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ABSTRACT: Neural tissue engineering has emerged as a promising technology to cure neural damages. Although various
synthetic polymers with good biocompatibility and biodegradability have been adopted as candidate materials for scaffolds,
most of them require the incorporation of biomolecules or conductive materials to promote the growth of long axons. Herein
we demonstrate for the first time a unique peptide-based polyelectrolyte that is ionically conductive and contains a
neurotransmitter, glutamic acid. The designed polymer, sodium salt of poly(γ-benzyl-L-glutamate)-r-poly(L-glutamic acid)
(PBGA20-Na), was synthesized and fabricated into a 3D fibrous scaffold with aligned fibers. Neuron-like rat
pheochromocytoma (PC12) cells were cultured on the scaffolds to evaluate cell proliferation and differentiation with or
without electrical stimulation. The results show that with both electrical and biochemical cues presented in the polyelectrolyte,
PBGA20-Na promotes longer neurite outgrowth compared with the neutral poly(γ-benzyl-L-glutamate) (PBG) and the poly(γ-
benzyl-L-glutamate)-r-poly(L-glutamic acid) (PBGA20). Furthermore, the neurite length of the cells cultured on PBGA20-Na is
more than twice as long compared with the conventional biopolymer, polycaprolactone. In conclusion, PBGA20-Na is a
promising biomaterial for neural tissue engineering and drug-screening platforms.

KEYWORDS: neuron regeneration, tissue engineering, polypeptide, polyelectrolyte, electrical stimulation, glutamic acid

■ INTRODUCTION

Millions of people suffer from neurodegenerative diseases
arising from the central nervous system, especially in the brain,
optic nerve, or retina. For example, the neural damages in the
brain lead to Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease.1,2 The degeneration of retinal ganglion
cell leads to glaucoma and irreversible blindness.3 How to
repair the damaged central nervous tissues remains a challenge
issue because central nervous tissues have limited intrinsic
regenerative capacity after injury.4 Recently, neural tissue
engineering has been considered as a promising technology to
transplant functional engineered neural tissues and treat
neurodegenerative diseases.5−7 The key to tissue engineering

is to provide a 3D scaffold serving as an artificial extracellular
matrix.8 However, the biocompatibility and biodegradability
are crucial properties for an artificial functional scaffold.
Furthermore, an architecture that allows neurons to direction-
ally extend axons is also a critical issue for rebuilding neuron
communication.
Synthetic scaffolds made of polyesters or oligopeptides have

shown successful culture of neurons or stem cells.7,9,10

However, synthetic polyesters usually lack cell recognizable
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ligands and may degrade into acids and alcohols, causing local
low-pH and inflammatory reactions.11−13 Oligopeptides could
be synthesized by solid-phase synthesizers or genetic engineer-
ing. The process is time-consuming, and the yield is usually
low.14−16 Scaffolds made of conducting polymers combined
with external electrical stimulus can stimulate longer axon
growth of neurons.17,18 Nevertheless, conducting polymers are
inherently nonbiodegradable,19 which is not suitable for tissue
regeneration purpose. Herein we propose a unique peptide-
based polyelectrolyte, sodium salt of poly(γ-benzyl-L-gluta-
mate)-r-poly(L-glutamic acid) (PBGA20-Na), which is bio-
degradable because of the peptide linkages, as shown in Figure
1. It contains glutamic acid, an excitatory neurotransmitter,
which can promote synaptic transmission and neurogene-
sis.20−22 The ionic conductivity could induce more and faster
neurite outgrowth because nerves are electroactive.19,23

Besides, it can be fabricated into a 3D fibrous scaffold with
aligned fibers to guide the directional outgrowth of neurites. In
this work, neuron-like rat pheochromocytoma (PC12) cells
were cultured on the scaffolds to evaluate cell proliferation and
differentiation with or without electrical stimulation. Two
structurally resembled polypeptides, poly(γ-benzyl-L-gluta-
mate) (PBG) and poly(γ-benzyl-L-glutamate)-r-poly(L-gluta-
mic acid) (PBGA20), were used for comparison. Commercial
polycaprolactone (PCL) served as a comparative control in
this study.

■ MATERIALS AND METHODS
Materials. Chemicals for the characterization of cellular behaviors

included a Live/Dead viability/cytotoxicity kit (cat. no. L3224,

Molecular Probes), Alamar Blue cell cytotoxicity assay (cat. no.
BUF102A, AbD Serotec), bovine serum albumin (BSA, cat. no.
B4287, Sigma-Aldrich), 4′,6-diamidino-2-phenylindole (DAPI, cat.
no. D8417, Sigma-Aldrich), phalloidin-tetramethylrhodamine B
isothiocyanate (phalloidin-TRITC, cat. no. P1951, Sigma-Aldrich),
Alexa Fluor 488 goat antimouse IgG (H+L) secondary antibody (cat.
no. A11001, molecular probes), formaldehyde (37 wt %, cat. no. 50-
00-0, ACROS Organics), Triton X-100 (cat. no. X198-07, J.T. Baker),
and protease from bovine pancreas (Type I, cat. no. P4630, Sigma).
The stock solution of phalloidin was prepared by dissolving 0.1 mg
phalloidin-TRITC in 1 mL of DMSO (76.6 μM). The stock solution
of DAPI was prepared by dissolving 5 mg DAPI in 5 mL of DI water
(1 mg/mL).

Nomenclature. Polycaprolactone and poly(γ-benzyl-L-glutamate)
are abbreviated as PCL and PBG, respectively. The random
copolymer that contains 20 mol % of poly(α-L-glutamic acid) and
80 mol % of PBG, poly(γ-benzyl-L-glutamate)-r-poly(L-glutamic acid),
is named PBGA20. The polyelectrolyte derived from PBGA20,
sodium salt of poly(γ-benzyl-L-glutamate)-r-poly(L-glutamic acid), is
named PBGA20-Na. The monomer of PBG, γ-benzyl glutamate-N-
carboxy anhydride, is abbreviated BGNCA.

Fabrication of Fibrous Scaffold with Aligned Fibers.
Homogenous solutions of PCL, PBG, and PBGA20 were prepared
by dissolving the polymer powders in a cosolvent of tetrahydrofuran
(THF) and N,N-dimethylacetamide (DMAc) overnight. The polymer
solution was placed in a 3 mL syringe, which was mounted in a
syringe pump. A high voltage supply was connected to a needle tip. A
grounded, metal target was placed horizontally 15 cm away from the
needle tip and rotated in a speed of 3200 rpm. Scaffolds were
collected on either cover glasses or indium tin oxide (ITO) glasses.
The total pump volume was controlled by calculating the product of
flow rate and pumping time. Table S1 lists the parameters for the
electrospinning process.

Figure 1. Schematic illustration of synthesizing and fabricating PCL, PBG, PBGA20, and PBGA20-Na scaffolds for culturing PC12 cells without or
with electrical stimulation.
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Fabrication of PBGA20-Na Scaffold. The PBGA20 scaffold was
immersed in 0.2 M NaOH aqueous solution for 30 min. The scaffold
was thoroughly rinsed with distilled water to make sure all NaOH was
removed from the scaffold. The scaffold was vacuum-dried at 40−50
°C overnight. The chemical structure of PBGA20-Na scaffold was
confirmed by X-ray photoelectron spectroscopy (XPS) (Figure S6).
Biodegradability of Scaffold. Scaffolds prepared for the

degradation test were cut into circles with a diameter of 12 mm.
For each set, 24−27 circular scaffolds were weighted for their initial
total weight (W0) to reach a minimum value of 15 mg. Scaffolds were
put into a six-well culture plate with a density of eight to nine pieces
per well. The enzymatic solution was prepared according to the
previous study.24 Protease from bovine pancreas was dissolved in
phosphate-buffered saline (PBS) with a concentration of 10 units/mL
and adjusted to pH 7.4 before filtration (0.22 μm). The prepared
enzymatic solution was added to the six-well culture plate with a
volume of 2 to 2.4 mL/well to totally immerse scaffolds. The solution
was refreshed every 2 to 3 days to maintain the activity of enzymes. At
days 7, 14, 21, 28, 35, and 42, parts of the scaffolds were removed
from the enzymatic solution and washed with distilled water six to
eight times in an ultrasound bath. The scaffolds were immersed in
95% ethanol for at least 24 h. Finally, the scaffolds were vacuum-dried
at 40 °C overnight before the second measurement of the weight (W).
The remaining weight (%) was calculated by 100 × (W/W0).
Electrical Stimulation of PC12 Cells on Scaffolds. Scaffolds on

ITO glasses were immersed in antibiotic antimycotic solution (1% v/v
in PBS) at 4 °C overnight, exposed to UV light for 20 min, and
immersed in fresh culture medium for 20 min until use. PC12 cells
were seeded on scaffolds in a density of 8000 cells/cm2. After 1 day,
100 ng/mL nerve growth factor (NGF) was added to the culture
medium. After another 1 day, electrical stimulation started. The
processing parameters for the electrical stimulation are based on
previous studies.25,26 The two parts of the ITO served as electrodes to
release electrical signals to the cells (Figure S7). A biphasic electrical
pulse with the amplitude of 100 mV was released 1 h every day. The
culture medium with NGF was renewed every 3 days.
Fluorescence Staining of PC12 Cells on Scaffolds. Scaffolds

on cover glasses or ITO glasses were prepared in the same way as
previously described. PC12 cells were seeded on scaffolds in a density
of 8000 cells/cm2. After 1 day, 100 ng/mL NGF was added to the
culture medium, and the medium with NGF was renewed every 3
days. After 5 or 10 days, cells were fixed by immersing cells in
formaldehyde solution (3.7% v/v in PBS) for 15 min. Cells were
immersed in Triton-X 100 solution (1% v/v in PBS) for 10 min. Cells
were stained for F-actin by phalloidin for 1 h. Cells were stained for
the nucleus by DAPI for 5 min and ready for imaging.
Characterization of Neurite Length. The phalloidin labeling

was used to measure the neurite length. The neurite length was
measured from the cell body to the tip of the neurite using the
software ImageJ. Each group was repeated three times. More than 85
neurites were measured for length in each sample. Notably, the
measured neurite lengths were not normally distributed. Therefore,
the Kruskal−Wallis H test was used instead of the t test to statistically
evaluate the differences between the neurite populations.27

■ RESULTS AND DISCUSSION

Figure 1 shows the schematic diagram of the synthesis and
fabrication of polypeptide materials used in this study. PBG
and PBGA20 were synthesized and characterized in our lab
(Supporting Information). The PBG has the weight-average
molecular weight in the range of 200−300 kDa, PDI: 1.2 to 1.3
for ease of fiber formation. The PBGA20 was obtained through
partial hydrolysis PBG to have a 20% molar ratio of glutamic
acid in the peptide. The commercial available biodegradable
polymer, PCL, was used as the control throughout the study. It
has a similar molecular weight as the polypeptide at 282 kDa,
PDI: 1.3. Then, the scaffolds of PCL, PBG, and PBGA20 were
prepared using the electrospinning method from their

respective polymer solution. The polyelectrolyte, PBGA20-
Na scaffold was prepared by treating the PBGA scaffold with
sodium hydroxide solution to neutralize the glutamic acid to
sodium salt. According to our previous study,28 the fiber in the
diameter of one micron is most suitable for the growth of the
cell because its size can accommodate the cell to be adhered on
it and its porosity can provide a 3D environment for the
communication of cells. The length of neurite outgrowth of
PC-12 on the 3D scaffold made from aligned fibers is longer
than isotropic fibers due to the directional growth by aligned
fibers.31 Therefore, we used about one micron diameter of
aligned fibers throughout this study to rule out the fiber size
effect.

Biodegradability of Scaffold. The biodegradability of
scaffolds is important because scaffolds are expected to support
the growing tissues at the beginning and to be replaced by the
extracellular matrix secreted from the newborn tissues at the
end.8 Because the designed polymers in this study are peptide-
based biomaterials, PBS solution containing proteases was
chosen as a model for the in vivo environment.24 Figure 2

showed the remaining weights of the scaffolds every 7 days
from day 0 to day 42. Three stages of the degradation process
can be differentiated. We obtained the average values of data
points for certain periods of time in Figure 2 and summarized
them in Table 1.
The degradation behaviors of PCL and PBG were similar.

They both maintained >99% of their weights on stage I (i.e.,
day 0∼7), lost 3 to 4% of their weights on stage II (i.e., days
7−28), and kept their weights on stage III (i.e., days 28−42).
The remaining weight of the PBGA20-Na scaffold was much

Figure 2. Degradation of scaffolds in protease solution

Table 1. % Weight Retention of Scaffolds in Protease
Solution for Different Periods of Time

% weight retention at stage

I II III

polymer day 0 days 0−7 days 7−28 days 28−42 day 42

PCL 100 100 ± 0 96 ± 3 96 ± 1 96 ± 0
PBG 100 99 ± 2 97 ± 1 97 ± 3 96 ± 0
PBGA20 100 98 ± 2 97 ± 1 91 ± 5 87 ± 1
PBGA20-Na 100 96 ± 6 90 ± 1 90 ± 1 89 ± 1
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lower than that of the PCL and PBG scaffolds. The PBGA20-
Na scaffold maintained >95% of the weight on stage I, lost 10%
of the weight on stage II, and lost the weight on stage III
slowly. The remaining weight of the PBGA20 scaffold was
similar to that of the PCL and PBG scaffolds in stages I and II

and dropped to the same level as PBGA20-Na scaffold in stage
III.
The desirable targets for proteases are peptide bonds linked

between natural amino acids. PCL contains an ester linkage on
the main chain of the polymer. PBG is a peptide of unnatural

Figure 3. Morphology of fibers after 7 and 35 days of degradation in protease solution. The images of fibers were taken from the scaffolds made of
(A,E) PCL, (B,F) PBG, (C,G) PBGA20, and (D,H) PBGA20-Na. Scale bar: 500 nm.

Figure 4. (A−D) Representative Live/Dead fluorescence microscopic images of PC12 cells after 1 and (E−H) 5 days of culture on scaffolds made
of: (A,E) PCL, (B,F) PBG, (C,G) PBGA20, and (D,H) PBGA20-Na. Green: live cells. Red: dead cells. Scale bar: 500 μm. (I) Live/Dead ratio of
PC12 cells after 1 day of culture. Cell count = 200−550. (J) Cell viability of PC12 cells during 5 days of culture. Error bars represent the standard
error of the mean where n = 3. t test: ***P ≤ 0.001, **P ≤ 0.01, and *P ≤ 0.05. Cell viability was obtained by normalizing the value on day 3 or 5
to the value on day 1.
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amino acids, γ-benzyl-L-glutamaten which contains ester
linkage on the side chain of the polymer. PBGA20 and
PBGA20-Na contain natural amino acids, glutamic acids.
Therefore, the degradation of PCL and PBG in this study
might mostly depend on the hydrolytic degradation of the
ester bonds, whereas PBGA20 and PBGA20-Na might depend
on both enzymatic and hydrolytic degradation.29

The diffusivity of water into the matrix, the functional
groups in polymers, and the dimensions of the matrix are key
factors determining the rate of the hydrolytic degradation.30

PCL and PBG scaffolds shared the same targeted functional
groups (i.e., ester bonds) and the dimension of the matrix (i.e.,
12 mm circular area and ∼150 μm in thickness). Furthermore,
they shared a similar scaffold density (PCL: 17.2 ± 4.4, PBG:
19.7 ± 5.5 μg/mm3) and water contact angle (PCL: 82.9 ±
5.1°, PBG: 94.1 ± 5.8°). These similarities might contribute to
the similar diffusivity of water into the matrix and the similar
degradation behaviors of PCL and PBG.
The high hydrophilicity of PBGA20-Na (water contact

angle: 43.0 ± 7.6°) helped water diffuse into the matrix and
speeded up the hydrolytic degradation of the ester bonds. The
water also brought proteases to the scaffold and helped the
enzymatic degradation of the peptide bonds. Therefore, the
low remained weight of PBGA20-Na is due to the high
hydrophilicity and the enzyme-degradable residues, glutamic
acids. On the contrary, the relatively high water contact angle
of PBGA20 (85.5 ± 6.2°) compared with that of PBGA20-Na
is the reason why PBGA20 scaffolds took a longer time to
reach the same weight loss as PBGA20-Na scaffolds.
The comparison between the remained weight of PBGA20

in PBS and in protease solution further demonstrates the
possibility of peptide bond degradation. Whereas PBGA20
maintained ∼94% of the weight on day 42 in PBS, it
maintained only ∼87% of the weight on day 42 in protease
solution.31 The 7% difference might arise from the degradation
of the main-chain peptide linkages.
Figure 3 showed the morphology of fibers after 7 and 35

days of degradation in protease solution. Some of the fibers in
PCL scaffolds started to lose their structural integrity on day

35 due to the ester bond cleavage on its main chain. The PBG
is the most hydrophobic scaffold among four kinds of samples.
A similar polarity cosolvent system of THF and dimethyl
acetate was used in the electrospinning of polymers. The radial
gyration of PBG in the solution should be smaller than the
other three polymers due to the less interaction between
polymer and solvent. Thus the polymer surface morphology of
the PBG fiber easily contains flaws, for example, pin holes.
That is quite different from the other three samples. The flaws
become larger after 35 days of study, but the structural
integrity of the fiber is remained. The ester side of PBG
undergoes hydrolysis during this period, which will not affect
the structural integrity of polymer. It is interested to note that
PBGA20 and PBGA20-Na also maintained their structural
integrity, which indicates that the hydrolysis of peptide chain is
slower than the ester linkage, and the hydrolysis might occur
primarily on the surface of the fibers. The structural merit of
PBGA20 and PBGA20-Na can avoid sudden loss of
mechanical strength before a complete degradation.24,30

In summary, we successfully fabricated scaffolds that are
biodegradable in protease solution. Polymers such as PCL and
PBG might hydrolytically degrade their ester bonds. In
contrast, PBGA20 and PBGA20-Na might degrade both
hydrolytically and enzymatically on their ester bonds and
peptide linkages. Furthermore, PBGA20 and PBGA20-Na
scaffolds maintained structural integrity during degradation,
which is beneficial for a scaffold or medical device that requires
consistent mechanical strength before complete degradation.

Biocompatibility of Scaffold. The biocompatibility of
scaffolds was evaluated by the Live/Dead assay and the Alamar
Blue assay. To evaluate the cell adhesion directly on different
scaffolds, the surface of the scaffold was not modified by any
adhesion promoter such as polylysine.31 According to the
Live/Dead images on day 1 (Figure 4A−D,I), cells were half-
died on the PCL scaffold after 1 day of culture. More than 95%
of cells were alive on the PBG and PBGA20 scaffolds. No dead
cell was found on PBGA20-Na scaffold. According to the cell
viability obtained by the Alamar Blue assay (Figure 4J), cells
were significantly less viable on the PCL scaffold than on the

Figure 5. Representative fluorescent microscopic images of PC12 cells after 5 days of differentiation without electrical stimulation (w/o ES) on
scaffolds made of: (A) PCL, (B) PBG, (C) PBGA20, and (D) PBGA20-Na. (E) Box chart of PC12 neurite lengths after 5 days of differentiation
without electrical stimulation. n = 3. H test: ***P ≤ 0.001 and **P ≤ 0.01. Neurite counts = 85−140 for each group in panel E. Blue: nucleus. Red:
F-actin. Scale bar: 100 μm.
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other three scaffolds on day 5. Cells cultured on PBGA20 and
PBGA20-Na scaffolds were more viable than on the PBG
scaffold. The live/dead images on day 5 (Figure 4E−H) also
echoed the results of Alamar Blue assay. Dead cells were hardly
found on day 5 (see enlarged images, Figures S10 and S11 in
the Supporting Information), which is possible from the
detachment of the dead cells. Barely any live cell was found on
the PCL scaffold, which may be caused by the poor adhesion
of PC12 on PCL. In contrast, many live cells were found on
the PBGA20 and PBGA20-Na scaffolds. All of the results
showed that PC12 cells could attach and proliferate well on the
PBGA20 and PBGA20-Na scaffolds. However, the PCL
scaffolds could not support the survival of PC12 cells.
The high biocompatibility of PBGA20 and PBGA20-Na

might be related to the glutamic acid subunits. PCL and
PBGA20 shared comparable water contact angles (PCL: 82.9
± 5.1°, PBGA20: 85.5 ± 6.2°). PCL, PBG, and PBGA20 had
similar scaffold densities (PCL: 16.4 ± 3.5, PBG: 19.7 ± 5.5,
PBGA20: 21.8 ± 7.6 μg/mm3). We can thus speculate that the
surface chemistry was the dominating factor in the cell viability
in this system. Studies showed that biomaterials immobilized
with neurotransmitters can promote neuron cell viability,
adhesion, and differentiation.32,33 As a neurotransmitter, the
glutamic acid immobilized on PBGA20 and PBGA20-Na
scaffolds might also be attributed to the high biocompatibility.
Neurite Outgrowth without Electrical Stimulation (w/

o ES). PC12 cells were triggered by NGF for 5 days on the
scaffolds to evaluate the neurite outgrowth (Figure 5). Figure
5E showed that the neurite lengths were in a rank of PCL <
PBG ≪ PBGA20 ≪ PBGA20-Na.
The general trend of the cell differentiation was the same as

the results we found in the cell viability. Because good neurite
outgrowth of PC12 cells requires good cell viability and
adhesion, the similarity is reasonable.34

The longer neurite lengths on PBGA20 than on PBG
scaffolds might arise from the glutamic acid subunits contained
in PBGA20. Glutamic acid is a neurotransmitter that is
important for cell communication and differentiation and can
promote neurogenesis in brain.20,21,35 The distinct neurite
outgrowth happened within 5 days, which was too short for
degradation. Hence, cells probably recognized glutamic acid
subunits on the polymer chains through direct contact. Studies
implied that the immobilized dopamine (a neurotransmitter)
can act as a dopamine receptor or transporter and further
promote neurite outgrowth.33 As a neurotransmitter, the
glutamic acid immobilized on PBGA20 might also induce
neurotransmitter-related cellular behaviors and further enhance
the neurite outgrowth.
The longer neurite lengths on PBGA20-Na than on

PBGA20 scaffolds might be attributed to the electroactive
properties. PBGA20-Na is a polyelectrolyte that transmits
electrical signals by dissociating ions into solution. This
mechanism is similar to how neurons transport electrical
impulses (i.e., action potentials). Action potentials are
generated by the depolarization of neuron membranes, which
is achieved by the influx of sodium or calcium ions through ion
channels.36,37 Hence, the ion-generated polyelectrolytes might
provide an electroactive interface through a naturally mimetic
way. Moreover, the sodium ions dissociated from PBGA20-Na
might promote the function of ion channels and the initiation
of action potentials.
In summary, good cell viability, glutamate signaling by

immobilized glutamic acid, and stimulated sodium ion

channels were three possible reasons accounting for the results
of PC12 neurite outgrowth w/o ES in this study (i.e., PCL <
PBG ≪ PBGA20 ≪ PBGA20-Na). To the best of our
knowledge, this study is the first one to demonstrate the
possibility of polyelectrolytes to induce better neurite out-
growth through stimulated ion channels.

Neurite Outgrowth with Electrical Stimulation (w/
ES). Electrical stimulation is considered as one of the strategies
to facilitate the regeneration of nervous systems. Exogenous
electric fields (EFs) exist in the developing nervous system of
vertebrates. EFs can induce more, faster, longer, and
directional neurite outgrowth of cultured neurons.25−27,38

Hence, in this study, we incorporated electrical stimulation
to further promote neurite outgrowth. Fibrous scaffolds
electrospun on ITO served as the substrates for cell culture
and at the same time served as the electrode for electrical
stimulation (Figure S7).
The impedance of the scaffolds at the working frequency is

listed in Table 2. PCL and PBG showed relatively high

impedance. PBGA20 and PBGA20-Na were relatively more
electroactive, probably due to the partially or fully dissociable
COOH and COONa groups in PBGA20 and PBGA20-Na.
The exposed COO− groups on the surface of the electrode
might attract electrolytes in solution and speed up the charge-
transfer reaction, leading to lower impedance.
PC12 cells were triggered by NGF with electrical stimulation

for 5 days to evaluate the neurite outgrowth (Figure 6). Figure
6E showed that the neurite lengths were significantly longer
with electrical stimulation (w/ES) than without electrical
stimulation (w/o ES). Neurites on PCL w/ES were
significantly shorter than other three materials w/ES (p ≤
0.001). The longest neurite (175 μm) was found on the
scaffold of PBGA20-Na w/ES.
The shorter neurite lengths on PCL than the other three

materials might arise from the poor cell viability on PCL
scaffolds. The resistances of PCL (83.0 Ohm) and PBG (78.9
Ohm) were similar, and both of them were low enough for in
vitro electrical stimulation.25,27 Therefore, we postulated that
the dominating reason was the poor cell viability that was
already shown in Figure 4. It seemed that although electrical
stimulation did promote the differentiation of PC12 cells, the
overall successful neurite extension needed a minimum cell
viability or attachment for cells to anchor and further extend
neurites on the scaffolds.
The absence of statistically significant difference between

PBG w/ES, PBGA20 w/ES, and PBGA20-Na w/ES might be
attributed to the unusual and broad distribution of the neurite
lengths arising from the unequal electrical stimulus received by
cells (Figure 7B−D). Cells were cultured on fibrous
membranes on ITO. The electrical signals were likely to
transmit from the ITO electrode, across the fibrous membrane,
and finally reach the cells with an aid of electrolytes from the
culture medium or from the dissociable scaffolds such as
PBGA20 and PBGA20-Na. Hence, the electrical signals
received by cells might depend on the spot they adhered to
and the corresponding exposure to fibers or medium, which led

Table 2. Impedance of the Scaffolds and ITO at 250 Hz

material PCL PBG PBGA20 ‘k ITO

impedance (ohm) 83.0 78.9 50.8 44.0 18.2
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to an unequal electrical effects and broad neurite length
distribution.
In summary, we successfully demonstrated that electrical

stimulation can promote significant longer neurite outgrowth
on fibrous scaffolds made by PCL, PBG, PBGA20, and
PBGA20-Na. Apart from the impedance of the scaffolds, the
cell viability or attachment and the cell exposure to fibers or
medium might also influence the ability of cells to receive
electrical signals.
Alignment of PC12 Neurites. Directional outgrowth of

neurites is important for neurons to transmit signals to the
target. The fluorescence microscopic image (Figure 8A) and
scanning electron microscope (SEM) image (Figure 8B)
demonstrated the extended cell body and the alignment
between the neurites and the fibers. We further statistically
analyzed the angles of neurites in Figure 8C−H. The aligned
fibers guided the directional outgrowth of neurites. In contrast,
cells cultured on TCPS (a flat plate made of tissue culture
polystyrene) extended their neurites in a random direction. We

successfully fabricated fibrous scaffolds with aligned fibers that
guided the directional outgrowth of neurites.

■ CONCLUSIONS

A peptide-based polyelectrolyte containing neuronal stimulant
(i.e., glutamic acid), PBGA20-Na, was synthesized and
fabricated into 3D aligned fibrous scaffolds for neural tissue
engineering. Two other structurally resembled polypeptides,
PBG and PBGA20, were used for comparison. Also, another
widely used commercial biopolyester, PCL, was used as a
comparative control. All materials were used without coating,
and cells were fully involved in the scaffolds (Figure S9).
Hence, the cellular behaviors were directly related to the
scaffolds themselves.
The biocompatibilities of PBG, PBGA20, and PBGA20-Na

were significantly better than PCL. Cells extended neurites in
alignment with the fibers. Longer neurites were observed on
scaffolds with electrical stimulation than without stimulation.
Furthermore, the integration of neuronal stimulant into

Figure 6. (A−D) Representative fluorescence microscopic images of PC12 cells after 5 days of differentiation with electrical stimulation on
scaffolds made of: (A) PCL, (B) PBG, (C) PBGA20, and (D) PBGA20-Na. (E) Box chart of PC12 neurite lengths after 5 days of differentiation
without and with electrical stimulation. n = 3. H test: ***P ≤ 0.001 and **P ≤ 0.01. Neurite counts = 85−140 for each group in panel E. Blue:
nucleus. Red: F-actin. Scale bar: 100 μm.

Figure 7. Distributions of PC12 neurite lengths after 5 days of differentiation (A−D) with and (E−H) without electrical stimulation on scaffolds
made of: (A,E) PCL, (B,F) PBG, (C,G) PBGA20, and (D,H) PBGA20-Na. n = 3. Neurite counts = 85−140 in each group.
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polypeptides (i.e., PBGA20 and PBGA20-Na) showed an
enhancement of cell adhesion, proliferation, and differ-
entiation. Neurite outgrowth on the electroactive polypeptide
containing glutamic acid (i.e., PBGA20-Na) was the longest
(175 μm) among the four materials. In conclusion, PBGA20-
Na is a unique and promising biomaterial for neural tissue
engineering and drug-screening platforms.
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