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ABSTRACT: Cadherins are vital for cell-to-cell interactions
during tissue growth, migration, and differentiation processes.
Both biophysical and biochemical inputs are generated upon
cell-to-cell adhesions, which determine the fate of the
mesenchymal stem cells (MSCs). The effect of cadherin
interactions on the MSC differentiation still remains elusive.
Here we combined the N-Cadherin mimetic peptide (HAV-
PA) with the self-assembling E-PA and the resultant N-
cadherin mimetic peptide nanofibers promoted chondrogenic
differentiation of MSCs in conjunction with chondrogenic
factors as a synthetic extracellular matrix system. Self-assembly
of the precursor peptide amphiphile molecules HAV-PA and
E-PA enable the organization of HAV peptide residues in close proximity to the cell interaction site, forming a supramolecular
N-cadherin-like system. These bioactive peptide nanofibers not only promoted viability and enhanced adhesion of MSCs but
also augmented the expression of cartilage specific matrix components compared to the nonbioactive control nanofibers.
Overall, the N-cadherin mimetic peptide nanofiber system facilitated MSC commitment into the chondrogenic lineage
presenting an alternative bioactive platform for stem-cell-based cartilage regeneration.

■ INTRODUCTION

Mesenchymal stem cells (MSCs) are unique for their ability in
regeneration of mesenchymal tissues, and they are essential for
the development of cellular therapeutics in regenerative
medicine applications due to their capacity to self-replicate
and form functional tissues.1,2 These capabilities of MSCs are
regulated spatiotemporally by both biochemical and bio-
physical factors presented by the tissue microenvironment,
directing differentiation into specific lineages. Dynamics of the
tissue microenvironment can be engineered by utilizing
biomaterial scaffold systems, providing bioactive artificial
environments for MSC differentiation.3−5 These biomaterials
may either induce or facilitate the chondrogenic differentiation
through cell-to-cell and cell-matrix interaction and must
present an appropriate combination of biophysical and
biochemical characteristics to provide an ideal environment
for MSC differentiation into cartilage tissue. Since the
extracellular matrix (ECM) has a profound effect on MSC
differentiation, many studies have tried to improve the
biological functionality of biomaterials by tethering ECM
molecules or directly mimicking the ECM structure.6−9 Thus,

discovering novel targets that facilitate the cellular differ-
entiation is highly desirable.
Cadherin molecules are Ca2+ dependent type-1 trans-

membrane glycoproteins that are responsible for maintaining
cell and tissue structure and cellular movement through cell
adhesion.10 During chondrogenesis, N-cadherins play an
essential role for mesenchymal cell condensation, which is a
critical step in tissue morphogenesis.11,12 N-terminal extrac-
ellular domain of the N-cadherin possesses an evolutionarily
conserved motif, His-Ala-Val (HAV), which provides a
homophilic cell adhesion recognition site that mediates cell-
to-cell adhesion.13 It has been known that inhibition of the
HAV motif decreases the N-cadherin dependent cell-to-cell
adhesion.14

N-Cadherin mediates the aggregation of progenitor cells,
promoting cell-to-cell interactions during mesenchymal con-
densation.15,16 N-Cadherin deletion also results in decreased
cellular condensation and impaired chondrogenesis.17,18
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During tissue development, morphogenesis, and regeneration,
the dynamic remodeling of the ECM components is also
required to direct differentiation of uncommitted progenitor
cells into a specific lineage. A growing body of evidence
suggests that the ECM-cell and cell-to-cell interactions initiate
various signal transduction pathways, thereby regulating the
lineage of cellular differentiation. This makes cadherin
molecules vital for developmental and regenerative processes.
While previous relevant studies have shown that HAV
sequence bearing peptide derivatives enhance chondrogenesis
and osteogenesis of MSCs,19−21 to the best of our knowledge,
our study is the first synthetic ECM-like peptide nanofiber
application showing the effect of N-cadherin adhesion on
cartilage differentiation.
In this work, we demonstrated an HAV tripeptide sequence

presenting the peptide nanofiber system to induce the
chondrogenic differentiation of mesenchymal stem cells. The
HAV tripeptide sequence containing peptide nanofiber system

was designed to mimic the cadherin-like binding interaction for
inducing cell-to-cell interactions among MSCs. The designed
peptide nanofiber system presented not only cell-binding
motifs but also a mechanical architecture, which allows for
cellular migration that is necessary for mesenchymal
condensation. The N-cadherin mimetic peptide nanofiber
system was demonstrated to successfully induce the chondro-
genic differentiation of MSCs. Furthermore, when the
bioactive epitopes of the peptide nanofiber system were
blocked by using a N-cadherin antibody, its chondrogenic
effect was also hindered causing reduction of the chondro-
genesis related gene expression, which shows the specificity of
the matrix and cell interactions. Overall, the chondrogenic
differentiation of MSCs was shown to be induced in the
presence of cadherin mimetic peptide nanofiber system
providing both physical and biological support.

Figure 1. (A) Chemical structures of the peptide amphiphile molecules. (B) Circular dichroism spectroscopy of the PA nanofibers showing β-
sheet-like secondary structure. (C) Representative SEM images of HAV/E-PA and KK/E-PA, showing ECM mimetic morphology of the nanofiber
networks. (D) Representative TEM image of the HAV/E-PA and KK/E-PA. (E) Rheological characterization of the hydrogels showing storage and
loss moduli of HAV/E-PA and KK/E-PA.
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Peptide
Amphiphile Nanofibers. In this study, we exploited the
bioactivity of cadherin and the physical support of the ECM by
incorporating the evolutionary conservative HAV units into a
synthetic peptide nanofiber network. The cadherin mimetic
positively charged HAV-PA, negatively charged E-PA, and
positively charged KK-PA molecules were synthesized by solid
phase peptide synthesis method, purified by preparative
HPLC, and characterized by LC−MS prior to their use
(Figure S1). The structure of the HAV-PA molecule was
designed to mimic cadherin interaction, while E-PA and KK-
PA were used as control peptides lacking bioactive epitopes
(Figure 1A).
Self-assembly was triggered by mixing negatively charged

peptides and positively charged peptides at pH 7.4 to produce
neutrally charged peptide networks. This is the main advantage
of our supramolecular peptide hydrogel system, allowing the
self-assembly without linker usage or any external force.
Hydrophobic site of the PA molecules, composed of a long
alkyl chain, induces hydrophobic collapse and remains in the
interior part of the nanofiber structure. Hydrophilic peptide
segment enables solubility in water and presents a bioactive
peptide sequence on the surface of the self-assembled
nanostructures. Following the self-assembly, secondary struc-
tures of peptide amphiphiles and their mixtures were
characterized by circular dichroism (CD) analysis. Both

cadherin-mimetic peptide nanofiber system and the control
nanofibers showed predominantly β-sheet structures with a
minimum at around 220 nm and maximum around 200 nm,
showing the structural properties of the gels were comparable
(Figure 1B). The scanning electron microscopy (SEM)
imaging of the self-assembled PA nanofibers indicated that
both HAV/E-PA and KK/E-PA show meshlike morphology at
the microscale level (Figure 1C). The structures of individual
nanofibers were observed under transmission electron
microscopy, which revealed the presence of high-aspect-ratio
nanofibers with diameters of around 10 nm and lengths
reaching several micrometers (Figure 1D). Mechanical proper-
ties of the extracellular environment are crucial for determining
cell fate, and thus we studied the gels by using oscillatory
rheology. The mechanical characterization of nanofiber
systems showed that the storage moduli were greater than
loss moduli, indicating self-supporting gel formation (Figure
1E). The peptide gels exhibited storage moduli of ∼9 kPa and
loss moduli of ∼0.9 kPa. Overall, our findings suggest that both
HAV/E-PA and KK/E-PA biomaterial scaffold systems bear
suitable mechanical properties to be able to support
chondrogenic differentiation as our material is neither
considered as a soft material (≤1 kPa) which is ideal for
brain cells nor a stiff material (≥20 kPa) which is considered
an ideal surface for osteocyte differentiation.22−24

Cellular Behavior Analyses. The biocompatibility of the
nanofiber networks was investigated by examining the viability

Figure 2. (A) Viability of MSCs on nanofiber networks and TCP at 24 h. Representative live−dead assay images and quantification. (B) Relative
cell adhesion of MSCs after 1 and 5 h of incubation in the presence of BSA and cycloheximide. (C) Proliferation rates of MSCs normalized to TCP
at 24, 48, and 72 h. Error bars represent mean ± standard error of mean (*p < 0.05, **p < 0.01, and ***p < 0.001).
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of the MSCs cultured on peptide nanofibers for 24 h (Figure
2A). Calcein AM and ethidium homodimer staining were
performed to determine the number of viable and dead cells,
while bare tissue culture plates were used as the control.
Cellular viability rates were comparable between the bare
surface and the nanofiber-coated surfaces, suggesting that the
nanofiber networks are biocompatible.
We also investigated the adhesive behavior of the cells to the

nanofibrous networks in the presence of a translation inhibitor,
cycloheximide, which minimizes the interference of the
endogenous proteins during adhesion process (Figure 2B).
After 1 and 5 h of culture, cells on the cadherin-mimetic
surfaces were found to adhere significantly better than the
uncoated TCP and the control nanofiber group. Incorporation

of the bioactive signals into the peptide nanofiber system
significantly supported the adhesion profile, indicating better
cellular adaptation on the cadherin-mimetic surface. The
cadherin-mimetic nanofibrous system also mimics the fibrous
ECM, which is responsible for regulating the cell adhesion and
protein adsorption processes.
The effects of the cadherin-mimetic PA nanofibers on the

MSC proliferation was assayed by using a BrdU-based
proliferation assay (Figure 2C). The proliferation rates of
MSCs on both HAV/E-PA and KK/E-PA nanofibers were
significantly lower compared to TCP at 24 and 48 h of culture.
However, after 72 h, cellular proliferation rate on HAV/E-PA
nanofibers was significantly lower than both TCP and the
nonbioactive group. Although all experimental groups showed

Figure 3. Glycosaminoglycan deposition of MSCs on nanofiber networks or uncoated TCP on days 3, 7, and 14. (A) Safranin-O staining shows the
deposition of sulfated GAG content. (B) DMMB assay shows the quantification of the sulfated GAG deposition. GAG content was normalized to
dsDNA content and was expressed as μg/μg. Error bars represent standard error of mean (*p < 0.05, **p < 0.01, and ***p < 0.001).
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similar effects on MSCs in terms of viability, HAV/E-PA
coated surface impeded cell proliferation significantly since
MSCs are required to exit the cell cycle prior to differ-
entiation.25 Overall, the combination of these factors allows the
HAV/E-PA system to provide a biocompatible and bio-
inductive environment for the culturing of MSCs.
N-Cadherin Mimetic Peptide Nanofiber Network

Enhances MSC Aggregation and Deposition of Carti-
lage ECM Components. We also analyzed the chondrogenic
differentiation potential of MSCs on the nanofiber networks.
Chondrocyte lineage-committed MSCs start to deposit
sulfated glycosaminoglycans and increase cell−cell interactions,
as evidenced by aggregate formation.26−28 The deposition of
sulfated glycosaminoglycans (GAG) was examined by
Safranin-O staining and quantified with dimethylmethylene
blue (DMMB) assay on days 3, 7, and 14. Prominent staining
on cellular aggregates indicated the accumulation of GAGs in
HAV/E-PA group, whereas cells on KK/E-PA and TCP were
stained less specifically (Figure 3A). Aggregations began to
form on day 3 for the HAV/E-PA group, whereas they first
were observed after 7 days in the KK/E-PA and TCP groups.
Especially on day 14, cellular aggregates were larger and more
intense in color after Safranin-O staining in the cadherin-
mimetic peptide coating group, indicating abundant GAG
accumulation. Some aggregate formation was observed in KK/

E-PA as well; however, they were less in number and smaller in
size compared to HAV/E-PA. Since some previous studies
suggested that aggregate formation may not be necessary to
induce chondrogenesis itself,29,30 we conducted further assays
and found that the DMMB results also correlate well with the
results we observed in Safranin-O staining, indicating that the
GAG/dsDNA content was higher on the HAV/E-PA group
compared to the other groups on days 3 and 7, while it was
also higher on the KK/E-PA group compared to TCP samples
(Figure 3B). Strikingly, on day 14, the accumulation of
glycosaminoglycan per DNA was two times higher in cells on
the HAV/E-PA group compared to cells cultured on KK/E-PA
and TCP, suggesting that the cadherin-mimetic peptide
nanofiber network promoted GAG deposition. It has
previously been shown that after cadherin-mediated cell−cell
adhesions begin to form, they become progressively stronger,
leading to the formation of larger aggregates.31 Consistently,
our evidence indicates that the cadherin-mimetic peptide
nanofiber network enhances MSC aggregation and the
deposition of cartilaginous matrix components in vitro.

Gene Expression Analyses Confirm Chondrogenic
Lineage Commitment. Morphological observations clearly
showed that the MSCs formed aggregates within 3 days
following their seeding on N-cadherin mimetic peptide
nanofibers, suggesting a rapid commitment to the chondro-

Figure 4. Cartilage specific gene and protein expression profile of MSCs. HAV/E-PA enhances early rMSC chondrogenesis. (A) Sox9, (B)
Aggrecan, and (C) Collagen II expression of MSCs on both nanofiber networks and TCP after 3, 7, and 14 days of in vitro culture in chondrogenic
media either untreated (ab-) or with treatment of the N-cadherin antibody (ab+). (D) Sox9, Aggrecan, and Collagen II expression of MSCs on
HAV/E-PA, KK/E-PA, and TCP surfaces after 7 days. (E) Quantification of ICC data as % of intensity. Statistical analysis was performed with one-
way ANOVA and Bonferroni’s multiple comparisons test. Error bars represent standard error of mean. Scale bars are 10 μm for each ICC image.
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genic lineage. Morphological changes and deposition of
cartilage ECM components were confirmed by gene expression
analyses on days 3, 7, and 14. Gene expression analysis
revealed that the commitment of the MSCs to the
chondrogenic lineage on the cadherin mimetic HAV/E-PA
surface was enhanced compared to cells on KK/E-PA and
TCP. The expression levels of the chondrogenic markers Sox9,
Aggrecan, and Col II on days 3, 7, and 14 in the HAV/E-PA
group were significantly higher than the control and TCP
groups (Figure 4, panels A−C). No significance was observed
between the control and TCP groups. Sox9 is a transcription
factor which activates an enhancer in the gene of type II
collagen,32 and the expression of Sox9 in the HAV/E-PA group
was increased by 1.75-fold on day 3, leading the increase of the
Col II expression by 2.42-fold and 2.85-fold on days 7 and 14,
respectively, leading an increase in the Col II expression on the
following days. Collagen type II preferentially promotes ECM
deposition and the formation of fibrillary structures during
chondrogenesis.33,34 Aggrecan is another critical component
for cartilage structure, which is a proteoglycan and is crucial in
chondroskeletal morphogenesis.35 Proliferating chondrocytes
express the chondrocyte specific ECM protein Aggrecan,36 and
Sox9 enhances the induction of the gene that encodes
Aggrecan as well.37,38 Accordingly, our results showed that
the Aggrecan expression was significantly increased by 2.3-fold
and 4.7-fold on days 3 and 7, respectively, indicating that the
chondrogenic differentiation rate was increased during that
time.
Furthermore, we showed that the N-cadherin antibody

treatment eliminated the chondrogenic effect of the HAV
peptides, causing a reduction of the expression of chondro-
genic genes Sox9, Agg, and Col II to similar levels with the
control group. The qRT-PCR results were consistent with the
previous studies, which shows that the N-cadherin antibody
treatment abrogated the chondrogenic ability of N-cadherin
peptides and reduced the expression of chondrogenic genes to
levels similar to those of the control group.20 We also
investigated cartilage specific protein expressions by immuno-
localization with fluorescence-conjugated antibodies on day 7.
Confocal microscopy of the immunostained MSC aggregates
showed the localization of Sox9, Aggrecan, and Collagen II
proteins on rMSCs on HAV/E-PA, KK/E-PA, and TCP on
day 7, indicating that the deposition of chondrogenic markers
are more prominent in HAV/E-PA group compared to KK/E-
PA and TCP (Figure 4D). We also quantified % of intensity in
fluorescence signals on day 7. N-Cadherin mimicking the
HAV/E-PA group showed significantly higher intensities of
Sox9 and Col II, indicating an upregulation of cartilage specific
markers. On the other hand, while Agg exhibited a higher
intensity profile in HAV/E-PA group, we did not observe any
significant differences between groups on day 7.
As Sox9 is a transcription factor, which translocates to the

nuclei during chondrogenesis,38,39 we also quantified nuclear
versus cytoplasmic expression intensities of Sox9 (Figure S2).
The results of this analysis showed that the ratio of % intensity
(nuclei/cytoplasm) was significantly greater in the HAV/E-PA
group compared to KK/E-PA and TCP groups, which shows
higher nuclear compartmentalization of Sox9. This trans-
location also indicates chondrocyte differentiation from
mesenchymal progenitors.40

Overall, these findings suggested that the chondrogenic
differentiation was enhanced by the N-cadherin mimetic
HAV/E-PA, stimulating the expression of cartilage-specific

markers, including Sox9, Aggrecan, and type II collagen, by
creating a biomimetic environment for chondrogenesis. In
addition to the biochemical cues provided by the cadherin
mimetic sequence, the nanofiber structure of the HAV/E-PA
matrix itself may assist in differentiation and proliferation of
MSCs into chondrocytes.

■ CONCLUSION

In summary, we demonstrated that the cadherin mimetic HAV
peptide nanofibers are able to support the differentiation of the
mesenchymal stem cells into chondrocytes by facilitating their
commitment to the chondrogenic lineage. The HAV peptide
sequence conjugated HA hydrogels promoted chondrogenesis
of the encapsulated MSCs.20 In this work, we demonstrated
the effect of N-cadherin mimetic ECM-like peptide nanofiber
systems on regulating chondrogenic differentiation of MSCs
for the first time. We have shown that the combination of
biological (N-Cadherin mimetic HAV motif) and physical
(amphiphilic peptide nanofiber system) cues facilitated the
mesenchymal condensation and chondrogenesis. Our results
showed that stem cell differentiation can be guided by using
cadherin mimetic bioactive ECM mimetic materials for further
stem cell based cartilage regeneration studies.

■ EXPERIMENTAL PROCEDURES

Materials. [4-[-(2′ ,4′-Dimethoxyphenyl) Fmoc-
aminomethyl]phenoxy] acetamidonorleucyl-MBHA resin
(Rink amide MBHA resin), Fmoc-Glu(OtBu)-Wang resin, 2-
(1HBenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU), 9-fluorenylmethoxycarbonyl (Fmoc), and
tert-butoxycarbonyl (Boc) protected amino acids were
purchased from NovaBiochem, ABCR, and Sigma-Aldrich.
Fmoc-Ser[-Glc(OAc)4]-OH was purchased from AAPPTec.
N,N-Diisopropylethylamine (DIEA) and lauric acid were
purchased from Merck. Piperidine, acetic anhydride, dichloro-
methane (DCM), dimethylformamide (DMF), trifluoroacetic
acid (TFA), and triisoproplysilane (TIS) were obtained from
Sigma-Aldrich. All other chemicals and materials were
purchased from Invitrogen, Fisher, Merck, Alfa Aesar, and
SigmaAldrich. Deionized water (ddH2O) used in the experi-
ments had a resistance of 18.2 MΩ cm (Millipore Milli-Q). All
chemicals and materials were used as provided. For cell culture
experiments, Dulbecco’s Modified Eagle Medium (DMEM),
Penicillin/Streptomycin (PS) antibiotic mix, and Fetal Bovine
Serum (FBS) were purchased from Gibco, Life Technologies.
The LIVE/DEAD Viability/Cytotoxicity Kit was purchased
from Invitrogen. Safranin-O was obtained from Sigma-Aldrich.
All other chemicals and materials used in this study were
purchased from Invitrogen, Merck, Thermo Scientific, or
Sigma. All the chemicals were used as provided.

Methods. Peptide Amphiphile Synthesis, Purification and
Characterization. Peptide amphiphile (PA) molecules were
synthesized by a standard solid phase peptide synthesis (SPPS)
method. HAV-PA [Lauryl-VVAGKKGHAV-Am] and KK-PA
[Lauryl-VVAGKK-Am] were constructed on MHBA Rink
Amide resin, and E-PA [Lauryl-VVAGE] was constructed on
Wang resin preloaded with Fmoc-Glu (OtBu). The resins were
swelled in DCM for 30 min and following resin swelling, DCM
solvent was exchanged to DMF, in which all remaining
reactions were carried out. All amino acid couplings were
performed with 2 equiv of Fmoc protected amino acid, 1.95
equiv of HBTU, and 3 equiv of N,N-diisopropylethylamine
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(DIEA) in DMF. The coupling duration was at least 3 h but
varied depending on the type of the amino acid that was
coupled. Equivalences were based on the resin that was used
for construction.
Fmoc deprotections were performed by using 20%

piperidine/dimethylformamide (DMF) solution for 20 min.
After each coupling reaction, the resin was treated with 10%
acetic anhydride in DMF for 30 min to block any remaining
free amino groups. Before each succeeding event, washing was
performed by DMF, DCM, and DMF, respectively, three times
each. Cleavage of the peptides from the resin was carried out
with a mixture of TFA:TIS:water in the ratio of 95:2.5:2.5 for 2
h. Excess TFA was removed by rotary evaporation. The
remaining viscous peptide solution was treated with ice-cold
diethyl ether overnight at −20 °C. Ether decantation was
performed after centrifugation at 4 °C, 8000 rpm, for 15 min.
After complete evaporation of diethyl ether via air drying, the
resulting pellet was dissolved in ddH2O, sonicated for 30 min,
freeze-dried at −80 °C, and lyophilized. The PAs were stored
at −20 °C.
The synthesized peptide was characterized by liquid

chromatography mass spectrometry (LC−MS) on an Agilent
6530 Q-TOF mass spectrometer equipped with ESI source and
reverse phase analytical high performance liquid chromatog-
raphy. Basic conditions and acidic conditions were used to
identify the negatively charged and positively charged PA
molecules, respectively. For basic conditions, a Zorbax Extend-
C18 (4.6 × 50 mm) column and water/acetonitrile gradient
with 0.1% volume of NH4OH were used. For acidic conditions,
a Zorbax 300 SB-C8 (4.6 × 100 mm) column and water/
acetonitrile gradient with 0.1% volume of formic acid were
used. An Agilent 1200 preparative reverse-phase HPLC system
was used for the purification of the PA molecules. As a
stationary phase, a Luna 5u C8 (2) (21.20 × 100 mm) column
for acidic conditions and a Gemini 5u C18 (21.20 × 100 mm)
column for basic conditions was used to purify the negatively
charged and the positively charged PA molecules, respectively.
For the mobile phase, a water/acetonitrile gradient with a 0.1%
volume of NH4OH for basic conditions and a water/
acetonitrile gradient with 0.1% volume of TFA for acidic
conditions were used.
Formation of Peptide Amphiphile Nanostructures, Spec-

troscopic, and Morphological Characterizations. The PA
solutions were prepared by mixing two oppositely charged PA
solutions at 1 mM concentration which resulted in the peptide
hydrogel formation. In order to form neutrally charged peptide
nanofibers, positively charged bioactive HAV-PA and neg-
atively charged E-PA (at pH 7.4) were mixed to form bioactive
nanofibers at a 1:1 molar ratio. To form control nonbioactive
nanofibers, positively charged nonbioactive KK-PA and
negatively charged E-PA (at pH 7.4) were mixed at a 1:1
molar ratio. PA solutions were sonicated for 15 min and
sterilized under UV for 15 min.
The secondary structures of the PA molecules were

characterized by a J-815 Jasco circular dichroism spectropho-
tometer in the far ultraviolet region using quartz cuvettes with
a 1 mm path length. The PA solutions were dissolved in
deionized water at a concentration of 0.01% w/v, and the pH
was adjusted to 7.4. The CD spectra of HAV-PA, KK-PA, E-
PA, HAV/E-PA, and KK/E-PA (1:1 volume ratio) were
obtained from scanning at 190 to 300 nm using a digital
integration time of 1 s, a bandwidth of 1 nm, and with standard
sensitivity. The results were obtained as molar ellipticity and

converted into the unit of deg cm2 dmol−1 using the equation
of [θ] = (100 × Ω)/(C × 0.l) where Ω is the obtained value, C
is the concentration in molar, and 0.l is the cell path length in
centimeters.
For scanning electron microscopy (SEM) imaging, the

peptide hydrogels were prepared on cleaned silica wafers.
Obtained gels were incubated for 20 min at room temperature
to allow gelation and then were dehydrated. Dehydration was
performed in 20, 40, 60, 80, and 100% ethanol solutions
sequentially. The dehydrated gels were dried with a Tousimis
Autosamdri-815B critical-point-drier to preserve the network
structure. The samples were then coated with 5 nm layer of
Au/Pd and visualized under high vacuum with a FEI Quanta
200 FEG SEM equipped with an ETD detector.
Transmission electron microscopy (TEM) samples were

prepared on a 200-mesh cupper TEM grid. Nanostructures
were formed as explained above, and these solutions were 10
times diluted. Thirty microliters from the solutions were
dropped on a parafilm, and the grid was placed onto a droplet.
After a 5 min incubation, the grid was taken, excess PA
solution was removed, and the grid was stained with 2 wt %
uranyl-acetate for 3 min. Immediately after 3 min, the uranyl-
acetate was removed, the grid was rinsed with ddH2O and left
to air dry. TEM images were acquired with a FEI Tecnai G2
F30 TEM at 300 kV.

rMSC Culture and the Preparation of Nanofibrous
Networks for in Vitro Culture. Rat mesenchymal stem cells
(rMSCs) (Invitrogen) were expanded in a maintenance
medium consisting of DMEM supplemented with 10% (v/v)
FBS (Invitrogen), 1% (v/v) GlutaMAX (Invitrogen), and 1%
PS (Invitrogen). Chondrogenic differentiation was induced
with a StemPro Chondrogenesis Differentiation Kit (Invi-
trogen). All experiments were conducted with cells between
passages 7−9. Cells were maintained at a standard cell culture
environment (5% CO2, 37 °C) in humidified incubators. Cells
were passaged at 80% confluency by Trypsin-EDTA (0.025%)
(Invitrogen) and reseeded at 3000 cells/cm2. The culture
medium was replaced every 3−4 days. rMSCs were seeded on
PA-coated surfaces or uncoated culture plates. The PA coating
of the plates was performed by mixing oppositely charged 1
mM PA solutions at a ratio of 150 μL/cm2. Coated plates were
dried under a laminar flow hood for 16 h and sterilized under
UV irradiation for 30 min before cell seeding.

Cell Viability, Proliferation, and Adhesion. Cellular
viability was assessed using a Live−Dead assay kit
(Invitrogen). Cells were seeded on 96-well plates and
incubated for 24 h. Then, they were stained with a 2 μM
Calcein AM and 4 μM ethidium homodimer cocktail in
phosphate-buffered saline (PBS) for 30 min at room
temperature in the dark. Stained cells were observed under a
fluorescence microscope, and the cell numbers were counted
using ImageJ software (NIH, USA). Fifteen random images
were taken for each experimental and control group, and the
average number of cells on each well were calculated.
The proliferation of the cells was assessed using BrdU assay

(Roche). Cells were seeded onto PA-coated wells and
uncoated tissue culture plates (TCP) at a density of 3 × 103

cells/well. Cells were incubated in standard cell culture
medium supplemented with 100 μM BrdU labeling solution
for 24, 48, and 72 h. At the end of the incubation, BrdU
incorporation assay was performed according to the
manufacturer’s instructions. Proliferation rates of the cells
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were quantified by measuring the absorbance (370 nm, with
492 nm reference wavelength) with a microplate reader.
The adhesion of the rMSCs was assessed at 1 and 5 h after

seeding cells on each peptide network and glass surface. Prior
to the experiment, cells were pretreated with 50 μg/mL
cycloheximide in a serum-free DMEM medium supplemented
with 4 mg/mL BSA for 1 h at 37 °C and 5% CO2 to eliminate
the effect of the endogenous proteins in initial cell attachment
onto surfaces. Then, they were removed from the tissue culture
plate by trypsinization and seeded onto the coated 96-well
plates. After 2 h incubation in serum-free medium at standard
culture conditions, Calcein AM (Invitrogen) staining (2 μM)
was performed for 40 min according to the manufacturer’s
instructions. Images were taken from 5 different random
locations per well, and the experiment was carried out with n =
3. Cell adhesion was quantified directly by counting the
number of cells using ImageJ software. The results were then
normalized to TCP counts.
Detection of Glycosaminoglycan Deposition and Quanti-

tative Analysis. Glycosaminoglycan (GAG) deposition was
evaluated through Safranin-O staining at the end of the days 3,
7, and 14. Culture medium was discarded, and cells were
washed with PBS and were fixed with 4% paraformaldehyde for
15 min at room temperature. After washing with PBS, samples
were blocked with 1% (w/v) BSA/PBS for 30 min at room
temperature and then stained with 0.1% (w/v) Safranin-O in
1% (v/v) acetic acid for 5 min at room temperature. Cells were
washed with 0.1% (v/v) acetic acid in PBS extensively to
remove the unbound dye, and the sulfated GAG deposition
was observed under a light microscope.
The quantification of the sulfated glycosaminoglycans

(sGAG) was performed using the dimethyl methylene blue
(DMMB) assay on days 3, 7, and 14. First, the culture medium
was removed and cells were washed with 1× PBS. The samples
were treated with papain digestion buffer containing 100 mM
sodium phosphate buffer, 10 mM Na2EDTA, 10 mM L-
cysteine, and 0.125 mg/mL papain for 16 h at 65 °C. In order
to measure the amount of GAG production per DNA content,
total dsDNA per well was also measured (n = 5). DNA amount
of each sample was determined using Qubit dsDNA
quantification kit (Invitrogen) according to the manufacturer’s
instructions. The sGAG amount was calculated from a
standard curve that was generated using diluted chondroitin
sulfate standards (from 0 to 35 μg mL−1). Then, DMMB dye
was prepared by using 16 mg L−1 1,9-dimethylmethylene blue,
40 mM glycine, 40 mM NaCl, and 9.5 mM HCl (pH 3.0), and
100 μL of the dye solution was added onto 40 μL of papain-
digested solutions and standard samples. The sGAG
concentration was determined by measuring the change in
absorbance of the DMMB solution at 595 nm. Finally, GAG/
dsDNA content was calculated for each experimental group
after days 3, 7, and 14.
Gene Expression Analysis. For analyzing chondrogenic

differentiation, gene expression profiles of rMSCs were
assessed by quantitative real time PCR (qRT-PCR). To
observe the direct effect of cadherin peptides on chondro-
genesis, mesenchymal stem cells were divided into two groups.
One of the groups was treated with an N-cadherin antibody,
while the other group remained untreated. RNA from each
sample was isolated with TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Purity and yield
of isolated RNA were determined with Nanodrop 2000
spectrometer (Thermo Scientific). Both cDNA synthesis and

qRT-PCR were performed with a one-step qRT-PCR kit
(SuperScript III Platinum SYBR Green) according to the
manufacturer’s instructions. Primer sets that were used in this
study are shown in Table S1. The relative gene expression was
calculated using the ΔΔCT method, where the fold difference
was calculated using the expression 2ΔΔCt, and normalized to
GAPDH.

Immunostaining and Imaging. To investigate the
expression of chondrogenic markers at day 7, rMSCs were
fixed in 4% paraformaldehyde/PBS for 10 min and then cells
were permeabilized with 0.1% Triton X-100 for 15 min. For
blocking, samples were incubated with 10% (w/v) bovine
serum albumin/PBS for 30 min and treated with Collagen II
primary antibody (Abcam) at 1:200 dilution or Aggrecan
antibody at 1:200 dilution (Abcam) or Sox9 primary antibody
(Abcam) at 1:300 dilution overnight at 4 °C. Cells were then
washed with 1× PBS and incubated for 1 h at room
temperature with Goat Anti-Rabbit IgG H&L (Alexa Fluor
488 − Abcam 150077). All samples were counterstained with 1
μM TO-PRO-3 (Invitrogen) in PBS for 20 min at room
temperature and mounted with Prolong Gold Antifade
Reagent (Invitrogen) with a coverslip. Samples were imaged
using a Zeiss LSM510 confocal system.

Statistical Analysis. Results were expressed as mean ±
standard deviation. Either one-way analysis of variance
(ANOVA) or two-way ANOVA with Tukey’s/Bonferroni’s
Multiple Comparison Test (GraphPad Prism v5) was used to
compare the values between the study groups. Paired and
nonpaired t test were also applied to describe the association
between the study groups. A value of p ≤ 0.05 was considered
to be statistically significant.
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