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ABSTRACT: Peripheral nerve injuries cause devastating problems
for the quality of patients’ lives, and regeneration following damage to
the peripheral nervous system is limited depending on the degree of
the damage. Use of nanobiomaterials can provide therapeutic
approaches for the treatment of peripheral nerve injuries. Electro-
active biomaterials, in particular, can provide a promising cure for the
regeneration of nerve defects. Here, a supramolecular electroactive
nanosystem with tetra(aniline) (TA)-containing peptide nanofibers
was developed and utilized for nerve regeneration. Self-assembled TA-
conjugated peptide nanofibers demonstrated electroactive behavior.
The electroactive self-assembled peptide nanofibers formed a well-
defined three-dimensional nanofiber network mimicking the extrac-
ellular matrix of the neuronal cells. Neurite outgrowth was improved
on the electroactive TA nanofiber gels. The neural differentiation of
PC-12 cells was more advanced on electroactive peptide nanofiber gels, and these biomaterials are promising for further use in
therapeutic neural regeneration applications.
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■ INTRODUCTION

Nervous system injuries and damage cause detrimental
consequences for the quality of patients’ lives due to the fact
that the nervous system has a much lower regenerative
potential compared to that of other tissues. In the peripheral
nerves, nerve damage causes loss of connection between the
axon bundle and the target tissues. Immediately after damage to
the nerves occurs, certain degenerative pathways are induced,
which can be overcome by regenerative therapies designed to
support neuronal differentiation.1 Nerve tissue engineering is a
promising strategy to promote regeneration, where biomaterials
can be used to accelerate healing of the tissue.2 In particular,
electroactive biomaterials have attracted attention for neuronal
engineering and regeneration applications,3 and electroactive π-
conjugated polymers such as polythiophene, polypyrrole, and
polyaniline have been used to promote the growth, survival,
and differentiation of neuronal cells.4 The major drawbacks of
π-conjugated polymers in biological applications are the issues
of poor biodegradability, low water solubility, and poor
processability and flexibility.4,5 Strategies such as preparing
their composites or copolymers with biocompatible polymers
or immobilizing cell adhesive peptide sequences onto the

polymer backbone can make them more convenient for tissue
engineering applications.6 Alternatively, oligomers provide the
opportunity to design and produce defined and well-
characterized materials with defined functionality and proper-
ties due to their excellent solubility in common solvents and
easier control of their chemical structures.
Supramolecular self-assembly of molecular building blocks

allows the “bottom-up” fabrication of nanomaterials with
various functionality and morphology. Compared to traditional
covalent polymers, supramolecular self-assembled materials
show dynamic and reversible transitions.7 The process of self-
assembly is based on spontaneous diffusion and specific
interactions among molecules governed by noncovalent
bonds, including electrostatic, hydrophobic, van der Waals,
and metal−ligand interactions, hydrogen bonds, and π−π
stacking.8 Although the noncovalent interactions, which are the
tools for the self-assembly process, are weaker than the covalent

Received: October 30, 2017
Accepted: December 12, 2017
Published: December 12, 2017

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2018, 10, 308−317

© 2017 American Chemical Society 308 DOI: 10.1021/acsami.7b16509
ACS Appl. Mater. Interfaces 2018, 10, 308−317

D
ow

nl
oa

de
d 

vi
a 

B
IL

K
E

N
T

 U
N

IV
 o

n 
Fe

br
ua

ry
 2

7,
 2

01
9 

at
 0

5:
41

:2
4 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b16509
http://dx.doi.org/10.1021/acsami.7b16509


bonds, highly organized and robust structures can be formed
from cooperative noncovalent interactions.9

Peptide amphiphile (PA) molecules can be used for
development of novel materials due to their molecular self-
assembly ability. The PA molecules consist of hydrophilic and
β-sheet forming amino acids, which are covalently conjugated
to a hydrophobic alkyl tail, triggering self-assembly of the
molecules into one-dimensional (1D) nanostructures through
hydrogen bonding under physiological conditions.10−12 Nano-
fibers of PA molecules can also form three-dimensional (3D)
networks through encapsulation of water molecules. Because of
their intrinsic biocompatibility, biodegradability, biofunction-
ality, rational design, and rich functional groups, short-sequence
PAs have been comprehensively utilized in tissue engineering,
regenerative medicine, nanofabrication, biomineralization,10

and electronic devices.13 For electronics applications, coupling
peptides to electroactive units may enable the bottom-up
fabrication of self-assembled conductive materials.14

Recently, the design, synthesis, and use of electroactive
oligomeric molecules with precise control over the type and
number of electroactive units have been an important
target.15,16 It is interesting to combine electroactive oligomers
with nonelectroactive species such as simple alkyl blocks,
oligopeptides, and other biological building blocks, inorganic
materials, and other structure-directing blocks or functional
units.17 This approach can provide striking features such as
mechanical and processing properties, functionality, and
supramolecular structure formation. Aniline oligomers have
been utilized due to their excellent solubility in common
solvents and easier control over their chemical structures and
oxidation states compared to those of polyaniline.18,19 In
addition, their electrical, chemical, and optical properties are
comparable to those of polyaniline, making them and their
derivatives an attractive class of materials for further
applications in anticorrosion coatings,20,21 sensors,22,23 drug
delivery,24,25 and tissue engineering.26 On the other hand,
fabricating water-soluble electroactive materials present consid-

erable benefits and improved processability compared to that
using organic solvent-soluble materials, and intermolecular π−π
interactions facilitate the self-assembly of these molecules in
water. To date, a number of oligoaniline-based materials have
been investigated in muscle27,28 and bone29 regeneration
studies as well as in nerve tissue engineering, including using
aniline pentamers30,31 and aniline trimers32 for neural
regeneration.
In this work, conductive and electroactive supramolecular

nanosystems have been developed by incorporation of the
tetra(aniline) (TA) unit as an electroactive unit in self-
assembling peptide systems. These materials allow facile
processibility of electroactive supramolecular nanofibers for
neural cell regeneration by providing electrical, mechanical, and
nanotopographical cues for the cells, and the TA-conjugated
peptide nanofibers show promising results for neural differ-
entiation.

■ EXPERIMENTAL SECTION
Materials. N-Phenyl-1,4-phenylenediamine, ammonium persulfate

(APS), succinic anhydride, 4-(2′,4′-dimethoxyphenyl-Fmoc-amino-
methyl)-phenoxyacetamido-norleucyl-MBHA resin (Rink amide
MBHA resin), all protected amino acids, lauric acid, N,N,N′,N′-
tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU), N,N-diisopropylethylamine (DIEA), and trifluoroacetic
acid (TFA) were purchased from Nova-Biochem, Merck, or Sigma-
Aldrich. All other chemicals and materials used in this study were
purchased from Sigma-Aldrich and used as received.

Synthesis of Tetra(aniline). TA was synthesized according to the
literature.33 N-Phenyl-1,4-phenylenediamine (2.5 × 10−3 mol) was
dissolved in a mixed solution of acetone (50 mL), deionized water (50
mL), and concentrated hydrochloric acid (HCl) (12.5 mL) and stirred
in an ice bath to cool down the temperature to 0 °C for 30 min. A
solution of APS (2.5 × 10−3 mol in 12.5 mL of deionized water) was
added dropwise to the reaction system over 30 min under vigorous
stirring. After the addition of APS, the resulting solution was stirred for
another 3 h at 0 °C. The dark green crude product was centrifuged
and washed with 0.6 M HCl solution and acetone at least three times,

Figure 1. Chemical structures of nonelectroactive (a) lauryl-VVAGEE-Am (E2) and (b) lauryl-VVAGKK-Am (K2) and electroactive (c) TA-
VVAGEE-Am (E2-TA) and (d) TA-VVAGKK-Am (K2-TA) peptide amphiphiles. Scanning electron microscopy (SEM) images of (e) E2/K2 and (f)
E2-TA/K2-TA gels reveal a mesh-like structure. Transmission electron microscopy (TEM) images of (g) E2/K2 and (h) E2-TA/K2-TA gels show a
nanofibrous structure.
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and TA in emeraldine salt state (TA-ES) was obtained. Then, it was
dedoped with 0.1 M NH4OH solution for 1.5 h and washed with
deionized water until pH reached 7 to get TA in emeraldine base state
(TA-EB). After drying at 40 °C under vacuum for 24 h, blue-purple
TA-EB was obtained. The molecular weight of TA-EB was measured
by mass spectrometry to be 365.2 (MH+/e) (Figure S1).
Synthesis of Peptide Amphiphile Molecules. A solid-phase

peptide synthesis method was used for the synthesis of non-
electroactive oppositely charged lauryl-VVAGEE-Am (E2, Figure 1a)
and lauryl-VVAGKK-Am (K2, Figure 1b) and electroactive oppositely
charged carboxyl-capped tetra(aniline)-VVAGEE-Am (E2-TA, Figure
1c) and carboxyl-capped tetra(aniline)-VVAGKK-Am (K2-TA, Figure
1d). Peptides were constructed on Fmoc-Rink Amide Resin. Amino
acid couplings were performed with 2 equiv of fluorenylmethylox-
ycarbonyl (Fmoc)-protected amino acid, 1.95 equiv of HBTU, and 3
equiv of DIEA for at least 4 h. Fmoc removals were performed with
20% piperidine/dimethylformamide (DMF) solution for 20 min. For
the synthesis of E2 and K2, lauric acid was used as the final sequence.
For E2-TA and K2-TA, before the TA coupling, the free amino group
of the valine was conjugated with the linker by reaction with succinic
anhydride (2 equiv) overnight, and free carboxylic acid groups were
formed. Then, 2 equiv of TA, 1.95 equiv HBTU, and 3 equiv of DIEA
were added as the last coupling. Cleavage of the peptides from the
resin was carried out with a mixture of TFA/triisopropylsilane/water
in a volume ratio of 95:2.5:2.5 for 2 h. Then, the remaining solution
was collected, and the resin was washed with dichloromethane
(DCM). Excess TFA and DCM were removed by rotary evaporation.
The remaining mixture was triturated with cold ether and precipitate
was separated from the ether by centrifugation; the precipitate was
dissolved in water, and finally, freeze dried. The PAs were further
purified by preparative high-performance liquid chromatography
(prep-HPLC). After prep-HPLC treatment and freeze-drying, white-
colored E2 and K2, violet-colored E2-TA, and green-colored K2-TA
were obtained.
The identity and purity of the PAs were assessed by liquid

chromatography−mass spectrometry (Agilent Technologies 6530
Accurate-Mass QTOF system equipped with a Zorbax Extend-C18
column) according to the optical density at 220 nm. A gradient of
water (0.1% NH4OH or 0.1% formic acid) and acetonitrile (0.1%
NH4OH or 0.1% formic acid) was used as the mobile phase. To purify
the peptides, an Agilent preparative reverse-phase HPLC system
equipped with a Zorbax Extend-C18 21.2 mm × 150 mm column for
basic conditions and a Zorbax SB-C8 21.2 mm × 150 mm column for
acidic conditions was used and a gradient of water (0.1% NH4OH or
0.1% TFA) and acetonitrile (0.1% NH4OH or 0.1% TFA) was used as
the mobile phase. Positively-charged PAs were treated with 1 mM HCl
solution and lyophilized to remove residual TFA. The sample
preparation method is explained in detail for each characterization
technique.
Fourier Transform Infrared (FTIR) Measurements. Dried

samples were mixed with KBr having a KBr/sample ratio of 100:1
(w/w) to obtain a homogeneous mixture and pressed to form
transparent pellets. The absorbance of the samples was collected with a
Bruker VERTEX 70 FTIR Spectrometer in the 4000−400 cm−1

wavenumber range.
Transmission Electron Microscopy (TEM) Imaging. TEM

images of the E2/K2 and E2-TA/K2-TA nanofibers were obtained using
an FEI Tecnai G2 F30 TEM at 300 kV, and negative staining was
performed using 2% (w/v) uranyl acetate.
Scanning Electron Microscopy (SEM) Imaging. For SEM

imaging, samples were prepared on a Si-wafer surface by mixing
oppositely charged PA solutions. E2 and K2, and E2-TA and K2-TA
solutions (13 mM) were mixed at a 1:1 ratio. Fifteen minutes after gel
formation, ethanol exchange was carried out and then gels were dried
by using a critical point dryer (Tousimis Autosamdri-815B). After the
dried samples were coated with 10 nm of Au/Pd, SEM images were
taken by using an FEI Quanta 200 FEG scanning electron microscope.
Secondary Structure Analysis. The circular dichroism (CD)

spectra of E2/K2 and E2-TA/K2-TA solutions and their oppositely
charged mixtures at a 1:1 molar ratio, having a concentration value of

0.25 mM, were measured in wavelengths between 190 and 500 nm
with a data interval and pitch of 1 nm, digital integration time of 4 s,
bandwidth of 1 nm, sensitivity as standard, and scanning rate of 100
nm/min by a Jasco J-815 CD spectrophotometer, and all measure-
ments represent three accumulations.

Rheology. Rheology measurements of the E2/K2 and E2-TA/K2-
TA samples were carried out with an Anton Paar MCR-301 rheometer
equipped with a PP25-SN17979 measuring device with a diameter of
25 mm and the measuring distance was adjusted to 0.5 mm. The
oppositely charged peptide solutions (13 mM) were mixed on the
bottom stage of the rheometer, and the time sweep test was performed
at a constant angular frequency (ω = 10 rad/s) and deformation (γ =
0.1%) for 30 min. Frequency and strain sweep tests were performed
after an equilibrium time of gel formation. For the frequency sweep
test, the angular frequency was logarithmically ramped from ω = 0.1−
100 rad/s in the linear viscoelastic range (γ = 0.1%). The strain sweep
test was carried out at a constant angular frequency of 10 rad/s.
Measurements were reported as the average of three repeats for each
sample.

UV−Vis−NIR Spectroscopy. UV−vis−NIR absorption spectra of
the solutions of dedoped TA and doped TA (with HCl) in DMF, E2-
TA, and K2-TA solutions in water and E2-TA/K2-TA mixtures in water
(0.125 mM) were measured from 200 to 1200 nm using a Cary 5000
UV−vis−NIR spectrophotometer.

Conductivity Measurements. For conductivity measurements,
20 μL of E2-TA (13 mM) and K2-TA (13 mM) solutions or E2-TA (13
mM) and K2-TA (13 mM) solutions were mixed and cast on the
surface of cleaned glass slides. For the TA-doped samples, 13 mM
dedoped TA in methanol was doped with HCl and cast on the cleaned
glass surface. After waiting for 30 min at room temperature, the
sample-coated glass slides were dried in a vacuum oven at 37 °C for 24
h. Then, gold electrodes (30 nm) with a channel length of 20 μm and
channel width of 3750 μm were deposited via an Ossila OFET shadow
mask using a thermal evaporator. The current−voltage (I−V)
characteristics of the samples were measured in an ambient air
atmosphere at room temperature using a two-probe configuration by
using a semiconductor parameter analyzer (Keithley 4200-SCS). The
conductivity of the samples was determined by the following eq 1

σ =
R

l
dW

1
(1)

where σ is the conductivity of the sample, R is the resistance of the
sample, W is channel width, and l is the channel length of the gold
electrodes, d is the thickness of the sample, which was determined
from atomic force microscopy (AFM) measurements. AFM imaging
was performed by an Asylum Research MFP-3D, height profile
measurements and roughness analyses were performed with
Gwyddion software, and representative height profiles, tilted back-
ground subtraction, and 3D visualizations were performed with the
AFM software Igor Pro 6.37 (Wavemetrics).

Peptide Coating and Cell Culture. PA solutions were UV
sterilized prior to gel formation. For the Live/Dead assay, 50 μL of
each component was mixed to form 2 mM E2/K2 and E2-TA/K2-TA
gels on 13 mm glass coverslips. Coverslips were left overnight for
drying and UV sterilized for 1 h prior to cell seeding. Poly-L-lysine
(PLL, 0.01% (w/v) in phosphate-buffered saline (PBS, R&D
Systems)) solution was left in the well for 10 min and washed with
1× PBS at pH 7.4. For differentiation studies, 2 × 104 PC-12 cells were
seeded in expansion medium onto the coverslips in 24-well plates. On
the next day, the medium was replaced with PC-12 induction medium.
Minimum Eagle’s essential medium medium (Gibco) containing 2
mM glutamine, 2% horse serum, 1% fetal bovine serum, and 1% P/S
medium supplemented with 20 ng/mL rat nerve growth factor (NGF)
was used to induce the cells. Three days after induction, half of the
medium was refreshed by supplementing with 40 ng/mL NGF (Sino
Biological, Cat no. 50385MNAC250).

Biocompatibility Analyses of Materials. Differentiation of PC-
12 cells was induced with NGF 24 h after cell seeding.
Biocompatibility was assessed before and after the NGF induction:
24 h after cell seeding and 24 h after induction by NGF. 3 × 104 PC-
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12 cells were seeded on E2/K2 and E2-TA/K2-TA coated 13 mm
coverslips in expansion medium. Twenty four hours after seeding, 500
ng/mL Calcein-AM (Thermo Fisher Cat no. C3100MP) and 4 μg/mL
ethidium homodimer-1 (Thermo Fisher Cat no. E1169) in 1× PBS at
pH 7.4 were added onto the cells, which were then incubated for 30
min at room temperature. Images were taken with an inverted
fluorescent microscope at 100× magnification.
For Alamar Blue Assay (Invitrogen), 40 μL of each component was

mixed to form 2 mM E2/K2 and E2-TA/K2-TA gels in a 96-well plate.
Gels were dried overnight and UV sterilized after drying. Coatings
were washed with medium, and 3 × 104 PC-12 cells were seeded on
them. For PLL coatings, PLL was left in the well for 10 min and
washed with 1× PBS at pH 7.4. 24 h after seeding, 20 μL of Alamar
Blue reagent was added to 200 μL of medium, and the cells were
incubated at 37 °C for 4 h. The fluorescent signal was measured by a
microplate reader at 570 nm excitation and 585 emission wavelengths.
Cell-free controls were used as blanks for individual groups. The PLL
group was taken as the control group and statistical significance was
determined by the one-way ANOVA test.
Quantification of Neurite Lengths. Seven images per well were

taken by an inverted microscope at 200× magnification from three
replicates 6 days after induction. Neurite length was quantified by
ImageJ software. Neurites that have lengths of at least 10 μm were
included in the calculations. Average neurite length was determined by
dividing the total length by total cell number. Percentages of neurite-
bearing cells were determined by calculating the ratio of cells with
neurites to the total cell number. Results were analyzed by one-way
ANOVA.
Immunocytochemistry. Peptide coating and cell culture were

performed as described previously. Cells on day 6 were fixed with 4%
paraformaldehyde/PBS for 15 min and permeabilized in 0.3% Triton

X-100 for 15 min at room temperature. Samples were blocked with
10% (w/v) bovine serum albumin/PBS and 10% (w/v) goat serum/
PBS for 30 min at room temperature, followed by incubation in βIII
tubulin primary antibody (ab78078, 1:1000) in 0.3% Triton X-100
overnight at 4 °C. Goat anti-mouse IgG (H + L) Alexa Fluor 488 was
used as the secondary antibody (Millipore AP124JA4, 1:500). The
nuclei were stained with 1 μM TO-PRO-3 (Invitrogen) in PBS for 15
min at room temperature and samples were mounted with Prolong
Gold Anti-fade Reagent (Invitrogen). Negative staining lacking
primary antibody was also performed. Sample imaging was performed
by using confocal microscopy (Zeiss LSM510).

Western Blotting. Peptide and PLL coating was performed as
explained previously. 1.05 × 104 cells/cm2 were seeded on the
coatings. Cells were lysed in RIPA buffer with 1× protease inhibitor
cocktail (Thermo Scientific) 24 h after induction with NGF. Protein
concentrations were determined with BCA protein assay. Equal
amounts of protein were loaded in three replicates for each group and
separated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis gels. Proteins were transferred to a poly(vinylidene
difluoride) membrane, blocked with 5% nonfat-milk in TBS-T at room
temperature for 2 h and incubated overnight with ERK1/2, (Abcam,
ab130004, 1:2000) and pERK1/2 (Abcam, ab50011, 1:1000) primary
antibodies at 4 °C, and incubated with horseradish peroxidase-
conjugated secondary antibody (Millipore 12-349 Goat Anti-Mouse
IgG, 1:1000) at room temperature for 1 h. A chemiluminescent signal
enhancement system (Invitrogen, Novex ECL) was used to visualize
the expected bands. Mild stripping was used to detect GAPDH
(Millipore, MAB374 1990892, 1:600) bands as internal controls. Each
band was normalized to its corresponding GAPDH band.

Figure 2. (a) FTIR spectra of TA, and the nonelectroactive and electroactive PAs, (b) CD spectra of the nonelectroactive and electroactive PAs and
their corresponding mixtures. (c) UV−vis−NIR spectra of TA-dedoped, TA-doped, E2-TA, K2-TA, and E2-TA/K2-TA. (d) I−V curves of E2-TA/K2-
TA and E2/K2.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b16509
ACS Appl. Mater. Interfaces 2018, 10, 308−317

311

http://dx.doi.org/10.1021/acsami.7b16509


■ RESULTS AND DISCUSSION

In this study, the TA moiety was used as an electroactive core
for the fabrication of self-assembling negatively (E2-TA) and
positively (K2-TA) charged electroactive PA molecules. The TA
coupling to the peptide sequence was achieved by using a
succinic anhydride linker. The TA unit promotes hydrophobic
and π−π stacking interactions; β-sheet forming amino acids
(VVA) provide hydrogen bonding, and two glutamic acid or
lysine residues facilitate solubility in water and further induce
self-assembly into fibrillar nanostructures upon mixing
oppositely charged molecules under neutral conditions via
charge neutralization. To clarify the effect of the electroactive
unit on neural regeneration, the results were compared with
those of nonelectroactive PA molecules containing a lauryl
group instead of the TA moiety (E2 and K2). The chemical
structures of the electroactive and nonelectroactive PAs are
shown in Figure 1.
All PAs were synthesized by using the Fmoc solid-phase

peptide synthesis method. Liquid chromatograms and mass
spectra of nonelectroactive PAs (E2 and K2) and electroactive
ones (E2-TA and K2-TA) are shown in Figure S2a−d,
respectively. The observed molecular mass values were in
good agreement with the theoretical molecular mass and
confirmed the chemical structures of the desired molecules.
Chemical structures of the TA and PAs were also

characterized by FTIR (Figure 2a). The 1600 and 1510 cm−1

peaks were assigned to the CC stretching vibrations of the
quinoid and benzenoid rings of TA, respectively. The 1308,
1169, and 839 cm−1 bands correspond to the secondary
aromatic C−N stretching vibrations, aromatic C−H in-plane
bending vibrations, and the C−H out-of-plane bending
deformation in the 1,4-disubstituted benzene rings, respec-
tively.34 Bands around 3287, 3072, and 2960−2874 cm−1 in the
FTIR spectrum of E2 were attributed to N−H and C−H
stretching vibrations, indicating the presence of amide and
aliphatic C−H groups in the PA structure, respectively. The
peaks around 1640 and 1538 cm−1 can be attributed to the
amide-I bond and amide-II bond, which are associated with
vibrational stretching of the CO and N−H bonds,
respectively. Similar bands were also observed for K2. In
addition to the peaks observed for E2, the following peaks were
observed for E2-TA: 1601, 1307, and 825 cm−1, which can be
ascribed to CC stretching vibrations of the quinoid ring,
aromatic C−N stretching vibrations, and the C−H out-of-plane
bending vibrations of two adjacent hydrogen atoms on the 1,4-
disubstituted benzene rings, respectively, indicating the
successful conjugation of the TA unit to the peptide structure.
Distinctive absorption bands demonstrating the presence of TA
were also observed for K2-TA.
A positively-charged molecule, K2, was used to induce

nanofiber formation together with the negatively-charged E2

through electrostatic interactions. E2 and E2-TA molecules form
nanofibers through self-assembly when mixed at a 1:1 ratio with
K2 and K2-TA, respectively. SEM and TEM analyses were
performed to understand the morphological features of the self-
assembled nanostructures upon mixing oppositely charged PA
molecules. The SEM images of E2/K2 (Figure 1e) and E2-TA/
K2-TA (Figure 1f) revealed their self-assembled, well-defined,
and three-dimensional porous nanofiber network structure.
TEM images showed that the self-assembled nanofibers have a
diameter of ca. 10 nm (Figure 1g,h).

Secondary structures of the electroactive and nonelectroac-
tive PAs and their self-assembled corresponding mixtures were
studied with circular dichroism spectrometry. In Figure 2b,
individual PAs show random coil structures (negative signals at
around 197 and 225 nm).35 A chiral absorbance maximum at
202 nm and minimum at 222 nm were observed for E2/K2,
predominantly corresponding to the β-sheet secondary
structure of the nanostructures. On the other hand, E2-TA/
K2-TA showed a negative signal at 295 nm and positive signals
at 207 and 245 nm, where the shape of the CD curves was
similar to that of β-turn peptides, which are characterized by a
negative peak at 180−190 nm and two positive peaks at 200−
205 and 220−230 nm.36 In addition to these peaks, in the
region of the characteristic absorption of the π−π* transition of
the benzenoid ring, a new positive signal appeared at 318 nm as
a result of the supramolecular chirality of the self-assembled TA
motifs, which was not observed for individual electroactive
peptides. Increased hydrophobic and H-bonding interactions
between self-assembled TA units were responsible for the
supramolecular chirality of E2-TA/K2-TA.

37,38

The morphological and spectroscopic analyses demonstrated
the self-assembly of the PAs under neutral conditions. At
neutral pH, individual PA molecules are soluble through
electrostatic repulsion of either the positively- or negatively-
charged two lysine or glutamic acid segments, respectively,
despite the presence of the hydrophobic alkyl or TA moiety.
The PA molecules self-assemble into cylindrical nanofibers as
the electrostatic repulsion between molecules is neutralized and
converted to attractive interactions by adding the oppositely
charged counterparts. In the molecular organization of the PA
nanofibers, the collapsed hydrophobic alkyl or TA tail are
located in the core of the cylindrical micelles whereas the
hydrophilic residues of the PA molecules are in contact with the
aqueous medium. The β-sheet hydrogen bonding among the
peptide sequences adjacent to the hydrophobic core (β-sheet
region) oriented parallel to the long axis of the nanofiber results
in 1D cylindrical fibers. These 1D nanofibers further entangle
into 3D networks at certain concentrations.
Oligoaniline-based materials reversibly switch their emer-

aldine base (EB) state to the emeraldine salt (ES) state by acid
doping. With the addition of acid, quinoid N atoms of the EB
state are protonated, and this ES structure shows remarkable
conductivity. This transition was monitored via UV−vis−NIR
absorption spectroscopy (Figure 2c). Two peaks around 323
and 578 nm were attributed to the π−π* transition of the
benzene ring and an excitonic transition from the benzenoid to
quinoid ring (πB−πQ) for TA-dedoped, respectively. After
doping with acid, the peak at 578 nm disappeared because TA
was fully doped by HCl. On the other hand, new peaks at 433
and 1053 nm appeared for the TA-doped system due to the
formation of polarons and delocalized polaron transitions,
respectively.39 After the prep-HPLC purification step, it was
obvious that the TA moiety was in its EB state for E2-TA under
basic conditions whereas it was in its ES state for K2-TA under
acidic conditions, according to UV−vis−NIR spectra. E2-TA
exhibited two absorption peaks similar to those of TA-dedoped
at 304 and 549 nm corresponding to the characteristic
absorptions of the π−π* transition of the benzenoid ring and
the excitonic πB−πQ transition, respectively, whereas K2-TA
showed absorption peaks at 420, 781, and 1030 nm, which
indicated that TA was in its conductive form and that the TA
motif retained its electroactivity after conjugation to the peptide
sequence. However, the broad and weak absorption peak at 568
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nm (the excitonic πB−πQ transition) indicated that K2-TA in
aqueous solution was partially doped. When the oppositely
charged electroactive PAs were mixed, E2-TA/K2-TA exhibited
absorption peaks at 419 and 781 nm, associated with the
existence of polaron species containing cation radicals. The
weak adsorption peak at 578 nm indicated partially-doped TA
in the structure. Furthermore, characteristic absorption bands
of TA showed a hypsochromic shift for electroactive PAs due to
the formation of an amide group, which is more electron
withdrawing compared to the amino group of TA and leads to a
decrease in the electron density of the quinoid ring. In addition,
nonelectroactive PAs did not show any absorption peaks in the
studied wavelength range.
For conductivity measurements, the current−voltage (I−V)

curves of TA-doped, E2/K2, and E2-TA/K2-TA were
determined with the aid of patterned contact gold electrodes
in a two-point probe configuration with an electrode separation
of 20 μm on the sample. The I−V curves for E2-TA/K2-TA and
E2/K2 are shown in Figure 2d, the film thickness of the samples
was determined via AFM analysis to calculate conductivity
values of the samples, and representative AFM images of the
samples are shown in Figure S3. In addition, the roughness of
the material was also assessed to investigate whether different
experimental groups have similar height deviation patterns.
Root mean square roughness values, which are described as the
average height deviations measured from the mean line, were
observed not to be significantly different from each other
(Table S1). This proves that the samples were reliable for
extrapolation of the height of the material. The I−V curves
were linear for E2-TA/K2-TA, indicating Ohmic contact.40 The
conductivity values of the samples were determined as follows:
σE2/K2 = 1.10 × 10−10 S/cm < σE2‑TA/K2‑TA = 6.97 × 10−6 S/cm
< σTA‑doped = 2.55 × 10−3 S/cm. Nonelectroactive species
including simple alkyl blocks, oligopeptides, and other bio-
based blocks, inorganic materials, and other structure-directing

domains or functional units may lead TA to show decreased
conductivity depending on the length of the conjugated
group.17 Nevertheless, it was clearly observed that conjugation
of TA to an insulating peptide segment led to obtaining a
higher conductivity compared to that of the nonelectroactive
E2/K2. Guo et al. reported an electroactive porous tubular
scaffold for neural tissue engineering by blending hyper-
branched degradable conducting copolymer and linear
polycaprolactone. The conductivity of the blend films doped
with (±)-10-camphorsulfonic acid was observed to be between
3.4 × 10−6 and 3.1 × 10−7 S/cm depending on the
hyperbranched conducting copolymer content. These con-
ductivity values are within the range of those reported to be
sufficient for many tissue engineering applications.41 Although
the conductivity of the E2-TA/K2-TA nanofibers is relatively
low due to conjugation of the insulating peptide moiety and the
lack of any additional doping agent, the conductivity value of
this novel supramolecular electroactive nanofiber is never-
theless sufficient to transfer bioelectrical signals in vivo as living
activity in the body involves low microcurrents.42

Gel formation upon mixing oppositely charged PAs is shown
in Figure 3a. All individual PA molecules were completely
dissolved, resulting in clear solutions; however, mixing
oppositely charged PAs resulted in the immediate formation
of a self-supporting gel. Stiffness and elasticity characteristics of
the gel systems were studied by oscillatory rheology. The
gelation kinetics were first monitored by a time sweep test
(Figure 3b) within the linear viscoelastic region (LVR), and
both gels reached a plateau, indicating complete gelation. The
storage moduli (G′) of both PA gels were determined to be
significantly higher than the loss moduli (G″) within the LVR,
confirming the formation of gels with viscoelastic character.
After 30 min, the G′ of the E2/K2 gel was observed to be 9
times higher than the G′ of the E2-TA/K2-TA gel, indicating
that it had a more rigid network structure and higher

Figure 3. (a) Photo of the solution of nonelectroactive and electroactive PAs and self-supporting gel behaviors upon their corresponding mixture.
(b) Time, (c) strain, and (d) frequency sweep tests to measure the rheological properties of E2/K2 and E2-TA/K2-TA gels.
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Figure 4. Biocompatibility of PC-12 cells on (a, d) E2-TA/K2-TA and (b, e) E2/K2 gels, and (c, f) PLL-coated surfaces before NGF induction (24 h
after cell seeding, a−c) and 24 h after NGF induction (d−f). (g) Alamar Blue viability analysis of PC-12 cells on E2-TA/K2-TA and E2/K2 gels, and
PLL-coated surfaces 24 h after cell seeding. Scale bars are 100 μm.

Figure 5. Bright-field images of neurite outgrowth of PC-12 cells on (a) E2-TA/K2-TA and (b) E2/K2 gels and (c) PLL-coated surfaces, scale bars are
100 μm. Confocal images of βIII tubulin-stained PC-12 cells grown on (d) E2-TA/K2-TA and (e) E2/K2 gels and (f) PLL-coated surfaces, scale bars
are 20 μm. (g) Relative percentage frequency distribution of neurite lengths. (h) Average neurite length and (i) percentage of neurite-bearing PC-12
cells on E2-TA/K2-TA and E2/K2 gels and PLL-coated surfaces. Data presented as mean ± SEM (n = 3), ***p < 0.0005.
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entanglement density of the nanofibers. The difference in
rheological properties can be attributed to the internal
molecular interactions of the peptide building blocks within
the nanofibers. Pashuck et al. found that by manipulating the
number and position of β-sheet forming amino acids in the
peptide sequence, the highest mechanical stiffness was observed
for the PA self-assembled into β-sheets with the least amount of
twisting and disorder and least red-shift of the β-sheet signal in
CD, even when all of the molecules studied in that study
formed 1D nanofibers with similar length and the same amino
acid termini.43 In our molecular design, all PAs have similar β-
sheet forming amino acid sequences and amino acid termini,
but they have different hydrophobic tails. Although both PA
gels possessed similar supramolecular nanostructures according
to the SEM and TEM analyses, the replacement of the lauryl
group by a TA moiety possibly affected the molecular packing
of β-sheets into the nanofibers, which also had an impact on
their CD signal and caused a decrease in mechanical properties.
A strain sweep test was performed to investigate the

viscoelastic properties and to determine the critical strain
value of both gels. In Figure 3c, a change in modulus value was
observed with increasing strain amplitude, and the gels
maintained their G′ in the LVR. As the strain was increased,
the gel network began to break down and collapsed, showing
lower G′ than G″, i.e., displaying liquid-like behavior. E2/K2
showed a slightly lower critical strain value (γc was determined
from the intersection of the tangents in the linear regime and
the strain-dependent regime)44 than that of E2-TA/K2-TA.
Whereas the value of the moduli is mainly determined by the
entanglement density, the stability of the gel is controlled by
the strength of the entanglement points. The relatively higher
γc of E2-TA/K2-TA can be attributed to the slightly stronger
entanglement points of the nanofibers in the network.
Furthermore, the gels maintained their moduli values within
the studied frequency range, as shown in Figure 3d, due to
having more elastic-dominant gel characteristics compared to
those of the viscous one. It can be also concluded that the
mechanical properties of the electroactive PA nanofiber were in
the range of those of neural tissue as the natural stiffness values
of individual neurons and glial cells range from 0.5 to 1.6 kPa,
and the overall peripheral nerve tissue stiffness values range
from 150−300 kPa.45

For biomedical applications, the biocompatibility of a
biomaterial is crucial. Ideally, the biomaterial should support
adhesion and survival of the cells. To evaluate the
biocompatibility and further investigate the bioactivity of the
E2-TA/K2-TA gels, PC-12 cells, derived from rat pheochromo-
cytoma, were used as a model cell line for neural differentiation.
Live−dead and Alamar Blue assays were utilized to determine
cell viability. We performed live−dead analyses both before and
after NGF induction to observe the behavior of the cells before
and after neural differentiation. Figure 4a−c shows the live and
dead cells stained with green and red, respectively, at 24 h after
cell seeding before NGF induction, whereas Figure 4d−f shows
the live and dead cells at 24 h after NGF induction. Peptide
nanofibers were observed to provide a biocompatible environ-
ment for both undifferentiated and differentiated PC-12 cells. A
PLL-coated surface is conventionally used to attach the cells to
the surface, and thus it was used as a positive control. The cell
viability and metabolic activity on E2-TA/K2-TA and E2/K2
coated surfaces were observed to be similar to those of the
PLL-coated surfaces, determined by Alamar Blue assay.

Neurites are the projections that arise from the cell body of a
neuron or a neuron-like cell before the neuron matures
completely. In a mature neuron, projections, later on, become
dendrites or axons. PC-12 cells can be induced with NGF to
trigger neurite outgrowth. Neurite lengths after NGF induction
can give quantitative information about the degree of neural
differentiation.46 To determine the effect of the E2-TA/K2-TA
gels on neural differentiation, the neurite processes of PC-12
cells were measured 6 days after NGF induction (Figure 5a−c);
average neurite length and the percentage of cells with neurites
were determined for each group, in addition to representing the
relative percentage frequency of neurite length values as a
histogram plot. The morphology of the cells and neurite
projections in different groups can be visualized by βIII tubulin
staining, a neural marker. The neurites on both E2-TA/K2-TA
and PLL groups were observed to be slightly thicker and
straighter, whereas neurites on E2/K2 appeared to be weaker
and curved (Figure 5d−f). The histogram data showed that the
frequency of low-length neurites on E2/K2 peaked at around
30−40 μm neurite length, whereas the percentage frequency of
longer neurites was higher on E2-TA/K2-TA and PLL. The
histogram statistics proved that neurite lengths on E2-TA/K2-
TA, E2/K2, and PLL have 25% percentile values of 34.5, 23.9,
and 32.8, median values of 57.3, 39.4, and 53.4, and 75%
percentile values of 93.5, 68.1, and 90.2, respectively, where the
E2-TA/K2-TA samples showed higher values compared to
those of E2/K2 (Table S2). Measurements of the average
neurite length showed that there were significantly longer
neurites on the E2-TA/K2-TA gels compared to those on the
E2/K2 gels, as shown in Figure 5h. PLL was used as a positive
control in neurite outgrowth analyses (Figure 5c,f). The rate of
neurite-bearing cells did not significantly change on the E2-TA/
K2-TA gels compared to that on the E2/K2 gels (Figure 5i).
This is probably due to short neurites on E2/K2 gels increasing
the number of neurite-bearing cells, but not the average neurite
length, which can also be observed by the high frequency of
low-length neurites on E2/K2 gels in the histogram data (Figure
5g). Neural differentiation of PC-12 cells on E2-TA/K2-TA
scaffolds was also observed to be NGF dependent, as the
neurite outgrowth of the cells that were cultured in NGF-free
medium was not obvious (Figure S4a−c).
We then investigated the upstream pathways of NGF-

induced neural differentiation. Upon binding of NGF to the
TrkA surface receptor, a set of signaling pathways, including
mitogen-activated protein kinase/extracellular signal-regulated
kinase 1/2 (MAPK/ERK) signaling as the major one in
addition to AKT and protein kinase C (PKC) pathways, were
initiated on the PC-12 cells, resulting in activation of genes that
play a role in neuronal differentiation. The ERK1/2 pathway
was previously observed to be phosphorylated in the case of
electrical stimulation,47 whereas it remains to be determined
exactly which pathways take place in electrical stimulation or
conductive scaffold-mediated neurite outgrowth. Here, we
observed an upregulation in the phosphorylation level of the
ERK1/2 pathway as well (Figure 6). Although the cells were
primed with the same amount of NGF, upregulation of this
pathway on E2-TA/K2-TA might suggest that intrinsic
microcurrents of the cells have been enhanced by the
conductive scaffold.
Conductive biomaterials have been extensively explored for

many biomedical applications. The electrical excitability and the
intrinsic electrical connectivity of nerve tissue make conductive
biomaterials promising candidates for nerve injury therapies.
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These materials can be used as scaffolds, films, or coating
materials; however, tuning the mechanical, topographical, and
biological properties of the biomaterial expedites its integration
of regenerating host tissue. Ideally, the scaffold should mimic
the host tissue. Here, we showed an electroactive, nanofibrous
peptide hydrogel system for improved neural differentiation of
model cell line PC-12. The electroactive gel system shows
outstanding properties as it does not require any chemical
crosslinker, which could potentially introduce toxicity, or
dopants. The porous self-supporting nanofiber gel is also of
great significance in soft tissue engineering to allow cell
engraftment, and nutrient and waste exchange. The PA
nanofibers can be functionalized with diverse bioactive peptide
epitopes, which could interact with the cell surface receptors for
synthetic extracellular matrix applications.

■ CONCLUSIONS

In this study, we showed that TA-containing peptide
amphiphiles can self-assemble into fibrillar network structures
having electroactivity by mixing oppositely charged counter-
parts at neutral conditions. E2-TA/K2-TA scaffolds showed
good biocompatibility toward PC-12 cells and did not alter
their metabolic activity. Our results suggest that neural
differentiation of PC-12 cells was enhanced when cultured on
E2-TA/K2-TA gels compared to that on nonconductive
counterparts. Also, we observed that phosphorylation levels
of ERK1/2 were increased on PC-12 cells on the conductive
scaffolds compared to that on the nonconductive nanofiber
gels. The E2-TA/K2-TA gels could be used as a promising
material in peripheral nerve regeneration. Further studies are
necessary using in vivo peripheral nerve injury models and
investigating the mechanism of improved neural differentiation.
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