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Tenascin-C derived signaling induces neuronal
diﬀerentiation in a three-dimensional peptide
nanoﬁber gel†
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The development of new biomaterials mimicking the neuronal extracellular matrix (ECM) requires signals
for the induction of neuronal diﬀerentiation and regeneration. In addition to the biological and chemical
cues, the physical properties of the ECM should also be considered while designing regenerative materials
for nervous tissue. In this study, we investigated the inﬂuence of the microenvironment on tenascin-C signaling using 2D surfaces and 3D scaﬀolds generated by a peptide amphiphile nanoﬁber gel with a tenascin-C derived peptide epitope (VFDNFVLK). While tenascin-C mimetic PA nanoﬁbers signiﬁcantly
increased the length and number of neurites produced by PC12 cells on 2D cell culture, more extensive
neurite outgrowth was observed in the 3D gel environment. PC12 cells encapsulated within the 3D tenasReceived 19th September 2017,
Accepted 1st May 2018
DOI: 10.1039/c7bm00850c
rsc.li/biomaterials-science

cin-C mimetic peptide nanoﬁber gel also exhibited signiﬁcantly increased expression of neural markers
compared to the cells on 2D surfaces. Our results emphasize the synergistic eﬀects of the 3D conformation of peptide nanoﬁbers along with the tenascin-C signaling and growth factors on the neuronal
diﬀerentiation of PC12 cells, which may further provide more tissue-like morphology for therapeutic
applications.

Introduction
Neural tissue engineering is a promising research field in
regenerative medicine and aims to enhance the nerve regeneration process by understanding and mimicking the natural
environment of neural cells through the use of bioactive
scaﬀolds. The physical parameters of scaﬀolds are important
in this context, as the materials to be used in tissue engineering must be able to mechanically and biologically support
cells and allow the diﬀusion of oxygen, nutrients and growth
factors.2 Physical properties of the microenvironment are one
of the most important aspects of regenerative materials and
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should be considered along the chemical and biological properties of the system when designing biomaterials for tissue
engineering applications.1 For in vitro studies, two-dimensional (2D) cell culture techniques are commonly used to
study cell function and behavior, including cell attachment,
proliferation, migration and diﬀerentiation, before the in vivo
evaluation of the regenerative potential. However, while it is
easy to control and manipulate the environment in 2D cell cultures, they are less compatible with in vivo systems and fail to
mimic the native three-dimensional (3D) tissues. In contrast,
3D cultures are more accurate in representing the in vivo architecture of tissue environments since the cells within 3D culture
systems can interact with each other in all dimensions.2
3D hydrogels and their cellular applications have been
studied extensively, including Matrigel®, collagen, and alginate. Their structures are similar to the natural extracellular
matrix, which strongly contributes to their bioactivity in regenerative medicine applications. However, these materials have
some limitations including significant batch-to-batch variation
and a lack of full range ECM-mimetic signals found in natural
tissue environments.3–5 Therefore, the use of synthetic biomaterials has significant potential for the development of an
easy-to-use ECM-like environment and modifiable 3D culture
systems.6 Bioactive nanomaterials are particularly promising
for the induction of neural diﬀerentiation and regeneration of
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nervous tissue, as they are able to provide biological, chemical
and physical guidance to cells.7,8 The extracellular matrix
(ECM) is the non-cellular material that surrounds cells in
tissue microenvironments and contains a wide range of proteins, proteoglycans, polysaccharides and signaling molecules,
as well as water. Besides providing a physical support to cells,
the ECM is fundamental in mediating the biochemical and
biomechanical signaling mechanisms that occur between
cells.9 The development of bioactive materials that emulate the
ECM of cells can therefore allow the precise manipulation of
cellular behavior. Several short peptide sequences derived
from ECM proteins have been used for neural cultures and
demonstrated to induce neural diﬀerentiation. Among these,
the laminin-derived Ile-Lys-Val-Ala-Val (IKVAV) and Tyr-Ile-GlySer-Arg (YIGSR), as well as the fibronectin-derived Arg-Gly-Asp
(RGD), are the most commonly used sequences to promote
neural cell adhesion, migration and diﬀerentiation.10–12
Biomaterials functionalized with these sequences were previously shown to be eﬀective in promoting neural adhesion,
proliferation and/or diﬀerentiation in in vitro studies.13–17
Tenascins, which constitute an ECM glycoprotein family, have
four family members: tenascin-C, tenascin-R, tenascin-W, and
tenascin-Z. Among these types, tenascin-C has been extensively
studied, and several studies showed that FN type III repeats of
tenascin-C have a regulatory role in neurite outgrowth and guidance in rat cerebellar granule cells.18–20 Tenascin-C is a multifunctional extracellular matrix glycoprotein that aﬀects cell
migration and neurite outgrowth when introduced into neuronal cell cultures in vitro.21,22 It is expressed during the development of the central nervous system by glial cells and some
neurons.23 Tenascin-C was also shown to be involved in motor
axon outgrowth24 and play a role in spinal cord regeneration.25
Meiners et al. showed that tenascin-C contains an eight-amino
acid domain (VFDNFVLK) crucial for neurite extension,26 and
self-assembled scaﬀolds containing this sequence were
recently shown to induce neurite outgrowth and migration in
neural progenitor cells,27 as well as to promote osteogenic
diﬀerentiation in mesenchymal stem cells.28 Also, the mechanism of action of tenascin-C on neurite outgrowth was determined which is mediated through the actions of integrin α7,
α9, and β1.29,30 All of these studies emphasize the central role
of tenascin-C in the nervous system, and therefore we selected
to mimic the tenascin-C protein to induce neuronal diﬀerentiation and neurite outgrowth in a 3D platform.
In this study, we investigated the stimulation of neuronal
diﬀerentiation with a 3D peptide amphiphile nanofiber gel
functionalized with a tenascin-C derived epitope (VFDNFVLK)
and explored the influence of the culture microenvironment
on this signal. The 3D cell culture system was found to provide
both the biochemical and physical aspects of the native
environment of neural cells, thereby filling the gap between
2D cell culture models and in vivo environments. Overall, we
showed that 3D tenascin-C mimetic self-assembling nanofibers induced 3D neurite outgrowth and significantly
increased the expressions of neural markers compared to 2D
nanofiber and 3D epitope-free gel controls. This study features
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the cooperative eﬀect of the culture dimensionality and bioactive signals for the induction of neuronal diﬀerentiation,
which is critical for the design of neuroregenerative scaﬀolds.
In addition, the 3D cell culture system described in this study
can be used to facilitate the development of further organoid
platforms.

Experimental section
Materials
All protected amino acids, lauric acid, 4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-norleucyl-MBHA
resin (Rink amide MBHA resin), 2-(1H-benzotriazol-1-yl)1,1,3,3-tetramethyluroniumhexafluorophosphate (HBTU), and
diisopropylethylamine (DIEA) were purchased from NovaBiochem, ABCR, or Sigma-Aldrich. Cell culture materials were
purchased from Invitrogen. All other chemicals and materials
used in this study were purchased from Thermo Scientific or
Sigma-Aldrich.
Synthesis and purification of peptide amphiphile (PA)
molecules
PA molecules were synthesized on Rink Amide MBHA resin by
using the Fmoc-protected solid phase peptide synthesis
method. Amino acid couplings were performed with 2 equivalents of amino acids, which were activated with 1.95 equivalents of HBTU and 3 equivalents of DIEA for 2 h. Fmoc
removal was performed with 20% piperidine–dimethylformamide (DMF) solution for 20 min. 10% acetic anhydride–
DMF solution was used to permanently acetylate the unreacted
amine groups after each coupling step. DMF and dichloromethane (DCM) were used as washing solvents after each step.
The cleavage of the PAs and protection groups from the resin
was carried out with a mixture of TFA : TIS : H2O in the ratio of
95 : 2.5 : 2.5 for 3 h. Excess TFA removal was carried out by
rotary evaporation. PAs in the remaining solution were precipitated in ice-cold diethyl ether overnight. The precipitate was
collected by centrifugation the next day and dissolved in ultrapure water. This solution was frozen at −80 °C for 4 h and
then lyophilized for 4–5 days. PAs were characterized by liquid
chromatography-mass spectrometry (LC-MS). Mass spectra
were obtained with an Agilent LC-MS equipped with an Agilent
6530 Q-TOF with an ESI source, using a Zorbax Extend-C18 2.1
× 50 mm column for basic conditions and a Zorbax SB-C8 4.6
× 100 mm column for acidic conditions. A gradient of water
(0.1% formic acid or 0.1% NH4OH) and acetonitrile (0.1%
formic acid or 0.1% NH4OH) was used for elution. In order to
remove the residual TFA, positively-charged PAs were treated
with 0.1 M HCl solution and lyophilized. To purify the peptides, an Agilent preparative reverse-phase HPLC system
equipped with a Zorbax Extend-C18 21.2 × 150 mm column
was used for basic conditions, and a Zorbax SB-C8 21.2 ×
150 mm column was used for acidic conditions. A gradient of
water (0.1% TFA or 0.1% NH4OH) and acetonitrile (0.1% TFA
or 0.1% NH4OH) was used for the mobile phase. All peptides
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were freeze-dried and reconstituted in ultrapure water at pH
7.4 before use.
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Scanning electron microscopy (SEM) imaging of PA nanofibers
PA nanofiber networks were observed by SEM imaging. The
oppositely charged PA solutions were mixed in equal volumes
at a final volume of 30 µL to produce gels with neutral charges
(12 mM TN–PA solution was mixed with 6 mM EE–PA solution,
or 10 mM KK–PA solution was mixed with 10 mM EE–PA solution). Gels were formed on silicon wafers and dehydrated by
sequential transfer to 20%, 40%, 60%, 80% and 100% v/v
ethanol. Dehydrated gels were critical point-dried using a
Tousimis Autosamdri 815B system. Dried PA gels were coated
with 4 nm Au/Pd and SEM (FEI Quanta 200 FEG) images were
obtained using an Everhart–Thornley Detector (ETD) in high
vacuum mode at 5 keV beam energy.

Paper

3D cell cultures
For 3D gel formation, positively charged PA dissolved in 30 µL
of 0.25 M sucrose and negatively charged PA dissolved in 30 µL
of culture medium were placed into the wells to form a base
layer (12 mM TN–PA solution was mixed with 6 mM EE–PA
solution, or 10 mM KK–PA solution was mixed with 10 mM
EE–PA solution). This gel was stabilized in a 37 °C incubator
for 1 h. Then, the positively charged PA solution was placed
onto this layer, and the negatively charged PA solution containing PC12 cells (5 × 105 cells per well) was added slowly with
spiral motions. Gels were then placed into the incubator for
1 h for further stabilization. After 1 h, the medium was added
to each well. The day after the gel formation, diﬀerentiation
was induced with 20 ng mL−1 NGF treatment for the induction
groups. The experiment was ended after 7 days of induction.
Flow cytometric analysis of viability

Circular dichroism (CD)
A JASCO J815 CD spectrometer was used at room temperature
for CD measurement. Oppositely charged 2.5 × 10−4 M PA solutions were mixed at appropriate volume ratios to a final
volume of 300 µL (200 µL TN–PA solution was mixed with
100 µL EE–PA solution, or 150 µL KK–PA solution was mixed
with 150 µL EE–PA solution) to produce nanofibers with net
neutral charge. Measurements were carried out from 300 nm
to 190 nm; the data interval and data pitch were 0.1 nm, and
the scanning speed was 100 nm min−1. All measurements were
performed with three accumulations. The digital Integration
Time (DIT) was selected as 1 s, the bandwidth as 1 nm, and
the sensitivity was standard.

The viability of PC12 cells seeded on 2D or within 3D PA nanofibers was measured using the Annexin V-FITC Apoptosis
Detection kit. After 24 h and 48 h of incubation, the flow cytometry protocol for Annexin V and propidium iodide was performed according to the manufacturer’s instructions. Briefly,
the medium was discarded; cells were washed with cold PBS
and resuspended in 100 µL of 1× annexin-binding buﬀer, and
5 µL Alexa Fluor® 488 Annexin V and 1 µL of 100 µg mL−1 propidium iodide were added to each well. Cells were incubated at
room temperature for 15 min and analyzed by flow cytometry,
measuring the fluorescence emission at 530 nm (FL1 channel)
and >575 nm (FL3 channel).
PC-12 neurite extension assay

Oscillatory rheology
Oscillatory rheology measurements were performed with an
Anton Paar Physica RM301 Rheometer operating with a 25 mm
parallel plate configuration at 25 °C. Oppositely charged PA
solutions with diﬀerent concentrations were tested in order to
optimize the stiﬀness of hydrogels according to the elastic properties of brain tissue. Diﬀerent concentrations of each PA
component, chosen to obtain neutral charges at a final volume
of 250 µL, were carefully loaded onto the center of the lower
plate and incubated for 10 min for gelation before measurement. After equilibration, the upper plate was lowered to a gap
distance of 0.5 mm. Storage moduli (G′) and loss moduli (G″)
values were scanned from 100 rad s−1 to 0.1 rad s−1 of angular
frequency, with a 0.5% shear strain. Three samples were
measured for each PA gel.
Cell culture and maintenance
PC12 cells were used in all cell culture experiments. Cells were
cultured in 25 cm2 flasks at 37 °C in a humidified incubator
and supplied with 5% CO2. PC12 cells were maintained in
Roswell Park Memorial Institute medium (RPMI) with 10%
horse serum (HS), 5% fetal bovine serum (FBS), 2 mM
L-glutamine and 1% penicillin/streptomycin (P/S). The culture
medium was changed every 3 days.
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Equal volumes of 4 mM TN–PA and 2 mM EE–PA were used to
form gels with neutral charges in 6-well plates, while equal
volumes of 3 mM KK–PA and EE–PA were mixed to form the
epitope-free control PA group. PA-coated plates were incubated
at 37 °C for 30 min prior to overnight incubation in a laminar
flow hood at room temperature for solvent evaporation. The
next day, PA matrices formed on 6-well plates were UV sterilized, and PC-12 cells (1.5 × 105 cells per well) were cultured on
these matrices. Following the addition of cells in culture
media to PA-coated surfaces, the PA matrix was rehydrated and
formed a thin gel which adhered to the plate surface. RPMI
with 10% HS, 5% FBS, 2 mM L-glutamine and 1% P/S was
used as the culture medium. The day after seeding cells,
media were changed with a neural induction medium consisting of MEM with 2% HS, 1% FBS, 2 mM L-glutamine, 1% P/S
and 20 ng mL−1 NGF. A week after inducing cells with NGF,
optical images were obtained at six random points of each well
at 200× magnification. The total neurite length in each image
was quantified by Image J and normalized by cell number/
image. The average neurite length was obtained from six replicate wells for each coating material. In order to obtain another
measure for the quantification of the neurite inducing potential of PA nanofibers, neurite extending cells were counted in
the same images by Image J and the percentage of cells with
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neurites was calculated. Cellular extensions spanning at least
one cell body length were considered as neurites for quantification. The results were evaluated by one-way ANOVA for statistical significance.
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SEM imaging of PC12 cells on 2D or within 3D PA nanofibers
The morphology and neurite extension pattern of PC12 cells
were examined by SEM imaging using an ETD detector in high
vacuum mode at 5 keV beam energy. Seven days after the incubation of PC12 cells on 2D or within 3D PA nanofibers, the
cells were rinsed with PBS and fixed with 2% gluteraldehyde/
PBS and 1 wt% OsO4 for 1 h each. The fixed cells were washed
with water, and then dehydrated sequentially in 20%, 40%,
60%, 80%, and 100% ethanol. The samples were critical pointdried with a Tousimis Autosamdri-815B system and coated
with 6 nm Au–Pd before imaging.

Biomaterials Science

Signals were visualized using a chemiluminescent signal
enhancement system (Invitrogen, Novex ECL). GAPDH was
used as the internal control and treated with the same protocol
(Millipore, MAB374, 1 : 1000). Gels were visualized by
enhanced chemiluminescence (Bio-Rad) according to the manufacturer’s protocol on a Bio-Rad ChemiDoc™ Imaging System
with Image Lab™ Software, and protein concentrations in gel
slabs were quantified using ImageJ. The intensities of the
bands were normalized by GAPDH.
Statistical analysis
All quantitative values are presented as mean ± sem (standard
error of means), and all the groups in the experiments were
performed with at least three replicates. One-way analysis of
variance (ANOVA) was used for statistical analysis, and p-values
less than 0.05 were considered statistically significant.

Gene expression analysis
Gene expression profiles were assessed by quantitative RT-PCR
analysis. Seven days after the incubation of PC12 cells on 2D
or within 3D PA nanofibers, RNA was isolated using TRIzol
(Invitrogen) according to the manufacturer’s instructions. The
yield and purity of the extracted RNA were assessed using a
Nanodrop 2000 (Thermo Scientific). Primer sequences were
designed using the NCBI database (Table S1, ESI†). cDNA synthesis from RNA and qRT-PCR were performed using a
SuperScript III Platinum SYBR Green one-step qRT-PCR kit
according to the manufacturer’s instructions. Reaction conditions were briefly as follows: 55 °C for 5 min, 95 °C for
5 min, 40 cycles of 95 °C for 15 s, X °C for 30 s (varies according to primer sets), and 40 °C for 1 min, followed by a melting
curve analysis to confirm product specificity. The reaction
eﬃciencies for each primer set were evaluated by plotting a
standard curve using 5-fold serial dilutions of total RNA.
For analysis of the expression data, primary gene expression
data were normalized by the expression level of GAPDH. A
comparative Ct method (Pfaﬄ method) was used to analyze
the results.
Western blot analysis
The total protein content of PC12 cells cultured under
diﬀerent conditions (2D or 3D culture, in the presence or
absence of NGF) was isolated using TRIzol (Invitrogen) according to the manufacturer’s instructions. Protein concentrations
were determined using a BCA Protein Assay Kit (Thermo
Scientific). Equal amounts of proteins (50 μg, 15 μL) were separated on 12% SDS-PAGE gels under denaturing and nonreducing conditions and then transferred to a PVDF membrane.
The membrane was blocked with 5% nonfat milk in TBST at
room temperature for 1 h and then incubated with βIII tubulin
antibody (Abcam, ab78078, 1 : 1000), synaptophysin (Abcam,
ab32127, 1 : 10 000), ERK 1/2 (Abcam, ab130004, 1 : 1000) and
pERK (Abcam, ab50011, 1 : 1000) at 4 °C overnight. After
washing in TBST, the blots were incubated with an HRP-conjugated secondary antibody (Millipore, 12-349 goat anti mouse
IgG, 1 : 1000 or Abcam, ab6721 goat anti-rabbit IgG 1 : 2000).
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Results and discussion
Design and characterization of peptide amphiphile nanofibers
Three-dimensional (3D) biomimetic nanofiber scaﬀolds have
been used in biomedical tissue engineering due to their nanoscale architecture similar to the extracellular matrix found
in vivo. These scaﬀolds are crucial for cellular organization
and intercellular communication for regenerative purposes.
However, the use of any such scaﬀold in the closed microenvironment of nerve tissue presents a critical challenge.
Therefore, it is important to consider the required parameters
carefully while designing a material for neuronal diﬀerentiation. In this work, we developed a 3D self-assembled nanofiber gel carrying a bioactive epitope derived from the natural
extracellular
matrix
protein
tenascin-C
(laurylVFDNFVLKK-Am, TN–PA) and utilized it in order to fill the gap
between 2D cell culture systems and in vivo tissue architectures. The potential of the tenascin-C mimetic peptide nanofiber system for promoting the neurite outgrowth was also
studied. The control peptide amphiphiles, negatively charged
EE–PA (lauryl-VVAGEE-Am) and positively charged KK–PA
(lauryl-VVAGK-Am) lacked this epitope (Fig. 1). All PA molecules were synthesized by LC-MS and purified by preparative
HPLC before use (Fig. S1†). Two nanofiber gels were used in
this study: the TN–PA/EE–PA gel contained tenascin-C derived
bioactive epitopes while the KK–PA/EE–PA gel was used as an
epitope-free negative control. When positively charged PA
molecules were mixed with negatively charged PA molecules,
they formed ECM-mimetic nanofibers through self-assembly
mediated by β-sheet driving motifs and electrostatic and
hydrophobic interactions.31 The SEM images revealed the
nanofibrous and porous structure of peptide nanofiber gels,
which resemble the networks formed by the natural extracellular matrix of cells at physiological pH (Fig. 2A). The secondary
structures of the nanofibers were characterized by CD spectroscopy. Upon mixing the negatively and positively charged
PA molecules, both bioactive and control nanofiber systems
predominantly demonstrated the β-sheet structure with a
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Fig. 1
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Chemical structures of peptide amphiphile molecules.

Fig. 2 SEM images of TN–PA/EE–PA and KK–PA/EE–PA (A), scale bars: 1 µm. CD spectra of TN–PA/EE–PA and KK–PA/EE–PA nanoﬁbers (B).
Equilibrium storage and loss modulus of TN–PA/EE–PA and KK–PA/EE–PA in water (C).

chiral absorbance maximum at around 200 nm and a
minimum at around 220 nm (Fig. 2B).
The physical characteristics of the matrix are known to
serve as potent cues for determining cell fates. When designing an artificial scaﬀold for neural cell culture, the mechanical
properties of the scaﬀold should be optimized to resemble
those of brain tissue, which has an elastic modulus of about

This journal is © The Royal Society of Chemistry 2018

1 kPa.32 Diﬀerent concentrations of PA solutions were used to
form neutral gels with mechanical properties close to the
nervous system. Using frequency sweep rheology measurements at a constant strain, we performed oscillatory rheology
analyses to assess the mechanical properties of peptide nanofiber gels. 12 mM TN–PA solution and 6 mM EE–PA solution
(for the TN–PA/EE–PA combination) or 10 mM KK–PA solution
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and 10 mM EE–PA solution (for the KK–PA/EE–PA combination) were used to form nanofiber gels with neutral charge
at physiological pH. Both gel systems had a higher storage
moduli (G′) than loss moduli (G″), which indicates the gel-like
structure of the system with approximately 1 kPa storage
modulus at physiological pH (Fig. 2C).

each other with no significant diﬀerences (Fig. 3). It is important to emphasize that the 3D scaﬀolds had the appropriate
stiﬀness and porosity to support cell viability without diﬀusional transport limitations, which can limit the transfer of O2
and other essential nutrients and cause the accumulation of
toxic waste products within the scaﬀold space.

Tenascin-C mimetic peptide nanofibers support cell viability

Tenascin-C mimetic peptide nanofibers promote neurite
outgrowth

The cytotoxicity of regenerative materials under both in vitro
and in vivo conditions is an important parameter that will
determine their potential in clinical applications. Biomaterials
used in tissue engineering applications should ideally not
produce any toxic products or lead to any adverse reactions,
which can be evaluated through in vitro cytotoxicity tests. In
this study, the cellular viability of PC12 cells seeded on 2D or
within 3D tenascin-C mimetic peptide nanofibers was assessed
by flow cytometry analysis, by comparison with cells that were
cultured on 2D or within 3D epitope-free peptide nanofibers at
varying time points (24 and 48 h). Annexin V and propidium
iodide were used to evaluate cellular survival, with the Annexin
V−/propidium iodide− population being considered as normal,
healthy cells, the Annexin V+/propidium iodide− population as
cells at the early stages of apoptosis, and the Annexin V+/propidium iodide+ population as cells in late apoptosis. After 24 h
and 48 h of incubation, the results showed that the percentages of live cells under all conditions were comparable to

The ability to promote neurite outgrowth is crucial for neuroregenerative biomaterials since neurite development is required
to generate functional synapses. PC12 is a rat adrenal gland
pheochromocytoma-derived cell line that is commonly used as
a model system in in vitro studies for the induction of diﬀerentiation in the presence of NGF.33,34 Therefore, we used PC12
cells to evaluate the potential of tenascin-C mimetic peptide
nanofibers to promote neurite extension, and measured the
neurite lengths and the percentage of neurite-bearing cells on
2D TN–PA/EE–PA and KK–PA/EE–PA nanofibers. The neurite
lengths measured at days 3 and 7 after the neural induction
revealed that the TN–PA/EE–PA scaﬀold is a potent neurite
inducer. The neurite extension on this scaﬀold was found to
be significantly greater at both time points compared to the
epitope-free KK–PA/EE–PA scaﬀold. In addition, the percentage
of neurite-bearing cells on the tenascin-C mimetic scaﬀold was
significantly higher compared to the control scaﬀold (Fig. 4).

Fig. 3 Viability of PC12 cells seeded on 2D or within 3D peptide nanoﬁbers which was tested by ﬂow cytometry analysis. Values represent
mean ± SD.
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Fig. 4 Neurite outgrowth of PC-12 cells cultured on TN–PA/EE–PA and KK–PA/EE–PA nanoﬁbers for 3 and 7 days, scale bars: 100 µm. Neurite
length and percentage of neurite bearing cells were quantiﬁed for day 3 and day 7 by Image J. Values represent mean ± sem (***p < 0.0001).

Moreover, the neurite extension was promoted on the TN–PA/
EE–PA scaﬀolds as early as 3 days, which further underlines
the neurite outgrowth-promoting potential of tenascin-C
derived signals in combination with NGF.
For 3D cell culture, we encapsulated PC12 cells within PA
nanofibers in order to introduce tenascin-C signaling in all
dimensions. 3D gels used in this study were composed of two
layers. The first layer comprised a mixture of positively and
negatively charged PA solutions, and the second layer included
cells encapsulated within the PA mixture. Therefore, the
cells encountered the first layer instead of the tissue culture
plate when migrating downwards, and interacted with the
tenascin-C derived epitope in three dimensions. The SEM
images revealed that the encapsulation of PC12 cells within 3D
nanofibers bearing tenascin-C derived epitopes induced neurite
outgrowth in three dimensions, unlike 2D cell culture conditions
in which neurite extension was only in two dimensions (Fig. 5).
Tenascin-C mimetic peptide nanofibers enhance neural gene
expressions
The gene expression profiles of PC12 cells cultured on 2D or
within 3D bioactive or non-bioactive nanofibers were analyzed
to understand the eﬀect of the tenascin-C derived epitope on
neuronal diﬀerentiation. Gene expressions of β-III tubulin and
synaptophysin I under diﬀerent conditions were determined
as indicators of neuronal diﬀerentiation. β-III tubulin is a
widely used marker for neuronal diﬀerentiation, since it is
expressed in both mature and immature neurons.35,36 The
encapsulation of PC12 cells within 3D tenascin-C mimetic
peptide nanofibers increased the gene expression of βIIItubulin in the presence of NGF when compared to other
groups (Fig. 6A).
Synaptophysin is a commonly used neuronal diﬀerentiation
marker and presynaptic vesicle protein that is present in
axons, expressed throughout the brain and responsible for

This journal is © The Royal Society of Chemistry 2018

Fig. 5 SEM images of PC-12 cells cultured on 2D TN–PA/EE–PA, EE–
PA/KK–PA nanoﬁbers, and 3D TN–PA/EE–PA, EE–PA/KK–PA gels on day
7 after cell seeding. Scale bars are 50 μm.

synapse formation.37,38 The results of the synaptophysin
expression analysis displayed a similar pattern to βIII-tubulin
expression. In the presence of NGF, the tenascin-C epitope significantly increased the gene expression of synaptophysin
when the cells were encapsulated within the 3D nanofiber gel.
Strikingly, when the cells were encapsulated within 3D tenascin-C mimetic nanofibers in the absence of NGF, synaptophysin expression was enhanced to a greater extent compared to
2D culture conditions, suggesting that the 3D introduction of
tenascin-C signaling to cells is more eﬀective for inducing
synaptophysin expression compared to its 2D counterpart
(Fig. 6A). However, when the neural gene expressions of PC12
cells cultured on 2D or within 3D epitope-free control nano-

Biomater. Sci., 2018, 6, 1859–1868 | 1865

View Article Online

Published on 02 May 2018. Downloaded by Bilkent University on 2/26/2019 1:39:19 PM.

Paper

Biomaterials Science

Fig. 7 Western blot analysis for βIII-tubulin and SYN1 protein
expression of PC12 cells seeded in 3D TN–PA/EE–PA or KK–PA/EE–PA
hydrogels with NGF induction. Values represent mean ± sem (**p <
0.01).

Fig. 6 Gene expression analyses of β-III tubulin and Synaptophysin I
(SYN1) on day 7 on 2D nanoﬁbers and in 3D hydrogels with and without
the addition of NGF. Gene expression levels of PC-12 cells cultured on
TN–PA/EE–PA nanoﬁbers and hydrogels (A). Gene expression levels of
PC-12 cells on KK–PA/EE–PA nanoﬁbers and hydrogels (B). Expression
level of each gene was normalized to GAPDH. Values represent mean ±
sem (***p < 0.001, **p < 0.01, *p < 0.05).

fiber gels were analyzed, the presence or absence of NGF did
not correlate with the microenvironment, suggesting that the
bioactivity and microenvironment cooperate for neuronal
diﬀerentiation (Fig. 6B). Overall, these results confirm the SEM
results showing extensive neurite outgrowth of PC12 cells
encapsulated within 3D tenascin-C mimetic nanofibers.
Tenascin-C mimetic peptide nanofibers enhance neural
protein expression
For further analysis of the neuronal diﬀerentiation potential of
PC12 cells with tenascin-C signaling and 3D cell culture,
protein expression levels of neural markers were quantified by
western blotting. Protein-level analysis revealed the increased
expression of synaptophysin and βIII-tubulin proteins in PC12
cells concomitantly with enhanced neuronal diﬀerentiation
induced by tenascin-C signaling in the 3D nanofiber system
compared to epitope-free 3D nanofibers (Fig. 7). Our results
suggest that introducing tenascin-C signals in three dimensions not only increased the expression levels of neural
markers at the gene level, but also maintained the translation
of gene upregulation to the protein level.
We further confirmed neuronal diﬀerentiation as a result of
the synergy between tenascin-C signaling and the 3D gel
system by evaluating the activation of the ERK 1/2 module,
since ERK1/2 is strongly activated by growth factors such as

1866 | Biomater. Sci., 2018, 6, 1859–1868

NGF,39 which was used in our study. We found that there was
no statistically significant diﬀerence between the [ phospho
ERK 1/2]/[total ERK 1/2] ratio of cells seeded within 3D bioactive and non-bioactive gels (Fig. S5†). Consequently, the
eﬀect of NGF is the same for both 3D conditions (bioactive or
non-bioactive), and the neuronal diﬀerentiation induction
eﬀect in the tenascin-C mimetic 3D gel only comes from the
action of tenascin-C signaling in the context of a 3D
microenvironment.

Conclusion
We have shown that 3D peptide nanofibers with favorable
mechanical and biochemical properties are able to support the
neuronal diﬀerentiation with extensive neurite outgrowth and
regulation of neural markers. The tenascin-C derived signal
containing nanofibers promoted significant neurite extension,
which was further stimulated by the 3D nanofiber scaﬀolds
because the cells face bioactive signals from all directions. On
the other hand, the cells had contact with only a portion of the
bioactive signals on the 2D nanofiber scaﬀolds. The ability to
combine the physical and biochemical properties of the
peptide amphiphile nanofibers in one system presents more
tissue-like platforms for the development of new therapies for
neurological conditions and disorders.
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