
Aligned Nanofibers from Polypyrrole/Graphene as Electrodes for
Regeneration of Optic Nerve via Electrical Stimulation
Lu Yan,† Bingxin Zhao,† Xiaohong Liu,† Xuan Li,† Chao Zeng,‡ Haiyan Shi,† Xiaoxue Xu,§ Tong Lin,‡

Liming Dai,*,†,∥ and Yong Liu*,†,⊥

†Lab of Nanoscale Biosensing and Bioimaging, Institute of Advanced Materials for Nano-Bio Applications,
School of Ophthalmology & Optometry, Wenzhou Medical University, Wenzhou, Zhejiang 325027, China
‡Institute for Frontier Materials, Deakin University, Waurn Ponds, Victoria 3216, Australia
§Centre for Biomedical Materials and Engineering, Harbin Engineering University, Harbin, Heilong Jiang 150001, China
∥Center of Advanced Science and Engineering for Carbon (Case4Carbon), Department of Macromolecular Science and Engineering,
Case Western Reserve University, Cleveland, Ohio 44106, United States

⊥Department of Chemistry and Biomolecular Science, Macquarie University, Sydney, New South Wales 2109, Australia

*S Supporting Information

ABSTRACT: The damage of optic nerve will cause perma-
nent visual field loss and irreversible ocular diseases, such as
glaucoma. The damage of optic nerve is mainly derived from
the atrophy, apoptosis or death of retinal ganglion cells (RGCs).
Though some progress has been achieved on electronic retinal
implants that can electrically stimulate undamaged parts of RGCs
or retina to transfer signals, stimulated self-repair/regeneration
of RGCs has not been realized yet. The key challenge for
development of electrically stimulated regeneration of RGCs
is the selection of stimulation electrodes with a sufficient safe
charge injection limit (Qinj, i.e., electrochemical capacitance).
Most traditional electrodes tend to have low Qinj values. Herein, we synthesized polypyrrole functionalized graphene (PPy-G) via a
facile but efficient polymerization-enhanced ball milling method for the first time. This technique could not only efficiently introduce
electron-acceptor nitrogen to enhance capacitance, but also remain a conductive platform-the π−π conjugated carbon plane for
charge transportation. PPy-G based aligned nanofibers were subsequently fabricated for guided growth and electrical stimulation (ES)
of RGCs. Significantly enhanced viability, neurite outgrowth and antiaging ability of RGCs were observed after ES, suggesting
possibilities for regeneration of optic nerve via ES on the suitable nanoelectrodes.
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■ INTRODUCTION
Glaucoma is one of the leading ocular diseases that cause
irreversible blindness. It is a kind of permanent optic atrophy and
visual field loss due to pathological high intraocular pressure
(IOP) and/or retinal ischemia. Typically, high pressure inside
the eyes and/or retinal ischemia will cause lesion of retinal
ganglion cells (RGCs) and their axons. To date, the general way
to deal with glaucoma in clinic therapy is decreasing the IOP by
medication or operation. Although the therapy approach can
prevent further damage, the lesion of vision functions cannot be
recovered. It is known that bioelectricity presented in the human
body plays an integral role in maintaining normal biological
functions, such as signaling of the nervous system, muscle con-
traction, and wound healing.1 One side of the cell is hyper-
polarized while the other side is depolarized when the cell was
exposed to an electric field,2 resulted in different fundamental
physiological processes across biological membranes.3,4 Elec-
trical stimulation (ES) has displayed great effects on protection
of injured central neurons in vitro5 and the ability to improve the

survival rates and axon growth of central nervous system in vivo.6

Optic nerve is composed of RGC axons that flock together at the
optic disc and across sclera. Theoretically, it should be possible to
regenerate RGC’s axons via ES for therapy of glaucoma because
glaucoma is generally caused by apoptosis of RGCs. Thus, the
use of electrical signals for biomedical applications has attracted
great attention. Recent research indicates that the use of ES
to enhance RGCs’ signal transportation is feasible by using
multielectrode arrays (e.g., indium tin oxide and silicon nitride)7

or nitrogen-doped ultra-nanocrystaliline diamond (N-UNCD),8

though the electrically stimulated regeneration of RGCs is still
challenged by the selection of suitable electrodes.
Graphene, a fascinating 2D monolayer of carbon atoms, has

recently emerged with many intriguing properties, including
electrical conductivity, electrochemical stability, high surface area
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and biocompatibility.9 Much attention has been paid in designing
graphene based scaffolds for neural regeneration because neural
cells are electroactive and functions of nerve systems are related
to electrical activities. The large surface area of graphene provides
additional advantages for integration of graphene with tissues.
However, pure graphene based microelectrodes for ES are hard
to achieve due to some drawbacks, including their low Qinj and
poor biocompatibility. To this end, graphene oxide (GO) has
been immobilized onto ammonia plasma treated poly(vinyl
chloride) nanofibers via electrostatic adhesion, followed by the
chemical reduction of GO. The resultant N-doped reduced GO
based nanofibers were found to facilitate electrically stimulated
growth of spinal motor neuron.10 Nonconductive biopolymers,
such as polylactic acid (PLA) or polylactic-co-glycolic acid
(PLGA), have also been hybridized with graphene prepared by
chemical vapor deposition, leading to an enhanced differentiation
of PC-12 cells with a concomitant reduced conductivity.11

In this study, we have incorporated graphene with nitrogen-
containing conducting polymers (e.g., polypyrrole) to enhance
the capacitance of the electrodes for ES. Conducting polymers
(CPs), known as synthetic metals, have been widely investigated
for various physiochemical applications. Because CPs possess a
conjugated backbone with a high degree of π electron delo-
calization, they can be readily oxidized or reduced to become
either positively charged (oxidative or p-doping) or negatively
charged (reductive or n-doping).12,13 3D CP nanofibers can
not only provide network substrates for cell adhesion and
proliferation but also enhance electron transport for ES.14 ES via
the nanofibrous scaffold could activate the molecular machinery
necessary for axon elongation either by inducing nerve action
potentials15 or multicellular healing responses.16 The 3D
nanofibrous structures prepared using electrospinning have
been considered as the most suitable scaffolds for ES.17,18 3D
nanofibrous scaffolds as the biocompatible and electrical con-
ductive substrates for adhesion and proliferation of nerve cells19

can enlarge the interacting area between the electrode and cells,
which is essential for stimulation of nerve cell adhesion and
enhanced charge transportation from the electrode to cells.20

Though 3D CP electrospun nanofibers could be used as
substrates for ES, their clinical utilization in tissue engineering
is still limited by their poor stability and low conductivity.21 It is
thus essential to introduce more conductive and robust materials,
such as graphene into the CP scaffold structure.22 Particularly,
the combination of 3D nanofibrous structures, CPs and graphene
can match all properties required for ES.
We have previously demonstrated the synthesis of highly

electroactive graphene via edge-functionalized ball milling
techniques elsewhere.23,24 Compared with other traditional tech-
niques for graphene preparation, such as mechanical exfoliation,9

chemical oxidation25 and chemical vapor deposition (CVD),26

the ball milling method is an environmental-friendly, facile,
easy to be controlled, and efficient for preparing functionalized
graphene with high quality, good structures and properties.27 In
this study, we have prepared CPs (e.g., PPy) functionalized
graphene (PPy-G) using a novel polymer polymerization enhanced
ball milling (PPEBM) technique. In a typical experiment, PPy was
incorporated during the ball milling process to obtain well-defined
PPy conjugated graphene hybrids. The as-synthesized PPy-G
hybrids with the presence of biocompatible poly(lactic-co-glycolic
acid) (PLGA) was subsequently electrospun via a modified elec-
trospinning setup to obtain aligned nanofibrous scaffolds for ES.
The resultant aligned nanofibrous scaffold from PPy-G/PLGA
was applied as the electrode for the stimulated growth of RGCs.

Dramatically enhanced cell viability, cell length and antiaging
ability were obtained after ES. This is consistent with our
previously reported preliminary observation that the aligned
nanofibers rather than random nanofibers offer additional
advantages for stimulation applications for certain specific tissue
engineering, including controlled adhesion and oriented growth
of nerve cells.28

■ EXPERIMENTAL SECTION
Reagents and Materials. Graphite flakes were provided by

Qingdao Haida Corporation. Pyrrole and rhodamine were obtained
from Sigma-Aldrich (St. Louis, MO). PLGA was purchased from Lactel
Absorbable Polymer company (Birmingham, AL). Dichloromethane
(DCM) and N,N-dimethylformamide (DMF) were obtained from
Aladdin Industrial Corporation (Shanghai, China). The primary RGCs
were supplied by Procell company (Wu Han, China). Dulbecco’s
modified Eagle’s medium (DMEM), fatal bovine serum and other cell
culture reagents were all obtained from Life Technologies (Carlsbad,
CA). Hoechst 33258 for nucleus stain was purchased from Beyotime
Biotechnology Institute (Shanghai, China).

Preparation of Polypyrrole Modified Graphene (PPy-G).
PPy-G was prepared by ball milling of graphite flakes and pyrrole
monomer. In a typical process, 10 mg of graphite powder (Qingdao
Haida Corporation) and 200 μL of pyrrole (Sigma-Aldrich) were
blended in an stainless steel container filled with appropriate size and
right amount of stainless steel milling balls (3 mm in diameter, Nanjing
NanDa Instrument Plant). The container was then placed in a planetary
ball milling machine (Nanjing NanDa Instrument Plant). The samples
were vigorously milled at a rate of 500 rpm for 5 h in air at the room tem-
perature. The resulting mixture was subsequently transferred to a 50 mL
centrifuge tube containing ethanol. After centrifugation at 2000 rpm for
5 min (to remove large particles), the supernatant was transferred to a
dialysis bag (molecular weight cutoff: 8000−14 000, Shanghai Ye’yuan
biological Ltd.) and soaked in ethanol over 48 h to remove unreacted
pyrrole and impurities.

Fabrication of Nanofibrous Scaffolds. PLGA (75:25, Lactel
Absorbable Polymer) was mixed with PPy-G in DCM/DMF (volume
ratio 3:1, Aladdin Industrial Corporation) at various ratios for making
electrospinning. Themass ratio of PPy-G to PLGA dispersion was varied
from 1:100 to 6:100. Amodified electrospinning setup with a high-speed
rotating drum as the target collector was used for electrospinning.
During electrospinning, the solution was fed at a flow rate in the range of
30−50 μL/min via a syringe pump. Aligned structured nanofibers were
collected on the ITO glass slide mounted on the rotating drum that was
covered by the aluminum foil. The applied voltage for electro-
spinning was controlled at 10−20 kV, and electrospinning distance
was 15−20 cm. CCK-8 assay was used to identify the cytotoxicity of
PPy-G. (see Supporting Information (SI) for details).

Electrical Stimulation. Primary RGCs from SD rats (Procell
company) were seeded on the PPy-G/PLGA nanofibers, and then
precultured for 24 h. The ES setup is schematically shown in Figure S10.
An electrochemical workstation (CHI 760D) was used as a power
source. A platinum (Pt) wire contacting with the nanofibers was used as
the working electrode. Another Pt wire placed in the cell culturemedium
was used as the counter electrode. The distance between two Pt elec-
trodes was 1 cm. The ES was conducted by a double pulsed potential
chronoamperometry. The forward potential was varied from 0.1 to
1 V/cm while the reverse potential was changed from−0.1 to−1 V/cm.
Cells were exposed to the electrical field 1 h each day for 3 days. After
treatment, the cells with nanofiber scaffolds were maintained in the
incubator at 37 °C with 5% CO2. Properties of RGCs were measured
after 3 days of culture. For comparison, RGCs on the nanofibers without
ES were served as the controls. The neurite length was measured by a
microscopy analysis software.

Confocal Microscopy. RGCs attached scaffolds were fixed using
4% paraformaldehyde for 20 min, followed by permeabilization of
cell membrane with 0.1% Triton-x 100 for 5 min. Rhodamine was
subsequently added to stain cytoskeletal for 30 min. The superfluous
dyestuff was washed away with PBS. Hoechst 33258 was subsequently
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used for nuclear staining, followed by washing with PBS. Cells were
imaged using confocal microscopy (Zeiss).
Cell Aging Study. RGCs cultured over 10 days were transferred to

the 6% PPy-G/PLGA nanofibers. The cells with nanofiber scaffolds
were subjected to ES at a pulsed voltage of −700 and +700 mV/cm.
RGC cells cultured under the same conditions without ES were used as
the control. The ES was performed 1 h each day and continued for
3 days. The resulting cells were subsequently stained green for
cytoskeletal, and blue for nuclear. Images of cells were taken using
fluorescent microscopy (Olympus).

■ RESULTS AND DISCUSSION

Figure 1a schematically shows the synthesis of PPy-G by ball
milling graphite and pyrrole. Pyrrole monomer was expected to
edge-functionalize graphite sheets via the active nitrogen sites
during the initial step. Polymerization of pyrrole occurred as
a result of heating during milling friction. As a result of the
increase during polymerization, the intersheet distance in-
creased, facilitating the exfoliation of nanosheets. After ball
milling, the resulting PPy-G was dispersed well in ethanol as
shown in (Figure 1b). No visible aggregation was observed
even after the dispersion was left in static condition for 7 days.
Morphology and thickness of the as-synthesized PPy-G
nanosheets are shown in Figure 1c. The AFM image exhibited
that the PPy-G nanosheets distributed uniformly on the
substrate. The average thickness was around 1.18 nm.
In this work, biocompatible PLGA was coelectrospun with the

PPy-G/ethanol dispersion to improve the spinning ability, and
meanwhile enhance the biocompatibility. Randomly oriented
nanofibers and aligned nanofibers were fabricated at the same
electrospinning condition. The SEM micrographs of as-electro-
spun nanofibers from both 1% PPy-G (w/w) and 6% PPy-G
(w/w) are shown in Figure 1d−g. Well-defined aligned nano-
fibers with an average diameter around 150 nm were obtained
from the dispersion containing 1% PPy-G (Figure 1d), whereas
entangled nanofibers with a diameter of 180 nm were obtained
when the collector did not rotate during electrospinning (Figure 1e).
Aligned fibrous structure was remained well when the content of
PPy-G was increased to 6% though the average fiber diameter

decreased by 80 nm (Figure 1c). Typical porous electrospun
mats with randomly oriented fibrous structure (around 110 nm)
were obtained from 6% PPy-G (Figure 1d). Some fiber beads
were visible with increasing amounts of PPy-G, indicating that it
was hard to further increase content of PPy-G in the blend fibers.
Elemental analysis results indicated that the dominant elements
in the PPy-G nanofibers were C, O and N (Figure S1, SI). The
element N distributed uniformly along the nanofibers, indicating
that the PPy-G evenly blends with PLGA within nanofibers.
The PPy-G and PPy-G/PLGA nanofibers were characterized

using various techniques. The corresponding FTIR spectrum of
the PPy-G is shown in Figure 2a. Broad bands between 3300 and
3500 cm−1, arising from NH stretching vibration, along
with the peak at 3000 cm−1 attributable to CH vibration from
the aromatic rings, confirming the presence of PPy in the as-
synthesized PPy-G. A very weak band at 2950 cm−1 is associated
with the symmetric and asymmetric CH stretching vibration
of saturated hydrocarbons, suggesting the low content of satura-
ted hydrocarbons in the resulting PPy-G. A band at 1650 cm−1 is
due to the combined vibration from CC stretching of graphite
base and NH bending from the PPy base. Two bands at 1540
and 1460 cm−1 are corresponding to CC stretching in the
aromatic rings. The sharp peak at 1050 cm−1 is associated with
the vibration of CN stretching. The alkane (CH) bend
vibration is observed over the range of 500−1000 cm−1. FTIR
results suggest a high percentage content of N and CC in the
as-synthesized PPy-G. These characteristic peaks were all
observed in the FTIR spectrum of the PPy-G nanofibers (red
curve, Figure 2a), confirming the presence of the PPy-G in the
blend nanofibers.
Thermostability of the resulting nanomaterials was deter-

mined by thermal gravimetric analysis (TGA). As shown in
Figure S2 (SI), the incorporation of PPy-G into PLGAwas found
to improve the thermostability of nanofibers. PLGA started
decomposition at 270 °C whereas the decomposition temper-
ature was increased to 320 °C when PPy-G was presented in
PLGA. 10% residential weight remained after complete
decomposition of polymers at 350 °C. The observed improved

Figure 1. (a) Schematic synthesis of the PPy-G via the polymer polymerization enhanced ball milling method. (b) Digital photo of the PPy-G well
dispersed in ethanol. (c) AFM micrograph of the PPy-G. (d) SEM micrograph of the aligned nanofibers from 1% (w/w) PPy-G/PLGA dispersion
compared to (e) that of the random nanofibers prepared at the identical conditions. (f) SEM micrograph of the aligned nanofibers from 6% (w/w)
PPy-G/PLGA dispersion compared to (g) that of the random nanofibers synthesized at the identical conditions. Inset f is the digital photo of the
nanofibrous scaffold used for electrical stimulation.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b12843
ACS Appl. Mater. Interfaces 2016, 8, 6834−6840

6836

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b12843


thermostability was attributable to the reduced oxidation by
graphene sheets.
PPy-G in PLGA was further verified by the Raman spectrum.

As shown in Figure 2b, the characteristic peak of PPy was visible
at 1000 cm−1. Three peaks were observed at 1350 cm−1 (sp3

carbon, D band), 1580 cm−1 (sp2 carbon, G band) and 2700 cm−1

(2D band) respectively, confirming the presence of graphene
structure. The intensity ratio of the D band to G band (ID/IG) is
1.81, slightly higher than that of the nitrogen-doped graphene
prepared using other techniques such as CVD,24 chemical
treatment,29 microwave,30 plasma31 and edge-functionalized ball
milling,27,32 suggesting that the incorporation of PPy caused dis-
orders for graphene. For comparison, the corresponding Raman
spectrum of the PPy-G/PLGA nanofibers was also shown in
Figure 2b (red curve). One characteristic peaks associated with
PPy, and three peaks arisen from D band, G band, and 2D band of
graphene were also observed, indicating the existence of PPy-G in
the blend nanofibers. Significant shifts at the D band and 2D band
were observed for the nanofibers when compared to the pristine
PPy-G, presumably due to the interaction between Py-G and
PLGA.
Figure 2c shows the excellent electrochemical activity and

capacitance off the resulting PPy-G. One couple of stable redox
peaks at +0.47 and −0.08 V (vs Ag/AgCl) due to oxidation and
reduction of PPy were evident in the cyclic voltammogram (CV)
of PPy-G in 0.1 M phosphate buffer solution (PBS, pH 7.4). For
the purpose of comparison, we measured CV at the graphite,
which was treated by the same ball milling procedure under
identical conditions without addition of pyrrole. There was no
significant redox peak presented in the CV of the graphite (blue
curve, Figure 2c), confirming that successful polymerization of
PPy and the graphene introduced electroactivity to the resulting
PPy-G. A much higher CV area was obtained at the PPy-G,
indicative of significantly increased surface area arising from

formation of the PPy-G nanosheets. We further measured
electrochemical properties of the PPy-G/PLGA aligned nano-
fibers using CV. The CV result in Figure S4 suggested that much
higher peak currents were obtained on the 6% PPy-G/PLGA
fiber electrode (blue curve, Figure S4) when compared to that on
the 1%PPy-G/PLGA nanofbiers (red curve, Figure S4), indicating
that higher content of PPy-G in the resulting nanofibers
introduced much higher electroactivity, which is beneficial to
electrical stimulation. The peak current decreased around 100%
when the content of PPy-G in the PLGA nanofibers reduced from
6% to 1%. 6%PPy/PLGA aligned nanofibers without the presence
of graphene were further synthesized for comparison. As shown in
Figure S4c (green curve), the redox current at the 6% PPy/PLGA
nanofibers was negligible when compared to that at the PPy-G/
PLGA nanofibers. These results suggested that the presence of
graphene in the nanofibers played key roles in determining
electroactivity of the resulting electrode.
In vitro growth of RGCs on the PPy-G/PLGA nanofibrous

scaffold under periodical electric stimulation was studied. The
PPy-G/PLGA nanofibers provided suitable 3D structure with a
huge surface area for cell attachment, and their good conductivity
offered effective electron transport during ES. A double pulsed
potential chronoamperometry was used for ES on the PPy-G/
PLGA nanofibers. As shown in Figure 2d, the current decreased
gradually at the constant pulsed potential (±700 mV/cm) which
prevented RGCs from overpolarization, hence beneficial to
the stimulated growth of cell. Figure S5 (SI) shows details on
the selection of electrical potential. ±700 mV/cm was found to
be the best step voltage for ES of RGCs. RGC cells grew well on
the random nanofibers as shown in Figure 3a. When the aligned
nanofiber network was applied, cell neurites were guided along
the fiber (Figure 3b,c).
After electrical stimulation, both cell density and the average

length of neurite outgrowth for the RGCs on all substrates

Figure 2. (a) FTIR spectra of the PPy-G/PLGA nanofibers compared to the PPy-G. (b) Raman spectra of the PPy-G/PLGA nanofibers compared to the
PPy-G. (c) Cyclic voltammograms in 0.1 M PBS solution (pH = 7.4) at the PPy-G and graphite after ball milling without addition of pyrrole for
comparison. Electrode size: 1 cm2. Scan rate: 50 mV/s. (d) Current−time response (the first 30 steps was shown) during electrical stimulation on the
PPy-G/PLGA nanofibers controlled by a double-potential step chronoamperometry. The applied potential steps were +700 and −700 mV/cm vs
Ag/AgCl. Pulse width = 0.1 s.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b12843
ACS Appl. Mater. Interfaces 2016, 8, 6834−6840

6837

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12843/suppl_file/am5b12843_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b12843


increased significantly. Cells on the random nanofibers increased
by 80 to 100 μm in length when the cells received ES during
culture (Figure 3a′). The RGC length became 140 μm and
further increased to 160 μm after ES when aligned PPy-G/PLGA
nanofibers (PPy-G content 1%) were used (Figure 3b′), con-
firming that aligned structure could promote the growth of
RGCs. When more PPy-G/PLGA, such as 6%, was added to the
nanofibers, the cell length increased up to 190 μm (Figure 3c′)
after ES, whereas the cell length remained 140 μm without ES
(Figure 3c). These results suggest that electroactive PPy-G plays
key roles in promoting the cell growth under ES. For the purpose
of comparison, aligned nanofibers from 6% PPy/PLGA were
prepared under the same conditions and used for ES. As shown in
Figure S6, aligned nanostructure was useful to guide the
outgrowth of RGCs. But change in the cell length after ES was
negligible (Figure 3d). This confirmed that the electroactivity of
nondoped PPy was too poor to perform ES on RGCs. ES results
were in good consentient with the CV results. Figure S7
shows SEM images of the cells after ES. Enhanced cell density
and length were visible after ES on the random nanofibers
(Figure S7a,b). Cell length was further elongated and cell
outgrowth was guided very well when the aligned nanofibers
were used as the ES electrode (Figure S7c,d).

The cytotoxicity of the as-synthesized PPy-G was evaluated
using the CCK-8 assay. All RGC cell viabilities with various
amounts of PPy-G (up to 100 μg/mL) were higher than 90%
(Figure S9), suggesting excellent biocompatibility for the
resulting PPy-G. The cell viabilities of RGCs on the different
ES electrodes were further evaluated. As shown in Figure 3e, all
cell viabilities were higher than 80%, indicating good bio-
compatibility of the as-synthesized PPy-G/PLGA nanofibers. Of
particular interest, the cell viability on the 6% PPy-G nanofibers
was almost 100% similar to the control, suggesting excellent
biocompatibility and the best substrate structure for cell
attachment and growth. The cell length sharply increased from
80 μm on the random nanofibers before ES to 190 μm on the
aligned nanofibers after ES (Figure 3d). The observed dramatic
137% improvement in cell length suggests that regeneration of
RGC is feasible to be realized via ES.
We further studied the effects of ES on antiaging ability of

RGCs. RGC cells used in this study were primary RGCs, which
are highly differentiated neural cells with a limited lifespan (less
than 20 days). Generally, cell viability of the primary RGCs was
found to be only 40% after 10 days’ culture in vitro due to cell
apoptosis or nuclear necrosis.33 For comparison, the nuclei of
RGCs were marked in blue while the cell cytoskeleton was

Figure 3. Confocal microscopy images of RGC cells seeded on (a) the random PPy-G/PLGA nanofibers without ES and (a′) after ES; (b) the aligned
PPy-G/PLGA nanofibers with 1% (w/w) PPy-G without ES and (b′) after ES; (c) the aligned PPy/G-PLGA nanofibers containing 6% (w/w) PPy-G
without ES and (c′) after ES. (d) Average cell length of RGCs without and after ES. (e) Cell viability of RGCs cultured on the different substrates. ES
conditions: Step potential was pulsed between −700 and +700 mV/cm. ES was performed 1 h everyday and lasted for 3 days.
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stained in green. As shown in Figure 4a, RGCs seeded on the
PPy-G/PLGA nanofibers without ES showed smaller size, more
tentacles, and round in shape after 10 days’ culture, suggesting
that these cells went through apoptosis and necrosis. RGCs on
the nanofibers after ES (Figure 4b), however, remained very
good healthy cell morphology. Particularly, the cell length
increased from 50 to 107 μm after ES, indicating that ES
enhanced antiaging ability of RGCs.

■ CONCLUSIONS
We have synthesized the PPy-G nanosheets by in situ
polymerization of pyrrole during ball milling, and PPy-G/
PLGA nanofibers using electrospinning. The resulting aligned
PPy-G/PLGA nanofibers considerably improved the RGC
density and guided the neurite outgrowth of RGCs along the
direction of nanofibers. Electrical stimulation led to 137%
improvement in cell length with a significantly enhanced anti-
aging effect for RGCs. Therefore, the aligned nanofibrous
scaffold from the PPy-Gmodified nanocomposites opens up new
approaches to the growth of RGCs and regeneration of optical
nerve, providing novel alternatives for clinic therapy of optical
nerve related diseases, such as glaucoma.
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