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ABSTRACT: Glycosaminoglycans (GAGs) are important
extracellular matrix components of cartilage tissue and provide
biological signals to stem cells and chondrocytes for
development and functional regeneration of cartilage. Among
their many functions, particularly sulfated glycosaminoglycans
bind to growth factors and enhance their functionality through
enabling growth factor−receptor interactions. Growth factor
binding ability of the native sulfated glycosaminoglycans can
be incorporated into the synthetic scaffold matrix through
functionalization with specific chemical moieties. In this study,
we used peptide amphiphile nanofibers functionalized with the
chemical groups of native glycosaminoglycan molecules such
as sulfonate, carboxylate and hydroxyl to induce the
chondrogenic differentiation of rat mesenchymal stem cells (MSCs). The MSCs cultured on GAG-mimetic peptide nanofibers
formed cartilage-like nodules and deposited cartilage-specific matrix components by day 7, suggesting that the GAG-mimetic
peptide nanofibers effectively facilitated their commitment into the chondrogenic lineage. Interestingly, the chondrogenic
differentiation degree was manipulated with the sulfonation degree of the nanofiber system. The GAG-mimetic peptide
nanofibers network presented here serve as a tailorable bioactive and bioinductive platform for stem-cell-based cartilage
regeneration studies.
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1. INTRODUCTION

Mesenchymal stem cells (MSCs) are commonly used for cell-
based regenerative therapies because of their availability, ease of
culture, and capacity for self-renewal and multilineage differ-
entiation.1,2 Commitment and maturation of stem cells are
strictly regulated through soluble and physical factors found in
the tissue microenvironment, which should be provided to
facilitate their in vitro differentiation into specific lineages. As
such, various culture medium components are used to direct
the lineage commitment of stem cells in natural and synthetic
scaffolds.3−6 In addition to soluble factors, cellular differ-
entiation can also be altered by the chemical composition and
biomechanical properties of the extracellular environment.
Tissues such as bone and cartilage are especially reliant on a
specific set of biochemical and mechanical cues for their repair;
consequently, scaffolds for cartilage regeneration must present
an appropriate combination of physical characteristics and
soluble factors to produce an ideal environment for
chondrogenic differentiation.
MSCs have been reported to undergo in vitro chondro-

genesis and deposit cartilage-specific matrix molecules in a
variety of natural and synthetic materials, especially when
cultured in the presence of a precise set of growth factors.7

Growth factors can be provided to the culture environment

through several means: they may, for example, be physically
encapsulated within the matrix, added into the culture medium,
released over time by growth factor release vectors, or
covalently attached to the scaffold in random or specific
orientations.8−11 However, growth factors are expensive and
sensitive, and often lose their bioactivity during sterilization
procedures. In addition, they have a narrow pH tolerance and
are susceptible to proteolytic degradation, which leads to their
rapid clearance under in vivo conditions.12 The clinical use of
growth factors is also a contentious issue, as some are known to
be proto-oncogenic.13,14 New generation biomaterials that can
use the endogenously produced growth factors to facilitate
chondrogenic differentiation could therefore enhance the
efficiency and clinical potential of regenerative scaffolds.15,16

The bioactivity of growth factors is regulated through their
interactions with extracellular matrix elements. In particular,
sulfated glycosaminoglycans such as heparan sulfate are capable
of facilitating the immobilization and release of growth factors
through their negatively charged sulfate and carboxylate groups.
A number of recent studies have demonstrated that growth
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factor sequestration can also be performed by biomaterial
scaffolds that incorporate glycosaminoglycans in their structure,
allowing these materials to modulate the biological responses of
cells.17−20 The addition of heparan sulfate, heparin, or
dermatan sulfate enhanced the formation of chondrogenic
cell aggregates and the sulfate-bearing domain of perlecan was
responsible for the in vitro aggregation and chondrogenic
activation of C3H10T1/2 cells.21 However, the use of
heterogeneous combinations of glycosaminoglycans in un-
known ratios prevents the in-depth analysis of structure−func-
tion relationships and complicates the clinical use of these
materials because of concerns involving off-target effects.22,23 In
addition, glycosaminoglycans are often covalently cross-linked
to hydrogels, which introduces toxic side products into the
material matrix, restricts the conformation of the scaffold-
bound biomolecules, and weakens the overall biological
functionality of the system. A “reductionist glycosaminogly-
can-mimetic approach” involving the use of small chemical
groups has been proposed as an alternative to the cross-linking
of glycosaminoglycans and was shown to be effective: sulfate/
sulfonate groups, for example, can affect cytoskeletal organ-
ization and motility of mesenchymal stem cells in a short period
of culture24 and can induce the chondrogenic differentiation of
stem cells into chondroprogenitors under in vitro conditions.25

Here, we report induction of chondrogenic differentiation of
MSCs on a glycosaminoglycan-mimetic environment produced
through the supramolecular assembly of peptide amphiphile
(PA) molecules that present specific functional epitopes such as
sulfonate, carboxylate and hydroxyl groups in high densities
across one-dimensional arrays26−29 (Figure 1, Table S1). The
PA molecules contain an alkyl tail attached to peptide domain,
and in aqueous environment, hydrophobic collapse of alkyl tails
drive the self-assembly of PA molecules, which results in
nanofiber formation.30−33 PA molecules functionalized with
sulfonate, carboxylate and/or hydroxyl groups self-assemble
into bioactive (GAG-PA/E-PA/K-PA and GAG-PA/K-PA) and

control (E-PA/K-PA) nanofiber networks with structures
similar to that of the native extracellular matrix and provide
suitable platforms for the culture of MSCs. In this study, the
chondrogenic differentiation of MSCs was shown to be induced
in the presence of glycosaminoglycan-mimetic platforms
through investigation of sulfated glycosaminoglycan deposition
and cartilage-specific gene and protein expression analyses. We
also showed that the extent of chondrogenic differentiation was
dependent on the degree of epitope density presented on the
nanofiber system.

2. EXPERIMENTAL SECTION
2.1. Materials. 9-Fluorenylmethoxycarbonyl (Fmoc) and tert-

butoxycarbonyl (Boc) protected amino acids, [4-[α-(2′,4′-dimethox-
yphenyl) Fmoc-aminomethyl]enoxy]acetamidonorleucyl-MBHA resin
(Rink amide MBHA resin), Fmoc-Glu(OtBu)-Wang resin, and 2-(1H-
Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) were purchased from NovaBiochem and ABCR. All other
chemicals and materials used in this study were purchased from
Invitrogen, Fisher, Merck, Alfa Aesar, Thermo-Scientific, or Sigma-
Aldrich. Cover glasses and tissue culture plates were purchased from
BD. rMSCs was purchased from Invitrogen at passage 7.

2.2. Synthesis and Characterization of Peptide Amphiphile
Molecules. GAG-PA (Lauryl-VVAGEGDKS-Am) and K-PA (Lauryl-
VVAGK-Am) were synthesized on MBHA Rink Amide resin and E-PA
(Lauryl-VVAGE) was synthesized on Fmoc-Glu-(OtBu)-Wang resin.
Fmoc deprotection was performed in a solution of 20% (v/v)
piperidine in DMF for 20 min. All amino acid activation and couplings
were performed in 2 equiv of amino acids in 10 mL of DMF, 1.95
equiv of O-Benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-
phosphate (HBTU), and 3 equiv of N-ethyl-diisopropylamine (DIEA)
for 2 h for every amino acid. After every coupling reactions, unreacted
amines were masked by 10% acetic anhydride. Synthesized peptide
amphiphile molecules were cleaved from resin in trifluoroacetic acid
(TFA) triisopropylsilane (TIS):water solution. Excess DCM and TFA
were removed by rotary-evaporation. The remaining peptide
amphiphile solution was triturated in diethyl ether for 16 h at −20
°C. Diethyl ether was removed after centrifugation at 8000 rpm.

Figure 1. Self-assembly of peptide amphiphile molecules into nanofibrous networks. (A) Chemical presentation of peptide amphiphile molecules.
Lauryl-VVAGEGDKS-Am (GAG-PA), Lauryl-VVAGE (E-PA), and Lauryl-VVAGK-Am (K-PA). (B) Circular dichroism spectra of the nanofibers
showing β-sheet-like structure. (C) SEM images showing extracellular matrix mimetic morphology of nanofiber networks.
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Peptides were identified and purified by using a reverse phase
Agilent 1200 HPLC system. The stationary phase was Zorbax Extend-
C18 21.2 × 150 mm column for E-PA and GAG-PA. Elution was
performed in mobile phase of a linear gradient of acetonitrile for 30
min. Purities and identities of peptide amphiphiles molecules were
analyzed with an Agilent 6530−1200 Q-TOF LC-MS. A Zorbax
Extend-C18 21.2 × 150 mm column was used for K-PA, and Zorbax
Extend C18 column was used for GAG-PA and E-PA (Figure S1).
2.3. Preparation of Nanofibrous Networks. An aqueous

solution of peptide amphiphiles was prepared in double distilled
water at pH 7.4. Mixing of two oppositely charged PA solutions at 10
mM in specified volumetric ratios (Table S1) resulted in the formation
of peptide hydrogels. Hydrogel morphology was assessed by using
scanning electron microscopy (SEM). Briefly, peptide hydrogels were
prepared on silicon wafer and incubated at room temperature for 15
min. After the formation of gels, samples were dehydrated in gradually
increasing ethanol/water solutions and dried using a Tourismis
Autosamdri-815B critical point drier. Dried samples were coated with
3 nm Au/Pd and visualized under high vacuum with a FEI Quanta 200
FEG SEM equipped with an ETD detector.
Secondary structures of nanofibers was assessed by circular

dichroism analysis of 0.3 mM aqueous solutions of PA molecules
(pH 7.4) diluted from 2 mM stock solutions. Circular dichroism
spectra were acquired using J-815 Jasco spectrophotometer from 190
to 300 nm. Spectra were obtained using a digital integration time of 4
s, bandwidth of 1 nm and data pitch of 0.1 nm. For each sample, three
spectra were averaged and expressed as mean residue ellipticity and
converted to the unit of degree cm2 dmol−1.
2.4. rMSC Culture and the Preparation of Nanofibrous

Networks for In Vitro Culture. Rat mesenchymal stem cells
(rMSCs) (Invitrogen) were expanded in maintenance medium
consisting of DMEM supplemented with 10% (v/v) FBS (Invitrogen),
1% (v/v) GlutaMAX (Invitrogen) and 1% penicillin-streptomycin
(Invitrogen). Chondrogenic differentiation was induced with StemPro
Chondrogenesis Differentiation Kit (Invitrogen). All experiments were
conducted with cells between passages 7−9. Cells were maintained at
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 for in vitro analysis. Coating was performed by mixing
oppositely charged 1 mM PA solutions at a ratio of 150 μL/cm2

(Table S1). Coated plates were left under laminar flow hood to dry for
16 h and sterilized under UV irradiation for 30 min before cell seeding.
2.5. Cellular Viability and Proliferation Assays. Cellular

viability was assessed by calcein AM (Invitrogen) and ethidium
homodimer stainings. rMSCs were seeded at a density of 1250 cells/
cm2 and cultured for 24 and 48 h prior to staining. At the time of
assay, medium was discarded and the plate was briefly centrifuged to
settle dead cells. Live and dead cells were stained with calcein AM (2
μM)/ethidium homodimer (4 μM) cocktail in PBS for 30 min at room
temperature; viable and dead cells were subsequently imaged under
light microscope and counted using ImageJ software. Fifteen random
images were taken for each experimental and control groups and the
average number of cells on each well calculated.
Proliferating cells were detected by Click-iT EdU assay (Molecular

Probes) at day 1. rMSCs were seeded on nanofibers or uncoated
culture plate at a density of 1250 cells/cm2 in maintenance medium.
After 6 h, maintenance medium was changed with medium
supplemented with 10 mM EdU. At the time of assay, cells were
fixed with 4% paraformaldehyde in PBS for 15 min at room
temperature and after removing the fixative, cells were washed and
permeabilized with 5% Triton-X for 15 min at room temperature. Cells
were treated with Alexafluor-488 conjugated azide to detect the
incorporation of EdU in replicating DNA strands. Cells stained with
Alexafluor-488 were imaged by fluorescence microscopy and
quantified with ImageJ software. Fifteen random images were taken
for each experimental and control groups and the average number of
cells on each well calculated. Proliferation rates of cells on PA-coated

surfaces were normalized against cells cultured on uncoated culture
plate.

2.6. Glycosaminoglycan Imaging and Quantification. Glyco-
saminoglycan deposition was assessed through Safranin-O staining.
Safranin-O is a cationic dye that binds to negatively charged sulfated
glycosaminoglycans. First culture medium was removed and cells were
washed with PBS. To keep morphology, cells were fixed with 4%
paraformaldehyde for 15 min at room temperature. Then, fixed cells
were blocked with 2% BSA in PBS for 30 min. Cells were then stained
with 0.1% (w/v) Safranin-O in 0.1% (v/v) acetic acid for 5 min at
room temperature. To remove unbound dye, we performed extensive
washing with PBS.

Quantification of sulfated glycosaminoglycans was performed using
a biochemical dimethylmethylene blue (DMMB) assay. Briefly, after
removing culture medium, cells were washed with PBS. Cells were
digested in 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. To measure GAG production per DNA
content, we also measured total DNA per well. DNA amount was
identified with Qubit dsDNA quantification kit (Invitrogen) according
to manufacturer’s instructions. GAG amount was calculated from a
standard curve that was generated using diluted chondroitin sulfate
standards (from 0 to 35 μg mL−1). DMMB dye was prepared from 16
mg L−1 1,9-dimethylmethylene blue, 40 mM glycine, 40 mM NaCl, 9.5
mM HCl (pH 3.0) and 100 μL of dye solution was added onto 40 μL
of papain-digested solutions and standard samples. Then optical
densities (ODs) were measured using a 595 nm filter on a microplate
reader. The absorbance of the cell-free control groups was subtracted
from the absorbance values of the experimental groups.

2.7. Gene Expression Analysis. Quantitative real time PCR
(qRT-PCR) was used to analyze gene expression profiles of
differentiating rMSCs. Before qRT-PCR experiments, RNA from
each sample was extracted by TRIzol reagent (Invitrogen) according
to manufacturer’s instructions. RNA yield and purity were assessed by
Nanodrop 2000 system (Thermoscientific). SuperScript III Platinum
SYBR Green One-Step qRT-PCR Kit (Invitrogen) was used for cDNA
synthesis and qRT-PCR that take place at the same tube. According to
manufacturer’s instructions reaction was set as 55 °C for 5 min, 95 °C
for 5 min, 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 40 °C for 1
min. To confirm product specificity, we performed melting curve
analysis after each reaction. Before gene expression analysis, a standard
curve with 5-fold serial dilutions of total RNA were generated to
evaluate reaction efficiencies of each primer set. Each run was
internally normalized to GAPDH, and each group was normalized to
the expression levels of MSCs cultured in maintenance medium. A
comparative Ct method with efficiency correction was used to analyze
the results. Expression ratios higher than one indicate the upregulation
of the gene of interest, whereas ratios less than 1 correspond to its
downregulation.

2.8. Immunostaining and Imaging. rMSCs cultured on peptide
coated or uncoated glass surfaces at day 7 were fixed in 4%
paraformaldehyde/PBS for 10 min and permeabilized in 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) overnight at 4 °C. Cells were then washed
with PBS and incubated for 1 h at room temperature with Goat Anti-
Rabbit IgG H&L (Alexa Fluor 488). All samples were counterstained
with 1 μM TO-PRO-3 (Invitrogen) in PBS for 15 min at room
temperature and mounted with Prolong Gold Antifade Reagent
(Invitrogen) with a coverslip. Negative controls were obtained by
incubating the samples with 1% normal goat serum/PBS instead of
primary antibody. Samples were imaged using Zeiss LSM510 system.

2.9. Statistical Analysis. All data are presented as means ±
standard error of means (s.e.m). One-way ANOVA and Bonferronni
post-test were performed to test the significance of observed
differences between the study groups. “n” denotes experimental
replicates and n = 3. A p value of less than 0.05 was considered to be
statistically significant, except where noted.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Peptide Amphiphile Nano-
fibers. In this study, we aimed to mimic function of heparan
sulfate glycosaminoglycans in the extracellular matrix by
incorporating functional units found in heparan sulfate, such
as carboxylate, sulfonate and hydroxyl groups, into a peptide
nanofiber network. High-aspect-ratio nanofibers were produced
by mixing oppositely charged peptide amphiphile molecules at
molar ratios given at Table S1. The amphiphilic nature of
peptide amphiphile molecules facilitated the formation of one-
dimensional nanofibers through the hydrophobic collapse of
the alkyl tails, intermolecular hydrogen bonding of hydrophobic
amino acids in the form of β-sheets and electrostatic
interactions between the charged amino acids.28,34 This
particular geometry of nanofibers allows the presentation of
high-density functional epitopes on the outer periphery of the
peptide nanofibers. Three different peptide amphiphile
molecules were used to form three different nanofiber
networks. Lauryl-VVAGE (E-PA) carried carboxylate groups
as its functional units, while glycosaminoglycan mimetic Lauryl-
VVAGEGD-K(p-sulfobenzoyl)-S-Am (GAG-PA) carried sulfo-
nate, carboxylate and hydroxyl groups and Lauryl-VVAGK-Am
(K-PA) was a positively charged peptide amphiphile molecule
used to induce nanofiber formation with negatively charged
peptide amphiphiles (Figure 1A). The GAG-PA molecule
carrying sulfonate, carboxylate and hydroxyl groups was
previously designed by our group and its activity in angio-
genesis, and cellular differentiation was shown.29,35 Further-
more, it was shown that glycosaminoglycan mimetic peptide
nanofiber networks encapsulate growth factors and increase
their local concentrations.36

Nanofiber networks were formed by mixing PA molecules at
different concentrations to adjust the presentation of functional
groups at different ratios. The E-PA/K-PA did not contain
sulfonate groups and served as a control for sulfonate
functionality, while GAG-PA/K-PA and GAG-PA/E-PA/K-PA
bore all the functional group types and was used as GAG-

mimetic nanofiber networks; however, GAG-PA/E-PA/K-PA
contained less sulfonate groups (1×) compared to GAG-PA/K-
PA (2×) (Table S1). In all of these systems, we observed dense
and interconnected organization of nanofibers resulting in the
formation of networks that closely resembles the nanofibrous
morphology of the native extracellular matrix and there was no
significant morphological difference between the nanofiber
networks (Figure 1C). In culture conditions, coatings were
quite stable that there were no delamination or rupture during
the course of experiment.
When two oppositely charged peptide amphiphiles were

mixed, the β-sheet structure was the dominant secondary
structure of the resulting nanofibers, as shown by circular
dichroism spectra showing a maximum around 200 nm and
minimum around 220 nm (Figure 1B). The peptide amphiphile
molecules E-PA and GAG-PA, showed random coil (Figure S2)
and K-PA showed β-sheet structure at pH 7.4 when they were
measured alone.

3.2. Cellular Behavior on Nanofiber Network. We
investigated the biocompatibility of nanofiber networks by
examining the viability of MSCs cultured on peptide scaffolds
for 24 and 48 h. Calcein AM staining was performed to
determine the number of viable cells and ethidium homodimer
staining was performed to determine the number of dead cells.
Bare tissue culture plates were used as a control. Lower
numbers of cells were stained with Calcein AM for MSCs
cultured on nanofiber groups at 24 and 48 h compared to
MSCs on bare tissue culture plate surface (Figure 2A, B). In
accordance with viability results, the proliferation rate of MSCs
on nanofiber scaffolds was also lower compared to bare tissue
culture plate (Figure 2C). The low number of proliferating cells
may explain the lower number of viable cells on nanofiber
scaffolds, as the decreased proliferation of MSCs would lead to
a lower number of cells present on nanofiber scaffolds at 24 and
48 h. It is known that stem cells decrease their proliferation rate
under environments that are inductive for their differ-
entiation.37 The response of MSCs cultured on nanofiber

Figure 2. Viability and Proliferation of MSCs on nanofiber networks at 24 h. (A) Viability and (C) proliferation rates of MSCs on nanofiber
networks and bare culture plates. (** or *** denotes statistical analysis result between TCP and E-PA/K-PA or GAG-PA/E-PA/K-PA or GAG-PA/
K-PA.) (B) Representative Calcein-AM stained micrographs of MSCs at 24 h.
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scaffolds may be directed toward differentiation from the onset
of their seeding, which would result in a decrease in the number
of proliferating cells. Few dead cells also supports that low
number of viable cells may be the result of differentiation rather
than toxicity. Furthermore, differences in proliferation rate at
the 48 h time period might be the result of heterogeneity in
initial MSC population and plastic properties of MSCs that
contribute to phenotypic and functional variances of cultures
on different surfaces.38

3.3. Peptide Nanofiber Networks Promote MSC
Aggregation and Deposition of Cartilage Extracellular
Matrix Components. We then analyzed the chondrogenic
differentiation potential of MSCs on nanofiber networks
bearing different functional epitopes. MSCs that commit to
the chondrocytic lineage rapidly lose their fibroblastic
morphology, deposit sulfated glycosaminoglycans and increase
cell−cell interactions, as evidenced by aggregate forma-
tion.39−41 At day 7, MSCs on nanofiber networks displayed
morphological similarities to chondrocytes, acquiring a rounded
morphology and forming aggregate units (Figure S3). These
cell aggregates were distinct and homogeneously distributed on
GAG-PA/E-PA/K-PA and E-PA/K-PA systems. In contrast to
these groups, aggregates formed on GAG-PA/K-PA were
smaller in size. As such, differences in cellular responses exist
with respect to nanofiber composition. On bare culture plates,
MSCs preserved their fibroblastic/spindle shapes over 7 days
even in the presence of chondrogenic medium (Figure S3).
The deposition of glycosaminogycans was examined by

Safranin-O staining and dimethylmethylene blue (DMMB)
assay on day 7. Discrete staining on or around cellular
aggregates was clear for MSCs on nanofiber networks and
indicated the accumulation of glycosaminoglycans in both
maintenance and chondrogenic medium, whereas cells on bare
culture plates were stained less prominently (Figure 3A).
Quantitatively, the accumulation of glycosaminoglycans was
higher in cells on all three nanofiber networks compared to

cells cultured on uncoated tissue culture plates. These results
suggest that all nanofiber networks promoted GAG deposition
by MSCs (Figure 3B). When GAG deposition of cells on
different nanofiber networks were compared, we observed that
GAG production in both sulfonate containing groups, GAG-
PA/E-PA/K-PA and GAG-PA/K-PA, were higher compared to
the group that does not contain sulfonate, E-PA/K-PA. This
result shows the importance of the presence of sulfonate group
for the induction of GAG production. In addition, since both
GAG-PA/E-PA/K-PA and GAG-PA/K-PA contain the same
functional epitopes but at different presentation density (Table
S1), higher GAG deposition of cells on GAG-PA/E-PA/K-PA
compared to cells on GAG-PA/K-PA further reveals the
importance of optimal ligand density on nanofiber surface.

3.4. Gene Expression Profiles of MSCs Confirm
Chondrogenic Lineage Commitment. To elicit the
importance of proper functional epitope type and amount
presented on nanofibers to MSCs, we also performed Collagen
II, Aggrecan, and Collagen I expression analysis of MSCs
cultured on different peptide nanofiber networks that displayed
different epitope densities (Table S3). Morphological observa-
tion clearly showed that MSCs formed aggregates within 3 days
following their seeding on peptide nanofibers, suggesting a
rapid commitment to the chondrogenic lineage. Morphological
changes were confirmed by gene expression pattern analyses on
both day 3 and day 7. MSCs exhibited an up-regulation of
Collagen II (Day 3 ≈ 4 folds, Day 7 ≈ 15 folds) and Aggrecan
(Day 3 ≈ 6 folds, Day 7 ≈ 12 folds), two predominant
components of cartilage extracellular matrix, on GAG-PA/E-
PA/K-PA nanofiber networks at days 3 and 7 (Figure 4A, B).
With regards to the reference gene, GAPDH, the relative
expression of Collagen II and Aggrecan were significantly
higher compared to E-PA/K-PA and GA-PA/K-PA groups.
Collagen II/I ratio is another widely used differentiation index
and is expected to be higher than 1 for cells committing to the
chondrogenic lineage.42 The collagen phenotype of differ-
entiated chondrocytes is marked by the predominant synthesis
of Collagen II, whereas the MSC or dedifferentiated phenotype
is composed primarily of Collagen I, as differentiating cells
increase their Collagen II expression while decreasing Collagen
I expression. In agreement with Collagen II and Aggrecan
expression results, the Collagen II/I ratio was higher for MSCs
cultured on GAG-PA/E-PA/K-PA at days 3 (∼7 folds) and 7
(∼95 folds) (Figure 4A, B). Even when cells were cultured in
maintenance media (which includes no chondrogenic cues, but
contains serum to encourage cell proliferation), the GAG-PA/
E-PA/K-PA group still showed an upregulated expression of
Collagen II (∼7 folds) and higher fold changes of Collagen II/I
(∼32 folds) at day 7 (Figure S4B). In parallel with gene
expression patterns, MSCs on nanofibers showed enhanced
protein expression compared to cells on bare culture plate
(Figure 4C).
To further investigate the effect of sulfonate epitope density

on chondrogenic differentiation of MSCs, MSCs were cultured
on nanofiber networks displaying sulfonate epitope at higher
(H-1.33x) and lower (L-0.66x) stoichiometric ratios than
GAG-PA/E-PA/K-PA network (1x) (Table S3). Both the
higher and lower sulfonate ratio groups showed lower
expression of chondrogenesis-related markers compared to 1x
GAG-PA/E-PA/K-PA network (Figure 5). This result showed
that epitope density affect cellular behavior in both ways as
such; MSCs decrease expression of markers on either networks
presenting sulfonate groups in more stack or more dilute form.

Figure 3. Glycosaminoglycan deposition of MSCs on nanofiber
networks or uncoated tissue culture plates (TCP) on day 7. (A)
Safranin-O staining and (B) DMMB assay on day 7 when cells were
cultured in either chondrogenic (CH) or maintenance (MT) medium.
GAG content was normalized to DNA content and expressed as μg/
μg. Values represent mean ± SEM, n = 3 (***p < 0.0001, **p < 0.01,
*p < 0.05).
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We observed that it is important for cells to access optimal
amounts of bioactive epitopes in available space to evoke
cellular responses as shown previously in the literature.43 These
results are also in agreement with studies investigating the
impact of sulfation and importance of its pattern on regulation
of cellular activities.44,45 The supramolecular nanofiber system
enabled us to manipulate functional group concentration for
controlled cell response similar to what is observed in ECM for
regulated cellular activities through receptor clustering and
ligand density.

4. CONCLUSION
Here, we studied the effect of the synthetic GAG mimetic
extracellular environment on the in vitro chondrogenic
differentiation of mesenchymal stem cells. The main motivation
stems from the biofunctional role of GAG molecules in the
promotion of chondrogenic differentiation of stem cells. Prior
reports showed that heparin itself or heparin-incorporating
biomaterials were able to induce lineage commitment of stem
cells through growth factor sequestration and presentation to
cells.46,47 Incorporating functional moieties of GAG molecules
into a biomaterial may replicate such functions through the

localization of endogeneous growth factors via charge
interactions, which in turn offers a route to locally amplify
biomolecular signals for differentiation.
We investigated three different peptide nanofiber networks,

each of which mimicked the structural and fibrous character-
istics of the extracellular matrix. The design of PA networks
simply relied on incorporation of charged groups of native
glycosaminoglycan molecules onto PA molecules that enhances
localization of endogenously released positively charged
biologically active molecules.36 To examine the influence of
each functional group found in GAG molecules in detail, we
used networks that bear carboxylate, sulfonate and hydroxyl
groups at different stoichiometric ratios. E-PA/K-PA, which
contains carboxylate groups, served as a negative control for
sulfonate groups and GAG-PA/K-PA, a peptide scaffold that
contains both sulfonate and carboxylate groups at higher
stoichiometric ratios compared to GAG-PA/E-PA/K-PA, was
used to investigate the effect of ligand density. Results showed
that the superior chondrogenic potential of GAG-PA/E-PA/K-
PA was primarily attributed to the synergistic effect of
carboxylate, sulfonate and hydroxyl groups in one system at
proper density. This result is in accordance with our previous

Figure 4. Cartilage specific gene and protein expression. (A, B) Aggrecan, Collagen II, and Collagen II/I expression of MSCs on nanofiber networks
on day 3 and 7 in chondrogenic medium. The expression level of each gene was normalized against TCP and GAPDH was used as the internal
control. Values represent mean ± SEM, n = 3 (***p < 0.0001, **p < 0.01, *p < 0.05). (C) Aggrecan and Collagen II protein expression of MSCs on
day 7 in chondrogenic medium.
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study with ATDC5 cells, which suggested that the synergistic
effect of sulfonate, carboxylate, and hydroxyl groups was more
effective for inducing chondrogenic differentiation using
peptide nanofibers.48 Future studies may consider more specific
GAG-mimetic PA molecule designs to bring improved
specificity over growth factor sequestration and release.
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