplet
printing to create microscale patterns of the aGO-COL which successfully
allowed the neuronal cells to selectively adhere to the micropatterned
substrate, realizing the concept of biohybrid retinal prosthesis. The ob-
jectives of biohybrid implantable electrodes are different from those of
other biocompatible implantable electrodes because the combination of
autologous living cells will provide the advantage of low implant rejec-
tion and tissue regeneration [65,66]. These findings revealed an excel-
lent opportunity to bridge the gap between biological and artificial
implants for functional biohybrid retinal prostheses.
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