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Abstract
In this study, we evaluated the competence of a rationally designed collagen-like peptide (CLP-
Cys) sequence - containing the minimal essential Glycine-Glutamic acid-Arginine (GER) triplet
but lacking the hydroxyproline residue - for supporting human mesenchymal stem cell (hMSC)
adhesion, spreading and proliferation. Cellular responses to the CLP-Cys sequence were analyzed
by conjugating the peptide to two different substrates – a hard, planar glass surface and a soft
hyaluronic acid (HA) particle-based hydrogel. Integrin-mediated cell spreading and adhesion were
observed for hMSCs cultivated on the CLP-Cys functionalized surfaces, whereas on control
surfaces lacking the peptide motif, cells either did not adhere or maintained a round morphology.
On the glass surface, CLP-Cys-mediated spreading led to the formation of extended and well
developed stress fibers composed of F-actin bundles and focal adhesion complexes while on the
soft gel surface, less cytoskeletal reorganization was observed. The hMSCs proliferated
significantly on the surfaces presenting CLP-Cys, compared to the control surfaces lacking CLP-
Cys. Competitive binding assay employing soluble CLP-Cys revealed a dose-dependent inhibition
of hMSC adhesion to the CLP-Cys-presenting surfaces. Blocking the α2β1 receptor on hMSC also
resulted in a reduction of cell adhesion on both types of CLP-Cys surfaces, confirming the affinity
of CLP-Cys to α2β1 receptors. These results established the competence of the hydroxyproline-
free CLP-Cys for eliciting integrin-mediated cellular responses including adhesion, spreading and
proliferation. Thus, CLP-Cys-modified HA hydrogels are attractive candidates as bioactive
scaffolds for tissue engineering applications.
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Introduction
Collagen proteins are abundant in extracellular matrix. In addition to their roles in imparting
mechanical strength and structural integrity to various tissues such as skin, bone, cartilage,
tendons and blood vessels [1], collagen contributes to the maintenance of normal cell
functions. Several integrin receptor recognition sites on type I collagen have been found to
be responsible for binding to multiple cells types including platelets, fibroblasts,
chondrocytes and osteoblasts [1]. Such integrin-mediated collagen-cell interactions regulate
the intracellular signaling pathways which play crucial roles in important biological
phenomena such as platelet aggregation, cell proliferation, differentiation and apoptosis [2].
Therefore collagen scaffolds in various forms have been used for tissue engineering and
wound healing applications [3]. However, full-length natural collagen extracted from animal
sources has been often linked with issues like variability due to heterogeneity, difficulty in
characterization, potential immunogenicity from residual animal-derived components, and
risk of infection [4–7]. To circumvent these problems, the use of short collagen-like peptide
(CLP) sequences containing cellular recognition domains is an attractive alternative.

Various GXX’GER hexapeptides sequences on natural collagen have been identified as
integrin-binding sites. The peptide sequence GFOGER (where F is phenylalanine and O is
hydroxyproline) has been identified as the crucial hexapeptide around the locus of integrin
recognition on type I collagen [8–10]. Other hexapeptide sequences (such as GMOGER,
GLOGER, GROGER, GASGER) have also been identified as competent for integrin
recognition although with a lower affinity compared to that of GFOGER [10–12]. All of
these sequences have a conserved and essential GER sequence [13]. Further more, previous
studies have suggested that GEK can be substituted for GER for cell receptor binding
although with somewhat lower affinity [11, 12, 14]. However, detailed studies of the cell
responses (such as adhesion, spreading and proliferation) to such other sequences have not
been studied for biomaterials applications. To establish the efficacy of such a short sequence
as a bioadhesive support requires optimization and rigorous analyses of cell adhesion and
other biological functions [2].

In many studies, CLPs have been designed mainly to mimic the conformational and higher
order assembly behavior of the natural collagen [15–23]. However, these sequences do not
incorporate cell binding domains to mimic the biological properties of natural collagen. To
expand the use of these assembling CLPs in biological applications, Pires et. al. [24]
recently reported a related collagen-like peptide that forms a fibrous three-dimensional
scaffold upon metal chelation, for cell encapsulation and 3D culture purposes. In separate
studies, collagen-mimetic peptides containing specific cell-binding sequence (GFOGER)
have been successfully employed in various cell culture assays, and have been shown to
accelerate bone regeneration in rat model [1, 25–30]. These studies collectively suggest the
promise for the use of CLPs with cellular recognition domains in biomaterials applications.

We have previously reported the design of a collagen-like peptide (CLP-Cys), with the
sequence (GPP)3GPRGEKGERGPR(GPP)3GPCCG, via rational choice of electrostatically
stabilized amino acid triplets; this peptide exhibited a stable triple helical conformation and
hierarchical assembly [31]. We designed this sequence without hydroxyproline to facilitate
the potential of recombinant expression of such sequences in E. coli. As an additional design
parameter, the CLP-Cys peptide sequence was equipped with the GEKGER sequence that
was anticipated to not only electrostatically stabilize the triple helical conformation but also
to impart cell and platelet adhesion [1, 31–33], which should enable structures assembled
with this peptide to evoke desired cellular behavior.
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In the current study, we have evaluated the cellular responses mediated through this CLP-
Cys sequence; containing the minimum essential GER triplet, but lacking hydroxyproline.
Glass substrates as well as hyaluronic acid (HA)-based hydrogel matrix presenting CLP-Cys
peptides were chemically prepared using reductive amination chemistry. In the HA-based
matrix, HA-based particles modified with the peptide (HGP-CLP-Cys), were presented as
physically embedded particles in HA-based hydrogels - HA-(HGP-CLP-Cys) [34–38]. We
employed human mesenchymal stem cells (hMSCs) owing to their important role in wound
healing via differentiation into multiple cell types, important for both biomaterials
applications and tissue engineering perspectives [39, 40].

2. Materials & Methods
2.1 Materials

Fmoc-protected amino acids, O-benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-
phosphate (HBTU) and the rink amide 4-methylbenzhydrylamine (MBHA) resin for solid
phase peptide synthesis were purchased from Novabiochem (San Diego, CA). Poly(ethylene
glycol) dibutyraldehyde (Mw = 3400 Da) was purchased from Nektar Therapeutics (San
Carlos, CA). Hyaluronic acid (HA, sodium salt, 500 kDa) was generously donated by
Genzyme Corporation (Cambridge, MA). Piperidine, 4-methylmorpholine, dithiothreitol
(DTT), adipic dihydrazide (ADH), 1-ethyl-3-[3-(dimethylamino)-propyl]carbodiimide
(EDC), 1-hydroxybenzotriazole (HOBt), (N,N-dimethylamino) pyridine (DMAP),
tetrabutylammonium bromide (TBAB), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 1-
vinyl-2-pyrrolidinone (NVP), sodium cyanoborohydride (NaBH3CN), fluorescamine,
glycidyl methacrylate (GMA) and 5,5′-dithiobis(2-nitrobenzoic acid (DTNB) were obtained
from Aldrich (Milwaukee, WI). HPLC grade DMF (N-N-dimethyl formamide), acetonitrile,
trifluoroacetic acid (TFA), acetone, hexane, ethanol, hydrochloric acid (HCl) and sodium
hydroxide (NaOH) were obtained from Thermo Fisher Scientific (Waltham. MA). Bovine
type I collagen was purchased from BD Bioscience (Bedford, MA), Aldehyde-
functionalized glass slides were purchased from Nanocs Inc. (New York, NY). 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell proliferation assay kits
were obtained from ATCC (Manassas, VA). Cascade blue hydrazide (CB, sodium salt) was
purchased from Molecular Probes (Carlsbad, CA, USA). Paraformaldehyde (16% in H2O)
was obtained from Electron Microscopy Sciences (Hatfield, PA). Propidium iodide and
SYTO 13 were purchased from Genway Biotech, Inc (San Diego, CA). Mouse monoclonal
anti-vinculin antibody and tetramethyl rhodamine isothiocyanate (TRITC)-conjugated
phalloidin were purchased from Millipore (Billerica, MA). Draq-5 was purchased from
Axxora LLC (San Diego, CA). Rabbit monoclonal anti-CD44 antibody and mouse
monoclonal anti-α2β1 antibody were obtained from Abcam (Cambridge, MA). Alexa Fluor
568-labeled secondary antibody (goat anti-rabbit IgG), Alexa Fluor 488-labeled secondary
antibody (goat anti-mouse IgG) were obtained from Invitrogen (Carlsbad, CA). All
antibodies were diluted in 3% bovine serum albumin (BSA) in PBS (Jackson
Immunoresearch, West Grove, PA).

2.2 Peptide synthesis
The CLP-Cys peptide with a sequence of (GPP)3GPRGEKGERGPR(GPP)3GPCCG was
synthesized via automated solid phase peptide synthesis procedures as described previously
[31]. The crude peptide was purified via RP-HPLC and the molecular weight (3,200 Da)
was confirmed via ESI-MS. The characterization data for this peptide was identical to that
previously obtained [31], and the purity of the peptide was indicated to be greater than 95%
via HPLC analysis. For all the subsequent reactions and experiments in this study, the CLP-
Cys was first allowed to form triple helix in PBS, by incubating at 4 °C (at least overnight),
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and then air oxidized at 4 °C (at least overnight) to prepare the disulfide cross-linked trimers
of CLP-Cys as described earlier [31].

2.3 MTT assay
The MTT assay was conducted following the manufacturer’s protocol to determine the
metabolic activity of cells in the presence of the peptide at different concentrations. hMSCs
were cultured at 37 °C under a 5% CO2 humidified atmosphere in MSC growth media that
contains serum (MSCGM) (Lonza Walkersville, MD). The CLP-Cys-modified glass
surfaces were pre-treated with serum to ensure that substantial, non-specific protein
adsorption did not occur during cell culture experiments. Confluent cells were trypsinized
and seeded into 24-well plates at a density of 4 × 104 cells/well in 1 ml of culture media.
The cells were allowed to attach to the wells for 4 hours. Cells cultured in the media were
treated as the control and the pure media without cells was treated as the blank. Different
concentrations (0.015 mg/ml to 1.5 mg/ml) of samples (with CLP-Cys in triple helical
form), negative controls (with Triton X-100), and positive controls (with type I collagen)
were prepared. Subsequently, the cells were cultured on the modified surfaces and controls
for 3 days (without any change of media). After 3 days of culture, 100 µL of MTT reagent
was added to the wells and allowed to incubate at 37 °C for an additional 4 hours.
Subsequently, the cells were solubilized by adding 1 ml of sodium dodecyl sulfate (SDS)
detergent and incubated overnight at room temperature (in the dark). Then, 1 ml of the
solution from each well was taken and centrifuged at 4500 rpm for 5 min and 100 µl of the
supernatant was placed in 96-well plates to measure the absorbance of formazan dye in the
solution at 570 nm with a plate reader (Universal Microplate Analyzer). Absorbance values
of each of the controls and samples were corrected by subtracting the absorbance value of
the blank. The results were expressed as the normalized absorbance value with respect to the
control. Five replicates of the control and all the samples at all different concentrations were
analyzed.

2.4 Preparation of CLP-Cys functionalized substrates
The CLP-Cys functionalized glass slides (Glass-CLP-Cys) and HA-based hydrogels with
physically embedded HGP-CLP-Cys particles [HA-(HGP-CLP-Cys)] were chemically
prepared as shown in Scheme 1. The aldehyde functional groups from the Glass-CHO or the
HGP-CHO were covalently conjugated to CLP-Cys peptide (presenting an N-terminal amine
group) via reductive amination chemistry. First, a 3 mM CLP-Cys peptide prepared in
nitrogen flushed PBS (pH 7.4, temperature 4 °C) was allowed to form triple helix for 24
hours [31]. Then the CLP-Cys peptide was air oxidized for another 24 hours at 4 °C to allow
formation of disulfide bonds at the C-terminal end of the triple helix, before reaction with
aldehyde. Commercially available aldehyde-functionalized glass slides (Nanocos,
CGS0002) were cut into 11 mm × 11 mm pieces, and extensively washed with distilled
water and then with PBS. HGP-CHO were prepared as described earlier [41]. Then, the 3
mM CLP-Cys peptide solution was allowed to react with the glass slides or the HGP-CHO
particles (250 µl of 3 mM CLP-Cys peptide per mg of HGP-CHO particles) at pH 5.5 for 14
hours at 4 °C. The pH of the reaction volume was adjusted to 5.5, to ensure N-terminal site-
specific reactivity as described previously [42]. Then, NaBH3CN was added (15 mM final
concentration) and the reduction was allowed to proceed at room temperature for 4 hours.
After 4 hours, unreacted aldehyde groups on the glass slides and the particles were
passivated with glycine (3 mM) in the presence of NaBH3CN (15 mM) for another 4 hours
at room temperature and subsequently extensively washed with PBS. For the glass slides,
after the reaction and extensive washing with PBS, the slides were further incubated with 3
wt% BSA at 4 °C, and later extensively washed with PBS before use. Control surfaces for
Glass-CLP-Cys were prepared by reacting 3 mM glycine instead of the 3 mM CLP-Cys;
other reaction conditions, steps, and washing protocols were identical. This control surface
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is referred as Glass-Gly in the text. For the HGP-CLP-Cys-based particles, after the reaction
and extensive washing with PBS, the particles were collected via centrifugation and
resuspended in PBS buffer pH 7.4 and stored at 4 °C. As a control sample for the HGP-CLP-
Cys particles, HGP-Gly particles were prepared by reacting 3 mM glycine (instead of the 3
mM CLP-Cys) under the same reaction conditions, steps and washing protocol as utilized
for synthesizing the HGP-CLP-Cys particles.

To construct hydrogel disks containing modified HA HGPs for the cell culture experiments,
glycidyl methacrylate modified HA (HAGMA, 2 wt% in PBS, 100 µl, percent
methacrylation of 11 %) was mixed with 2.5 mg of HGP-CLP-Cys or HGP-Gly. A
photoinitiator solution (0.15 µL, containing 30 wt % DMPA in NVP) was then added the
above suspension according to the procedure described earlier [41]. This mixture was added
to a cell culture insert and then exposed to long-wavelength UV by illumination under a
long-wavelength UV lamp (Model 100AP, Blak-Ray) for 20 minutes to form hydrogel
disks.

2.5 Cascade blue (CB) and fluorescamine staining
For CB staining, glass slides were reacted with CB (5 mg/ml in DI water) at 37 °C in the
dark for 4 h, followed by extensive wash with DI water. For fluorescamine labeling, Glass-
CLP-Cys, HGP-CLP-Cys and their respective controls were suspended in PBS (pH 7.4, 100
µl), to which fluorescamine (5 mg/ml in acetone, 2 µl) was added. The reaction was allowed
to proceed for 5 minutes, after which the solvent was discarded. The prepared samples after
CB or fluorescamine staining were imaged with a Zeiss 5 Live Duo Laser Scanning
Microscope (Carl Zeiss Inc. Thornwood, New York).

2.6 DTNB assay
To quantify the amount of CLP-Cys peptide conjugated onto the Glass-CLP-Cys or the
HGP-CLP-Cys particles, the presence of free thiol groups uniquely presented via the
cysteine residues present on the CLP-Cys peptide was estimated via Ellman’s assay using
the DTNB (5,5′-dithiobis(2-nitrobenzoic acid)) reagent [43, 44]. The cysteine residues on
the CLP-Cys peptide attached on the Glass-CLP-Cys or the HGP-CLP-Cys particles were
first reduced via treatment of DTT (200 mM) for 15 hours at 37 °C (every five hours DTT
solution was refreshed), followed by multiple washings with excess of PBS to remove any
residual DTT. Then the DTNB reagent was added and the liberated chromophore 5-
mercapto-2-nitrobenzoic acid was monitored, every 10 minutes, via UV-vis at the absorption
wavelength of 412 nm, until a stable absorbance value was achieved. The amount of free
thiol was calculated using Beer’s law and an extinction coefficient value of ε=13,600
cm−1M−1 [43, 44].

2.7 Circular dichroic (CD) spectroscopy
Characterization of the secondary structure of the CLP-Cys peptide attached on the HGP-
CLP-Cys particles was conducted via circular dichroic spectroscopy (Jasco 810 circular
dichroism spectropolarimeter, Jasco, Inc., Easton, MD, USA). Solutions (10 mg/ml) of the
HGP-CLP-Cys (peptide pre-incubated at 4 °C for 24 hours for triple helix formation and
oxidation prior to conjugation to the particles, as mentioned above) were analyzed via CD.
CD spectra were recorded using quartz cells with a 0.1 cm optical path length. The spectra
reported are averages of three scans. The scanning rate was 50 nm/min, with a response time
of 4 s. The wavelength scans were obtained from 200 to 250 nm and were recorded every 1
nm with a 1 nm bandwidth. Data points for the thermal unfolding experiments (from 10 °C
to 80 °C) were recorded at 227 nm at the heating rates of 10 °C/h with an equilibration time
of 3 min.
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2.8 Cell culture and cell viability
Human mesenchymal stem cells (hMSC) (Lonza, Walkersville, MD) were cultured at 37°C
under a 5% CO2 humidified atmosphere in MSC growth media (MSCGM™) (Lonza
Walkersville, MD). Gel disks were synthesized as described above in the cell culture inserts.
To remove any residual initiator, gel disks were incubated in PBS overnight at 37 °C. After
three times washing with PBS, gel disks were soaked in 0.4 ml of serum-free media for
another 4 h at 37 °C and sterilized by UV light exposure for 30 min. Confluent cells
(passage 5–6) were trypsinized and the cell pellet was dispersed in the cell culture media.
Cells were seeded on the top of the Glass-CLP-Cys and the gel disks, and their respective
controls at the same cell density. Then, these gel disks or the Glass-CLP-Cys were incubated
at 37 °C in the growth media under humidified atmosphere with 5% CO2 and media was
refreshed every three days. To assess cell viability, the cultured cells were stained with
propidium iodide (1:2000 in DPBS) and SYTO 13 (1:1000 in DPBS). Images were acquired
using a Zeiss 5 Live Duo Laser Scanning Microscope (Carl Zeiss Inc. Thornwood, New
York).

2.9 F-actin and focal adhesion staining
Prior to labeling, gel disks or Glass-CLP-Cys and their respective controls were washed
three times with PBS. Then, cells were fixed with 4% paraformaldehyde solution at room
temperature for 15 min. After washing with PBS three times, cells were permeabilized by
adding Triton X-100 (0.1% in PBS) at room temperature for 5 min. To avoid nonspecific
binding, samples were incubated with BSA (3 wt% in PBS) at room temperature for 30 min.
Then, samples were incubated with mouse anti-vinculin monoclonal primary antibody
(1:200) at 4 °C for overnight. Samples were subsequently washed with PBS and incubated
with Alexa Fluor 488-labeled secondary antibody (goat anti-mouse IgG, 1:100) and TRITC-
labeled phalloidin (1:200) in the dark for one hour at room temperature. Prior to imaging,
cell nuclei were stained with Draq-5 (1:1000) for 5 min at room temperature. After washing
with PBS, confocal images were acquired using a Zeiss 5 Live Duo Laser Scanning
Microscope (Carl Zeiss Inc.,Thornwood, New York).

2.10 Cell proliferation
Proliferation of hMSCs on the hydrogels disk or Glass-CLP-Cys was determined using the
colorimetric alamar blue assay at 1, 7, and 14 days of culture. At a pre-determined time, the
cell culture media containing 10% alamar blue was added to the samples. After 4 hr of
incubation, the absorbance (550 nm) of the media aliquot (100 µl) was measured using a
plate reader (Universal Microplate Analyzer). To estimate the cell number on the samples, a
calibration curve was made by incubating cells in the cell culture media containing 10 %
alamar blue. The cell culture media containing 10 % alamar blue was used as a blank and
subtracted from the sample. Experiments were conducted in triplicate.

2.11 Assay for inhibition of cell adhesion by peptide and α2β1 receptor blocking
Suspensions of hMSCs in serum free media were incubated with soluble peptide at different
concentrations ranging from 100 nm to 20 mM and incubated for 30 minutes at 37 °C. These
preincubated cells were then seeded onto the Glass-CLP-Cys slides or HA-(HGP-CLP-Cys)
surface. For controls, untreated cells were seeded on the Glass-CLP-Cys slides or HA-
(HGP-CLP-Cys) surface.

To estimate the number of cells on the glass slides, cells were counted with a
hemocytometer. After 3 hours of incubation, the glass slides were washed with PBS. The
unattached cells were collected in the PBS during the washing process. The attached cells on
the glass slides were also trypsinized and collected in PBS. The attached and unattached
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cells on the glass slides were counted by hemocytometry. To estimate the number of cells
attached on the gel disks, an alamar blue assay was performed. First the gel disks were
gently washed with PBS to remove the unattached cells and the supernatant was collected.
In order to estimate the number of unattached cells, the cells collected in the supernatant
were seeded on TCPS and allowed to adhere for 3 hours. The number of unattached cells in
the supernatant, as well as the attached cells on the gel disks, was estimated via alamar blue
assay (as described above). The percentage of adhered cells on the Glass-CLP-Cys surface
or the HA-(HGP-CLP-Cys) was calculated relative to the percentage of adherent cells on the
respective control surfaces. Three repeats were performed at each concentration of the
peptides.

Inhibition assays for α2β1 integrin-mediated adhesion of hMSCs were performed by
blocking the α2β1 receptors on the hMSCs. Anti-α2β1 integrin monoclonal antibody at a
concentration of 50 µg/ml was preincubated with the cells for 30 minutes at 37 °C, prior to
their seeding onto the Glass-CLP-Cys plates and the HA-(HGP-CLP-Cys)[45]. For the
control, untreated cells were also seeded on the Glass-CLP-Cys and HA-(HGP-CLP-Cys)
surface. The percentage of adhered cells was calculated as described above. Three repeats
were performed for α2β1 blocked cells on each of the substrates.

2.12 Immunostaining of the α2β1 integrin and CD44 receptor
For CD44 and α2β1 integrin staining, cells were fixed and permeabilized as described above.
The HA-(HGP-CLP-Cys)/cell constructs were subsequently incubated with anti-α2β1 mouse
monoclonal primary antibody (1:50) for 1 hour at room temperature. After washing with
PBS, anti-CD44 rabbit monoclonal primary antibody (1:50) was added and incubated for 1
hour at room temperature. After washing with PBS, Alexa Fluor 488-labeled goat anti-
mouse antibody (1:100) and Alexa Fluor 568-labeled goat anti-rabbit antibody (1:200) were
added and incubated at 4 °C overnight. Prior to imaging, cell nuclei were stained with
Draq-5 (1:1000) for 5 min at room temperature. After washing with PBS, confocal images
were acquired using Zeiss 5 Live Duo Laser Scanning Microscope (Carl Zeiss Inc.,
Thornwood, New York).

2.13 Statistical analysis
All quantitative analyses were performed at least in triplicate. Results are presented as mean
± standard deviation. The significance level (p < 0.05) was determined by the paired
students’s t-test and is indicated in the figures.

3. Results
3.1 Cell viability in presence of soluble CLP-Cys

The potential cytotoxic effect of the chemically synthesized CLP-Cys peptide was assessed
by MTT assay by culturing hMSCs in the pressence of soluble peptide at various
concentrations. The peptide toxicity was compared to that monitored for natural type I
collagen. The results shown in Figure 1 suggest that with respect to the control (cells seeded
in pure media on TCPS), the hMSCs were viable up to 94 ± 6.2 %, 85 ± 5.3 %, and 76 ± 5.8
% at CLP-Cys peptide concentrations of 0.015, 0.15, and 1.5 mg/mL, respectively. Cell
viability in the presence of the CLP-Cys peptide was found to be statistically similar (p >
0.05) to that observed in the presence of the native type I collagen at different
concentrations.

3.2 Preparation of CLP-Cys functionalized substrates
The cellular responses to CLP-Cys peptide were monitored on both commonly employed
glass surfaces as well as on HA-based materials. Surfaces presenting CLP-Cys (Glass-CLP-
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Cys and HGP-CLP-Cys) were engineered by covalently conjugating the CLP-Cys to either:
(i) Glass-CHO or (ii) onto 5–8 µm (diameter under isotonic conditions) HA-based hydrogel
particles (HGP-CHO) [41], employing reductive amination as shown in Scheme 1. The
surface density of the covalently grafted CLP-Cys peptide on the Glass-CLP-Cys and the
HGP-CLP-Cys particles, calculated via the sensitive DTNB assay was 197 ± 25 picomoles/
cm2 and 1.3 ± 0.2 nanomoles/mg of HGP-CLP-Cys particles, respectively. To compare the
cellular responses to the surfaces presenting CLP-Cys peptide, control surfaces were also
prepared. As a control for Glass-CLP-Cys, a glycine-passivated surface was prepared
(Glass-Glycine), and as a control for the HGP-CLP-Cys particles, glycine-passivated
particles (HGP-Gly) were prepared. The HGP-CLP-Cys or the HGP-Gly particles were
further dispersed within a HAGMA (HA-glycidyl methacrylate) precursor solution which
upon UV-irradiation formed hydrogel (HA-(HGP-CLP-Cys) or the control HA-(HGP-Gly))
via photo-crosslinking of HAGMA [37].

3.3 Cascade blue and fluorescamine staining
The as-received and modified surfaces were probed with fluorescent reagents to confirm
their identities; results are presented in Figure 2. The presence of the aldehyde group on the
as-received Glass-CHO was probed by treatment with a cascade blue hydrazide-
functionalized fluorescent probe (Figure 2a). The Glass-CHO showed positive cascade blue
staining verifying the presence of the aldehyde group, while the Glass-CLP-Cys showed no
fluorescence suggesting the absence of the aldehyde groups after CLP-Cys conjugation.
Further, fluorescamine, a common fluorescent probe for detecting the amine groups of
amino acids and proteins, was employed to confirm conjugation of CLP-Cys to the modified
surfaces. Figure 2 shows positive fluorescamine labeling on the Glass-CLP and HGP-CLP
surfaces. No staining was observed for the Glass-CHO surface and HGP-CHO particles
prior to CLP-Cys conjugation.

3.4 Conformational behavior via CD
HGP-CLP-Cys particles (prepared via conjugation of the triple helical CLP-Cys in the
oxidized form to the HGP-CHO particles) were analyzed via CD to confirm if the triple
helical conformation was retained by the CLP-Cys peptide on the HGP-CLP-Cys particles.
Figure 3a shows the CD wavelength spectra at different temperatures (10 °C – 80 °C) for
HGP-CLP-Cys (10 mg/ml in PBS, pH 7.4), which show a positive maximum at 227 nm,
consistent with the formation of triple helix. The thermal stability of the triple helical
conformation of CLP-Cys on HGP-CLP-Cys was assessed by monitoring the decrease in the
intensity of the mean residue ellipticity at 227 nm, as a function of increasing temperature,
and was normalized to the low temperature measurement and reported as the fraction folded
(Figure 3b). The melting temperature of the CLP-Cys peptide on HGP-CLP-Cys particles as
deduced from the midpoint of the melting transition curve is 45 °C.

3.5 hMSC viability on CLP-Cys functionalized substrates
The viability of the hMSCs on different substrates was confirmed via live/dead staining after
3 days of culture. Data is shown in Figure 4. The staining protocol employs SYTO 13 dye to
label the live cells (green) and propidium iodide to label the dead cells (red). These results
show that while the majority of the hMSCs were stained in green (viable) on the Glass-CLP-
Cys, HA-(HGP-CLP-Cys), and HA-(HGP-Gly) surfaces, cells were stained red (dead) on
the Glass-Gly surface.

3.6 Cytoskeletal organization and focal adhesion
Adhesion-mediated cell spreading and focal adhesion was monitored after 3 hours, 3 days,
and 7 days (Figure 5) via immunostaining of F-actin (red) and vinculin (green). On the
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Glass-CLP-Cys surfaces at 3 hrs (Figure 5), development of stress fibers (stained in red) and
vinculin (stained in green) along and at the ends of the stress fiber can be seen. Cells
continued to spread with increasing culture time at day 3 and day 7 (Figure 5), as shown by
the elongated and well developed stress fibers composed of actin filaments with a high
degree of parallel orientation. The development of stress fibers is not observed on the Glass-
Gly control substrates; there is no cell adhesion observed on these control glass surfaces
(data not shown). On the HA-(HGP-CLP-Cys) (also Figure 5), minimal cell spreading was
observed in 3 hours, with F-actin (stained in red) observed only around the nuclei. By day 3,
the cells developed matured stress fibers. However, these stress fibers are not distinctly
oriented. By day 7, cells spread considerably and displayed an interconnected filamentous
intracellular network of actin with prominent stress fiber bundles. Vinculin is observed
along and at the ends of the stress fibers (stained in green). On the control HA-(HGP-Gly),
even by day 7, no prominent development of stress fibers is observed.

3.7 Cell proliferation
The proliferation of the hMSCs was monitored on the Glass-CLP-Cys and HA-HGP-CLP-
Cys surfaces, via alamar blue assay, and is presented in Figure 6. Similar cell densities were
seeded on the Glass-CLP-Cys, HA-(HGP-CLP-Cys) and HA-(HGP-Gly), and as shown in
the figure, no appreciable difference in the cell density was observed on day 1 between all
these samples (Figure 6). However on day 7 and day 14, a significant increase in cell density
was observed for all samples. Compared to day 1, the cell density increased 2-fold and 2.5-
fold on the Glass-CLP-Cys at day 7 and day 14, respectively. No proliferation of cells was
observed for Glass-Gly surfaces, with values close to those of the blank at all timepoints
(data not shown). Most interestingly, relative to day 1, the cell density tripled and
quadrupled on HA-(HGP-CLP-Cys) at day 7 and day 14, respectively. At both the
timepoints the cell density on the control HA-(HGP-Gly) was significantly lower (p < 0.05).

3.8 Assays for inhibition of cell adhesion by CLP-Cys and α2β1 receptor blocking
The competitive adhesion inhibition assay is typically an indirect analysis method for
identifying receptor-ligand interactions. We accordingly conducted such competitive
inhibition assays for both the CLP-Cys peptide and the α2β1 integrin; data are presented in
Figure 7. Our results show that cell attachment decreases with increasing peptide
concentration, illustrating a dose-dependent inhibition response for both the Glass-CLP-Cys
and HA-(HGP-CLP-Cys), after pre-incubation of the cells with different concentrations of
the peptide. The inhibition of cell adhesion was also analyzed by blocking cell surface
receptors with an anti-integrin α2β1 antibody with a protocol and concentration commonly
reported in the literature [45]. The results (Figure 7) show that the cell binding was inhibited
by 33 ± 2 % and 41 ± 5 % on Glass-CLP-Cys and HA-(HGP-CLP-Cys) respectively, by
blocking the hMSC’s α2β1 receptor. In the control experiments, where mouse IgG was used
for preincubation of the cells, no inhibition in cell adhesion was observed (data not shown).

3.9 Immunofluorescence staining for α2β1 and CD44
Immunofluorescence staining for the α2β1 integrin and the CD44 receptor on the cells
attached to the HA-(HGP-CLP-Cys) gel were performed to confirm the presence of these
receptors on hMSCs, and to confirm the expression of the CD44 receptor as expected for
HA-mediated binding to the HA-(HGP-CLP-Cys) substrates. Figure 8 shows the positively
stained images indicating the presence of both receptors, α2β1 (green) and CD44 (red), for
cells attached on the HA-(HGP-CLP-Cys) surface.
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4. Discussion
The use of collagen-like peptides (CLP) in biomaterials circumvents some of the limitations
associated with the use of animal-derived, full length collagen sequences such as
heterogeneity, insolubility, difficulty in characterizations, and immuonogenicity [4–7]. CLP
peptides employing the GFOGER sequence (identified as the α2β1 receptor recognition site)
have been shown to promote cell adhesion and spreading. The previous studies for analyzing
cellular responses to GFOGER containing CLP have been performed by coating/covalent
linking mainly on glass slides/TCPS. However, they have yet not been employed as a
bioactive component for constructing tissue engineering constructs. Recently, Wojtowicz et.
al.[28], demonstrated that a passive coating of a CLP containing GFOGER on a poly(ε-
caprolactone) scaffold, even in absence of exogenous cells or growth factors, could
significantly accelerate bone formation in rat femoral defect models through recruitment of
osteoblasts, thus showing the promise for the use of CLPs with cellular recognition domain
in biomaterials application.

We previously reported the design of a collagen-like peptide (CLP-Cys) with the sequence
(GPP)3GPRGEKGERGPR(GPP)3GPCCG, that forms a thermally stable triple helix and
exhibits supramolecular assembly [31]. We designed the CLP-Cys sequence by including
triple helix-promoting (GPP)3 triplets. The sequence was designed to be hydroxyproline-free
for creating opportunities for recombinant expression of such polypeptide sequences in
E.coli. The GPR triplet was included because it has been shown to confer stability similar to
GPO in collagen triple helix host-guest peptides [46]. Furthermore GEKGER was included
as electrostatically stabilizing hexapeptide and as potential cell binding sequence [1, 32, 33].
The reported peptide sequence also utilizes a type III collagen-mimetic cysteine knot at the
C-terminus, known to act as a nucleating and stabilizing motif by covalently cross-linking
(via air oxidation) the three peptide chains [32, 47, 48].

In this study, we have evaluated the ability of this CLP-Cys for human mesenchymal stem
cell (hMSC) adhesion, spreading and proliferation. CLP-Cys was further conjugated to HA
to construct a bioactive tissue engineering scaffold. HA is a biodegradable, non-antigenic,
natural ECM component, recruited in wound healing [49]. The CLP-Cys peptide containing
the GEKGER sequence has the potential for α2β1 integrin-mediated binding to cells and
platelets [10] and hence scaffolds constructed from CLP-Cys and HA may serve as a
simplistic microenvironment in tissue engineering and wound repair.

To evaluate the cellular responses to CLP-Cys in contexts widely reported, as well as to
explore the potential for a CLP-Cys/HA based tissue engineering scaffold, the CLP-Cys was
covalently immobilized on two different substrates (Scheme 1) - glass as a well established
flat hard substrate model and HA-(HGP-CLP-Cys) as a soft hydrogel system. The HA-based
gel presents a protein-non-adhesive surface because of its hydrophilic polyanionic behavior
[50, 51] and hence CLP-Cys-mediated cell adhesion and spreading could be clearly
distinguished. This HA-based hydrogel system also presented a useful platform for chemical
functionalization with CLP-Cys owing to its well defined chemical reactivity (facile
accessibility of the reactive aldehyde functional groups) and mechanical properties
(compressive modulus of ~ 20 kPa), which suggest that it may have use in applications as a
tissue engineering scaffold [37, 38, 41].

Reductive amination reaction was employed for covalent conjugation of CLP-Cys to these
substrates (Scheme 1); this chemistry has been successfully applied for the covalent
conjugation of perlecan domain I and gelatin to HA-HGPs [38, 41]. Since the CLP-Cys
peptide has a lysine residue featuring an ε-amine group (pKa = 10.5), selective reactivity of
the CLP-Cys peptide via the N-terminal amine (pKa = 8.9) was ensured by maintaining the
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pH of the reaction at 5.5. At this pH, the lysine amines are significantly less reactive than the
N-terminal amine; site-specific N-terminal functionalization employing this approach has
been demonstrated previously [42].

Prior to evaluating the detailed biological properties of the chemically synthesized CLP-Cys,
the cytotoxicity of the soluble CLP-Cys peptides cultured in presence of hMSCs were
determined via MTT assay, as a stringent test of cytotoxicity. These results (Figure 2)
suggest that the CLP-Cys peptide in the studied concentration range did not significantly
compromise the metabolic activity of hMSCs and offered cell viability similar to that of type
I collagen. Although the type I collagen might be present in fibrillar form under the
experimental conditions, while the CLP-Cys does not assemble, there were no apparent
differences in the solubility of the collagen I and CLP-Cys. At the highest concentration of
CLP-Cys studied (1.5 mg/ml) the cell viability was 76±5.8%, while at concentrations of 0.15
mg/ml, the cell viability approached 85%. In all the other cell experiments that were
performed in this study, the approximate concentration of peptide, estimated from the
DTNB results and mass of HA-based particles employed, was calculated to be below 0.15
mg/mL, The MTT assay results suggested the suitability of the CLP-Cys peptides in this
concentration range. In subsequent studies where the peptide was immobilized on the
surfaces, cell viability on the CLP-Cys modified substrates was verified through Live/Dead
staining. The HA particles employed in this study are non-cytotoxic as previously shown by
Jia et. al. [34].

The successful conjugation of the triple helical CLP-Cys on the Glass-CLP-Cys or the HGP-
CLP-Cys substrates was qualitatively confirmed via the reaction of fluorescamine with the
available amine groups from the peptide (amine from the lysine residue as well as any
available unreacted N-terminal amine from the CLP-Cys trimer). Positive flourescamine
labeling of CLP-Cys-functionalized surfaces (Figure 2) qualitatively confirmed the presence
of the CLP-Cys on these surfaces. Quantitative estimation by DTNB assay suggested the
CLP-Cys density of 197 ± 25 picomoles/cm2 on Glass-CLP-Cys and 1.3 ± 0.2 nanomoles/
mg on HGP-CLP-Cys particles.

To confirm that the triple helical structure is retained on the HGP-CLP-Cys particles after
chemical conjugation, circular dichroic spectroscopy studies of the HGP-CLP-Cys particles
was conducted (Figure 3). Collagens in a triple helical conformation are characterized by a
weak positive ellipticity at 215–240 nm [52]; the CD spectra of HGP-CLP-Cys (Figure 3a)
clearly exhibit a positive maximum at 227 nm, which decreases in intensity with increasing
temperature (Figure 3b). These observations suggest that the CLP-Cys retains the triple
helical conformation when attached to HGP-CLP-Cys particles, and that the triple helices
retain their ability to unfold with increasing temperature. Raw ellipticity values are reported
here, as no absolutely accurate estimation of peptide concentration was possible in these
experiments; we present the data simply to confirm the presence of the triple helical
structure and not to quantify the amount of the triple helix. It is possible that some triple
helical character of the peptide is lost during the conjugation of the peptide to the particles,
but sufficient triple helix remains to be detected in the CD experiments and to motivate the
exploration of cell adhesion to the modified surfaces. The thermal stability of the triple helix
was assessed by monitoring the CD intensity at 227 nm as a function of increasing
temperature and was normalized as the fraction folded relative to the low temperature value
(Figure 3b). The melting temperature of the CLP-Cys peptide on HGP-CLP-Cys particles
(Figure 3b), estimated as the temperature at which the fraction folded was 0.5, is 45 °C,
which is also consistent with the melting point of the unattached soluble CLP-Cys [31]. The
retention, on the HGP-CLP-Cys surface, of the triple helical conformation of similar thermal
stability as that in the soluble form, is consistent with expectations, as the three chains of the
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CLP-Cys in triple helical form were covalently linked through disulfide bridges at the C-
terminus [31] prior to their conjugation to the HA-based particles.

The hMSC viability on the various substrates was evaluated via Live/Dead staining after 3
days of culture. These results (Figure 4) indicate that although CLP-Cys functionalized
surfaces (Glass-CLP-Cys and HA-(HGP-CLP-Cys) were able to support live cells (stained
in green), the glycine-passivated control glass slides did not foster the attachment of live
cells. These results indicate that the cell-binding ligand presented by the CLP-Cys is able to
mediate cell-matrix interactions that promote cell viability. In contrast, live hMSCs in the
control gel were also observed. It is possible that these cells are able to interact with the HA
matrix since it is known that specific cell-surface receptors (like CD44, see Figure 8;
RHAMM etc.) interact with HA [53–55].

To further analyze the CLP-Cys/hMSC interactions, cytoskeletal organization and focal
adhesion studies were conducted on these substrates after 3 hours, 3 days and 7 days (Figure
5). The cells exhibited spread polygonal morphology with the development of stress fibers
(stained in red) and activated vinculin (stained in green) within 3 hours on the Glass-CLP-
Cys surfaces. Similar stress fiber assembly and focal adhesion associated with vinculin have
been observed for different cells towards GFOGER-containing CLP sequences [26, 27].
With increasing culture time (at day 3 and 7), more elongated, oriented and well developed
stress fibers composed of F-actin bundles and focal adhesion associated with vinculin along
and at the end of the fibers could be observed. However, on the control Glass-Gly surfaces,
very few live cells were found and the F-actin and vinculin could be seen only around the
nucleus, exhibiting no spreading (data not shown). Thus, the presence of CLP-Cys on Glass-
CLP-Cys surfaces can be suggested to mediate cytoskeletal reorganization and focal
adhesion.

However, on the soft HA-(HGP-CLP-Cys), the development of stress fibers and focal
adhesion associated vinculin were different (Figure 5). Insignificant spreading was observed
in 3 hours. By day 3, noticeable F-actin filaments (stained in red) and vinculin (green) along
the F-actin filaments could be observed. However, the F-actin had no regular degree of
orientation and the associated vinculin was less distinct along the stress fibers. At day 7,
cells spread out considerably, through elongation of stress fibers and as interconnected
filamentous network. The phase contrast image (Supporting information, Figure S1 and
Movie1) reveals that the cells attach to the HGP-CLP-Cys particles, and by day 3 (and more
clearly by day 7), cells spread out and connect to other HGP-CLP-Cys particles. Similar
spreading behaviors were observed in a previous study on this soft HA gel when gelatin was
conjugated to the HGP particles [38]. In contrast, on the control HA-(HGP-Gly), cells
maintained a round morphology; and the development of the stress fibers was not observed
(Figure 5). F-actin was ill-defined and vinculin was localized around the nuclei even at day
7.

Taken together, the results of the cytoskeletal reorganization behavior on both the substrates
indicate the role of CLP-Cys in mediating cellular adhesion and spreading, even on non-
protein-adhesive HA-based surfaces. Notably, the cytoskeletal reorganization behavior of
the hMSCs seeded on the hard Glass-CLP-Cys surface and soft HA-(HGP-CLP-Cys)
(compressive modulus ~ 20 kPa) were not correlated in terms of chronological development
of the stress fibers and their orientation, or in terms of discernable vinculin-associated focal
adhesions. Cell-spreading behavior on the HA-(HGP-CLP-Cys) system can be expected to
be different because it is a complicated landscape consisted of a soft gel matrix, containing
HA particles of comparable size as that of cells, thus presenting a soft hydrogel system with
regular surface heterogeneity. Relevant to these results, it has been previously reported that
even when cells are partially embedded in a 3D matrix or placed on a soft substrate, focal
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adhesions become smaller and less distinct as compared to conventional rigid substrates like
glass or TCPS [56–58]. Cell spreading has also been indicated to correlate with substrate
stiffness; while cells spread with well developed stress fibers and focal contact on collagen-
coated hard glass surfaces, cells remained round, without signs of spreading, leading to
eventual apoptosis for collagen on a soft polyacrylamide gel or pure collagen gels [59]. In
contrast, in our studies on the soft HA-particle-based gels, we have observed that the cells
remain viable, attach, and spread on a soft matrix displaying CLP-Cys. In addition, previous
studies have also demonstrated that cell adhesion and cellular responses not only depend on
receptor binding but on several other substrate-related factors such as substrate flexibility
[60], substrate stiffness [59], nature of cell-substrate interface/interaction [61], height and
depth of the surface irregularities presenting the cell binding ligand and the density of
ligands [62–64]. In this study, we have not altered CLP-Cys density on the surfaces, which
may present future opportunities for optimizing cellular responses to these materials.

Importantly, and in contrast to these previous studies [59], the hMSCs were not only viable
and adhered but also continued to proliferate on the CLP-Cys presenting surfaces (Figure 6).
That the CLP-Cys was an origin of the positive impact on cell proliferation in the HA-based
gels is indicated by the significantly reduced proliferation of hMSCs on the control gel HA-
(HGP-Gly) compared to that on the HA-(HGP-CLP-Cys). The significantly enhanced cell
proliferation mediated via the presence of CLP-Cys may be advantageous for potential
applications in stem cell therapy where the low number of stem cells initially available for
clinical use often poses a critical limiting factor [65]. Tissue engineering constructs that can
augment the viability and expansion of cells are expected to enhance tissue formation and
wound healing [66–70]. Therefore, the HA-(HGP-CLP-Cys) constructs may offer important
opportunities for such applications.

To more directly verify if the adhesion of hMSCs occurred through binding to the CLP-Cys
and through integrin receptors, competitive adhesion inhibition assays were performed. The
competitive adhesion inhibition assay is a typical indirect analysis method for identifying
receptor-ligand interactions. Figure 7 shows that for both the substrates, the preincubation of
hMSCs with increasing concentrations of soluble CLP-Cys reduces the number of adhered
cells to these substrates. The reduction in inhibition is statistically significant between the
concentrations indicated in the Figure 7 (and is not statistically significant between all the
concentrations of the experiment). This dose-dependent response is more pronounced for the
glass substrate. The percentage of cells attached is approximately 30% on Glass-CLP-Cys
substrate, while 60% on the HA-(HGP-CLP-Cys), at 1 mM peptide concentration, indicating
70% and 40% inhibition respectively. Complete inhibition of cell adhesion could only be
achieved at very high concentrations of peptide (> 5 mM). It is to be noted that the reduction
in cell attachment at high peptide concentration is not attributable to any significant cell
death because the total number of viable cells (sum of the cells attached and non-attached on
the surfaces) as determined via alamar blue assay were statistically similar to the initial
number of cells used for pre-incubation with the peptide. Therefore, the dose-dependent
peptide-mediated inhibition of adhesion suggests that the peptide is able to recognize
specific cell receptors and hence in its soluble form is able to block adhesion to the surfaces
presenting the CLP-Cys.

Previously, it has been suggested that type I collagen-derived ligands like GFOGER and
GMOEGR recognize predominantly α2β1 receptors on the cell surface [1, 10]. The α2β1
integrin is the only collagen-binding integrin on platelets, leading to platelet adhesion [10]
and hemostasis [13], and is also involved in osteogenesis [28] as well as in the early stages
of wound healing [8]. Hence α2β1 receptor-mediated interactions can be utilized in several
biomaterials applications including wound healing and tissue regeneration. Since the CLP-
Cys peptide sequence was designed to contain the minimal essential GER triplet, we were
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interested in determining if CLP-Cys can also recognize the α2β1 receptor on hMSCs for
integrin-mediated binding. Therefore, the inhibition of cell adhesion was analyzed by
blocking the cell surface receptor with an anti-integrin α2β1 antibody. These results
presented in Figure 7, show that preincubation of hMSCs with anti- α2β1-integrin antibody,
inhibited adhesion of hMSCs by 33 ± 2 % and 41 ± 5 % on the Glass-CLP-Cys and HA-
(HGP-CLP-Cys) respectively, indicating the role of α2β1 integrin-mediated adhesion of
hMSCs to the CLP-Cys. Because several integrin-recognition sites have been identified
previously within collagen-derived peptide sequences [11, 14], it is thus possible that the
CLP-Cys could also potentially bind to integrins other than α2β1 on the hMSCs; a detailed
study of the relative role of different integrins in binding to the CLP-Cys, however, is
outside the scope of this initial study.

It is well known that CD44 is a cell-surface receptor for HA and the α2β1 integrin is for
GER-containing peptide sequences. Therefore, to acknowledge the possibility of cell-matrix
interactions via both of these receptors, the hMSCs attached to the HA-(HGP-CLP-Cys)
were analyzed via immunofluorescent staining for α2β1 and CD44 (Figure 8). The positive
staining for CD44 (stained in red) and α2β1 (stained in green) can be seen along the
periphery of the spread hMSCs. This corroborates the potential role of the α2β1 integrins in
cell adhesion to the CLP-Cys-modified surfaces, and also suggests the possible recruitment
of CD44 receptors as may be anticipated during cell binding and spreading onto HA-based
substrates. Our data thus suggest that cells are interacting with both moieties present in these
hydrogel-based biomaterials.

4. Conclusion
In this study we have successfully demonstrated the biological utility of a collagen-like
peptide (CLP-Cys) on functionalized glass and HA surfaces in harnessing adhesive and
proliferative responses from hMSCs. The CLP-Cys compared similarly with type I collagen
in being non-cytotoxic as analyzed via MTT assay. CLP-Cys could successfully be attached
to the surfaces via reductive amination chemistry on aldehyde-equipped glass and HA
particles, as confirmed quantitatively via DTNB assay and qualitatively via fluorescent
labeling. The CLP-Cys peptide attached to the HGP-CLP-Cys particles maintained a triple
helical conformation as shown via CD. The hMSCs were shown to attach to these substrates
via their binding to CLP-Cys and in an α2β1-integrin specific manner, and displayed
cytoskeletal reorganization associated with development of stress fibers and focal adhesions.
The CLP-Cys conjugated to HA surfaces also promoted significant proliferation of hMSCs,
indicating the potential for these materials as a support matrix conducive to application in
stem cell expansion and therapy. Given the role of HA in wound healing and CLPs in
specific α2β1-integrin mediated cell attachment as well as platelet aggregation, the HA/CLP-
Cys matrix offers multiple useful opportunities in biomedical applications including wound
healing and tissue engineering.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cell viability assays
Normalized absorbance values indicating relative cell viability after three days of hMSC
culture in the presence of CLP-Cys, Type I collagen (positive control) and Triton X-100
(negative control) at different concentrations. Data represent mean ± standard deviation of
five repeats. At each concentration, the normalized absorbance value for CLP-Cys and Type
I collagen were not statistically different (p > 0.05).
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Figure 2. Surface modification results
Confocal images showing the fluorescence from (a) cascade blue hydrazide fluorescent
probe on Glass-CHO and fluorescamine probe on Glass-CLP-Cys, and (b) fluorescamine
probe on HGP-CLP-Cys particles. CHO-modified surfaces are clearly stained blue by
treatment with cascade blue. Glass-CHO or HGP-CHO particles show no fluorescence when
treated with fluorescamine due to the absence of amine groups. The Glass-CLP-Cys shows
no fluorescence when treated with the cascade blue hydrazide probe suggesting the absence
of aldehyde group after conjugation with CLP.
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Figure 3. CD spectra of the CLP-Cys modified HA particles
Panels show (a) the full-wavelength scans for CLP-Cys covalently attached to the HGP-
CLP-Cys particles (10 mg/ml in 10 mM PBS, pH 7.4), and (b) thermal transition curves.
Ellipticity is presented in millidegrees owing to the lack of perfectly accurate concentration
determination for these samples. In (a), the CD intensity at 227 nm at all the temperatures
shows the presence of the triple helical conformation; in (b) all values were normalized to
the original ellipticity values at low temperature and presented as the fraction folded.
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Figure 4. Live/dead staining results
Representative live/dead staining results of hMSCs cultured on Glass-CLP-Cys, Glass-Gly,
HA-(HGP-CLP-Cys) and HA-(HGP-Gly) after 3 days of cell culture. Live cells are stained
with Syto 13 (green) and dead cells were stained with propidium iodide (red).
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Figure 5. Immunostaining results of cell adhesion
Confocal immunofluorescence images of hMSCs adhered to the Glass-CLP-Cys, HA-(HGP-
CLP-Cys) and the control HA-(HGP-Gly) arranged column-wise and horizontally at
different timepoints - 3 hours, day 3, and day 7. Slices of Z-stack with the respective phase
contrast images showed that hMSCs adhered on the HGP-CLP-Cys particles in the gel
(Supporting information, Figure S2). Cells were fixed and stained for actin stress fibers
(TRITC-phalloidin; red), nuclei (Draq5; blue) and vinculin (FITC-anti-vinculin; green).
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Figure 6. Cell proliferation results
Cell proliferation on Glass-CLP-Cys, HA-(HGP-Gly) and HA-(HGP-CLP-Cys). The
asterisk (*) indicates data that are statistically different from each other (Student’s t test with
p < 0.05). Each histogram represents the mean ± standard deviation of three repeats. The
Glass-Gly control did not support cell adhesion or proliferation.
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Figure 7. Inhibition of cell attachment
Inhibition of hMSCs attachment with soluble CLP-Cys peptide and anti-α2β1 integrin
antibody on Glass-CLP-Cys and HA-(HGP-CLP-Cys). Suspended cells were preincubated
with different concentrations of the CLP-Cys peptide or anti-integrin α2β1 antibody (50 µg/
mL) for 30 minutes at 37 °C and then allowed to attach to the Glass-CLP-Cys or HA-(HGP-
CLP-Cys). The number of hMSCs attached to these surfaces, when the hMSCs were not
preincubated with either the soluble CLP-Cys or anti-α2β1 integrin antibody was taken as
100 percent attachment. The fraction of cells attached was calculated relative to the fraction
of cells that attached to the control surface. * and # are statistically different from each other
(Student’s t test with p < 0.05). Each histogram represents the mean ± standard deviation of
three repeats.
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Figure 8. Staining for α2β1 and CD44
Immunofluorescent staining of α2β1 integrin (green) and CD44 (stained red) on hMSCS
attached to the HA-(HGP-CLP-Cys) after 7 days of culture. Cell nuclei were stained blue
with Draq5.
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Scheme 1. Surface modification chemistry for generating CLP-Cys modified surfaces
Reductive amination reaction was employed for the conjugation of CLP-Cys to the aldehyde
functionality on (a) aldehyde functionalized glass slides (b) HGP-CHO particles. The HGP-
CLP-Cys particles were subsequently dispersed within the photo-crosslinkable HAGMA
secondary matrix. UV irradiation led to the formation of the hydrogel HA-(HGP-CLP-Cys)
that contains physically dispersed HGP-CLP-Cys particles.
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