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Abstract: A RGD (Arg-Gly-Asp) conjugated chitosan hydrogel was used as a cell-supporting scaffold for articular
cartilage regeneration. Thermosensitive chitosan-Pluronic (CP) has potential biomedical applications on account of
its biocompatibility and injectability. A RGD-conjugated CP (RGD-CP) copolymer was prepared by coupling the
carboxyl group in the peptide with the residual amine group in the CP copolymer. The chemical structure of RGD-
CP was characterized by '"H NMR and FT IR. The concentration of conjugated RGD was quantified by amino acid
analysis (AAA) and rheology of the RGD-CP hydrogel was investigated. The amount of bound RGD was 0.135 ug
per 1 mg of CP copolymer. The viscoelastic parameters of RGD-CP hydrogel showed thermo-sensitivity and suit-
able mechanical strength at body temperature for cell scaffolds (a > 100 kPa storage modulus). The viability of the
bovine chondrocyte and the amount of synthesized glycosaminoglycans (GAGs) on the RGD-CP hydrogels were
evaluated together with the alginate hydrogels as a control over a 14 day period. Both results showed that the RGD-
CP hydrogel was superior to the alginate hydrogel. These results show that conjugating RGD to CP hydrogels
improves cell viability and proliferation, including extra cellular matrix (ECM) expression. Therefore, RGD conju-
gated CP hydrogels are quite suitable for a chondrocyte culture and have potential applications to the tissue engi-

neering of articular cartilage tissue.
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Introduction

Current therapies for articular cartilage disease, including
subchondral drilling and autologous chondrocyte implanta-
tion (ACI), have many limitations such as incomplete defect
healing and secondary site morbidity." Recently, to overcome
these restrictions, various studies have been investigated for
cartilage regeneration.”* Over the past decade, biomaterials
using polymers such as poly(D,L-lactide) (PLA), poly(gly-
colide) (PGA), poly(D,L-lactide-co-glycolide) (PLGA), and
polysaccharides have widely used for tissue engineering.**
Particularly, out of these biomaterials, polysaccharides have
been in receipt of much attention as materials of biomimetic
scaffold because their structures are similar with several
extracellular matrix (ECM) molecules found in natural tis-
sue. In various polysaccharides, chitosan, alginate, collagen,
hyaluronic acid, and fibrin glue are used representatively.’
In particular, chitosan-based scaffolds have been mainly
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used for tissue regeneration due to their biocompatibility,
biodegradability and minimal immune response.”*

Chitosan, a partially deacetylated derivative of chitin, is a
linear polysaccharide, composed of a relatively simple glu-
cosamine and N-acetyl glucosamine unit. Its chemical struc-
ture is analogous with diverse glucosaminoglucans (GAGs)
found in articular cartilage. Also, cationic property of chito-
san provides binding affinity with anionic GAGs, pro-
teoglycans, so chitosan can encapsulate the ECM molecules
in articular cartilage. Since GAGs play a vital role of regu-
lating cell function and chondrogenesis, chitosan is attrac-
tive biomaterials for cartilage regeneration.”® At last decades, a
number of studies have been investigated to improve cell
viability and proliferation of scaffolds for tissue regeneration.
Preparing ideal scaffolds for tissue engineering requires
mimicking natural environments in the ECM."*

The ECM has specific peptide motifs that bind to recep-
tors of cell surface such as integrins and transmembrane
proteoglycans.”"” In these peptide moiety, RGD sequence
stimulate adhesion and spreading of cells such as chondro-
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cyte, fibroblast and endothelial cell. So, peptides containing
RGD sequence has been conjugated with various polymers
to improve cell adhesion and proliferation.””' Ming-Hua
Ho and coworkers reported RGD-conjugated chitosan scaf-
folds.” In their studies, the conjugation of RGD improved
adhesion and proliferation of osteoblast, resulting in improved
regeneration of bone tissue. J. A. Burdick and coworkers
also reported RGD-conjugated PEG hydrogels as a scaffold
and the results showed that the conjugation of RGD
enhanced attachment, spreading, and proliferation of human
fibroblast.”

In our previous study, we concluded that thermosensitive
chitosan-Pluronic (CP) hydrogel has the potential for vari-
ous biomedical applications because of their biocompatible
and injectable property based on minimal invasive tech-
nique.* The hypothesis of our study is that introducing RGD
sequence to CP hydrogel can improve adhesion and prolif-
eration of chondrocyte through the interaction with inte-
grins. In this manuscript, we introduce a thermosensitive
RGD-conjugated CP hydrogel (RGD-CP) prepared as a cell
supporting scaffold for articular cartilage regeneration.
Preparation of RGD-CP copolymer and properties of RGD-CP
hydrogel are introduced and proliferation of bovine chon-
drocyte study and the expression of GAGs are described
and discussed as compared with alginate hydrogel as a con-
trol group.

Experimental

Materials. Chitosan (high molecular weight, 75-85%
deacetylated), 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (ECD), N-hydroxysuccinimide (NHS), succinic
anhydride, 4-dimethylaminopyridine (DMAP) and 4-mor-
pholineethanesulfonic acid (MES) were purchased from
Aldrich (St. Louis, MO, USA). Pluronic F127 was provided
from BAST (Seoul, Korea). The peptide GRGDS (Gly-Arg-
Gly-Asp-Ser) was obtained from Chem-Impex (USA). Other
chemicals and solvents were used without further purification.

For cell culture, low-viscosity alginate, L-ascorbic acid,
chondrotin sulfate C, collagenase and dimethylmethylene
blue (DMB) was purchased from Sigma (St. Louis, MO,
USA). High-glucose Dulbecco’s modified Eagle medium
(DMEM) and 10 % fetal bovine serume (FBS) was supplied
from Life Technology (Carlsbad, CA, USA). Papain buffer
was obtained from CalBiochem (Indianapolis, IN, USA).
CellTilter 96 Aguons assay kit was obtained from Promega
(Madixon, W1, USA).

Synthesis of Chitosan-Pluronic (CP) Graft Copolymer.
Thermo-responsive CP copolymer was synthesized by
grafting Pluronic onto chitosan chain using EDC and NHS
as described in our previous report.”* Briefly, after carboxy-
lation of the hydroxyl terminal group of Pluronic with succi-
nic anhydride, DMAP and TEA as a catalyst in dioxane for
24 h at room temperature, the resulting monocarboxylated

518

Pluronic was grafted onto chitosan chain. The grafting reac-
tion was performed at room temperature for 24 h, using
EDC and NHS as a catalyst in 0.1 M MES buffer including
1 N HCL. Finally, the product was dialyzed against distilled
water using a cellulose membrane (molecular weight cut-off
(MWCO) = 50 kDa) for 3 days and then lyophilized to give
powdery product of CP graft copolymer.

Grafting yield (%) for conjugation was calculated by the
difference between weights before and after conjugation
according to the following equation:

Grafting yield (%) = (W,- W) / W, x 100

where W, and W, denote the weight of the final CP graft
copolymer and initial chitosan, respectively.**

Synthesis of RGD Conjugated CP Copolymer. There
are various methods to conjugate RGD peptides to poly-
mers using functional groups such as hydroxyl, amine, or
carboxyl groups.” In our study, RGD-CP was synthesized
by coupling GRGDS with CP via forming the amide bond
between residual amine groups in CP copolymer and car-
boxyl groups in peptide using EDC and NHS as coupling
agents. After dissolving GRGDS peptide (2 mg, 4.08 x 10°¢
mol) in 0.1 M MES buffer (2 mL), EDC (0.94 mg, 4.9 x 10
mol) and NHS (0.28 mg, 2.44 x 10" mol) were added to
the peptide solution (molar ratio of GRGDS:EDC:NHS=
1:1.2:0.6). Then, this solution was incubated for 30 min to
activate the terminal carboxyl group of serine. After activat-
ing the carboxyl group, this solution was added to CP solu-
tion dissolved in 0.1 M MES buffer (400 mL, 0.5 wt%). The
coupling reaction was performed for 24 h at room tempera-
ture. Finally, the products were dialyzed against distilled
water using a cellulose membrane (MWCO = 25 kDa) for 3
days to remove uncoupled peptides and lyophilized to give
white powder. The chemical structure of synthesized copoly-
mer was characterized by "H NMR and IR with a Bruker
AMX-500 NMR spectrometer and Nicolet Model Magma
IR 550 spectrometer, respectively.

Amino Acid Analysis (AAA) of RGD-CP. Samples (1 mg)
of RGD-CP copolymer were mixed with 2 mL of 6 N HCI
solution to hydrolyze the conjugated peptides. Chitosan and
GRGDS peptide were measured as a control group using
same methods. The acidic mixtures were allowed to keep at
110 °C for 24 h in dry oven. The hydrolyzed polymer and
peptides mixture was analyzed with amino acids analyzer.?

Scanning Electron Microscope Observations (SEM) of
RGD-CP Hydrogel. For SEM analysis, 20 wt% RGD-CP
hydrogels were prepared by dissolving the polymer in PBS
(0.01 M and pH 7.4) at 0-4 °C and the polymer solution was
kept in oven at 37 °C to form gel. The specimens of dehy-
drated RGD-CP hydrogel were prepared by freeze drying of
the hydrogels and cross sections; vertical and horizontal
direction of the specimens. Then, a gold layer was coated on
the samples. Surface morphology of prepared specimens
was observed by SEM, JEOL (JSM-6380, Japan).
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Viscoelastic Analysis of RGD-CP Hydrogel. The rheo-
logical measurements of RGD-CP hydrogel were carried
out with 20 wt% hydrogel in PBS (0.01 M and pH 7.4) using
dynalyser 2000 (Reological, Sweden). The elastic (G') and
viscous (G") shear modulus were measured at a frequency
of 0.1 Hz. For the oscillatory shear rheology measurement,
parallel plate geometry was used (plate diameter = 25 mm,
gap = 0.45 ym and stress = 10 Pa). The hydrogel samples
were placed into the plate of rheometer using temperature
changes of 2 °C intervals over the range 5-60 °C.*%%

Isolation and Expansion of Chondrocyte. Bovine chon-
drocytes were isolated from articular cartilage derived from
the knee of a 4-week-old calf by enzyme digestion. Carti-
lage was washed in calcium- and magnesium-free phos-
phate buffered saline (DPBS) and finely minced. Bovine
chondrocytes were released from articular cartilage after
being digested for 1h with 0.2% pronase, followed by
digestion for 3 h with 0.2 % collagenase at 37 °C in DMEM
containing antibiotic-antimycotic solution (100 U/mL peni-
cillin, 100 gg/mL streptomycin, and 0.25 g/ml, amphoteri-
cin B). After exclusion of the undigested cartilage using a
70 um nylon sieve, the chondrocytes were collected by cen-
trifugation, washed twice, resuspended in DMEM supple-
mented with 10 % fetal bovine serum (FBS), 25 ug/mL

L-ascorbic acid and antibiotics, and finally expanded to get
adequate cell numbers for seeding at 37 °C in a humidified
atmosphere of 5 % CO..

In vitro Cell Culture of RGD-CP Hydrogel. The cell via-
bility test of RGD-CP hydrogel was investigated using bovine
articular chondrocyte. For this assay, aqueous polymer solu-
tions (20 wt%) of the RGD-CP copolymer was mixed with
the cells (6 x 10° cells/mL). The cell suspended polymer
solutions were placed in a 96-well plate (100 uL of RGD-
CP suspension per well) and incubated at 37 °C for 5 min to
form gel. Then cell suspended hydrogels were cultured in
DMEM, which was changed everyday. At 1, 3, 7 and 14 days,
samples were collected for assays (» = 4). Chondrocyte pro-
liferation assay was performed using the 3-(4, S-dimethylth-
iazol-2y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium inner salt (MTS) method using a commer-
cially available kit (CellTilter 96 A .0, Assay) according to
the manufacture’s instruction. At determined times, MTS
solution was added into each well containing the samples in
DMEM and incubate the plate for 90 min at 37°C in a
humidified atmosphere of 5% CO,. A hundred #L of incu-
bated medium was transferred to a 96-well culture plate and
the optical density was recorded in a microplate reader. For
the measurement of synthesized GAG contents, the media
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Figure 1. Synthetic scheme of RGD-CP copolymer.
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were harvested everyday and pooled for each 14 day period.
At each predetermined time, the RGD-CP hydrogels were
dissolved, obtaining fractions: supernatant containing mac-
romolecules from the further removed compartment and a
pellet containing cells with cell-associated matrix. The media,
supernatant and pellet were digested for 12 h at 55°C in
papain buffer (200 pg/mL papain in 50 mM EDTA, 5 mM
L-cystein). The metachromatic reaction of GAG with DMB
was monitored using spectrophotometer and the ratio of
A530 and A590 was used to determine GAG contents with
chondrotin sulfate C as a standard.

Results and Discussion

Synthesis and Characterization of RGD-CP Copoly-
mer. The synthesis of RGD-CP copolymer is illustrated in

(a)

D20

c

Figure 1. Carboxyl groups of GRGDS were activated with
EDC and NHS. Figure 2(a) presents the 'H NMR spectrum
of CP. Proton assignments are as follow: &1, = CH; (peak a,
the methyl proton of partially acetylated group in chitosan),
0112 = CH; (peak b, the methyl proton of PPOs), & ¢ = CH,
(peak ¢, the methylene proton of PEOs). All other signals
were attributed to the protons on the anomeric carbon
As shown in Figure 2(b) for RGD-CP, new peaks at ;133
(peaks e and 1) and &; 4 (peak d) were clearly detected due
to the conjugation of GRGDS groups. However, other pro-
ton peaks of peptide were not clear by typical peaks of the
CP copolymer.

The FT IR spectra shown in Figure 3 demonstrate that
GRGDS was successfully conjugated onto CP copolymer.
In the spectra of the CP (b), a peak appeared at 1530 cm,
corresponding to the primary amine bending region (1500-
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Figure 2. "H NMR spectra of '(a) CP and (b) RGD-CP in D,O.
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Figure 3. FT IR spectra of (a) chitosan, (b) CP, and (¢) RGD-CP.

1550 em™).” In the spectrum of the RGD-CP copolymer
(c), an increase in intensity of the characteristic peaks (1530
cm™) of amine group was observed as compared with CP
copolymer, indicating that the amine group was increased
by grafting the peptide which has a lot of primary amine
group onto CP copolymer. This result suggests that the
GRGDS peptide was conjugated successfully onto CP
copolymer. Amount of conjugated GRGDS was 0.135 ug
per 1 mg of CP copolymer and the conjugation yield was
13.5%, quantitatively determined by AAA method.

Rheological Analysis and Surface Morphology of RGD-
CP Hydrogel. The shear modulus of injectable RGD-CP
hydrogel with thermo-sensitivity was measured by oscilla-
tory rheological experiments. The kinetics of hydrogel for-
mation was observed by monitoring the storage modulus
(G') and loss modulus (G") versus temperature. Figure 4
shows the storage modulus, loss modulus, and viscosity of
20 wt% RGD-CP hydrogel and 20 wt% Pluronic as a con-
trol in PBS (0.01 M and pH 7.4) solution versus temperature
at a frequency 0.1 Hz. Pluronic has been well known as a
thermosensitive copolymer composed of polyethylene
oxide-polypropylene oxide-polyethylene oxide (PEO-PPO-
PEO). The storage modulus was increased gradually by
increasing temperature, over around the body temperature.
The G’ of RGD-CP hydrogel was recorded as 100 kPa over
body temperature. The storage moduli of common hydro-
gels were ~10 kPa according to some literatures® and its
value was higher than Pluronic hydrogels. So, we could
confirm that RGD-CP hydrogel has a enough mechanical
strength as a cell supported scaffold.

Figure 5 shows the SEM images horizontally and verti-
cally cleaved surfaces of lyophilized RGD-CP hydrogel.
Surface images showed irregular pores with an average pore
size of 100 nm. Observed inner pores could be constructed
by swelling due to water penetration and interfaces are con-
sisted of hydrophilic chains of RGD-CP copolymers.*' But,
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Figure 4. Storage modulus (G), loss modulus (G"), and complex
viscosity of (a) 20 wt% RGD-CP hydrogel and (b) 20 wt% Plu-
ronic in PBS (0.01 M and pH 7.4).

Figure 5. SEM images of horizontally cleaved surface at magni-
tude of vertically cleaved surface of lyophilized 20 wt% RGD-CP
hydrogel at magnifications of x100 (a and ¢) and x250 (b and d).

the size of pores observed in images may be not enough
small for cell growth if the size is not different with that of
swelled RGD-CP hydrogel. The hydrophobic interaction
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Figure 6. The viability of bovine chondrocyte on RGD-CP
hydrogel and alginate hydrogel for 14 days culture, viable cell
numbers were detected by MTS assay.

between polypropylene oxide (PPO) segments in Pluronic
created the crystalline phase, meaning the physical cross-
link supporting three dimensional network structures. As a
result, hydrated spaces (observed pores) and crystalline
phase are correlated in terms of cell growth and mechanical
strength, can be modulated by the ratio between hydrophilic
and hydrophobic chains.

Chondrocyte Proliferation and Synthesized GAG Amount
on RGD-CP Hydrogel. The cell compatibility of RGD-CP
hydrogel was investigated with bovine chondrocyte for car-
tilage regeneration. Figure 6 shows the cell viability of the
bovine chondrocyte in the RGD-CP hydrogel and alginate
hydrogel. Alginate hydrogel was used as the control group
because it has shown encouraging results for chondrocyte
proliferation.” The number of chondrocyte was recorded
four times during 14 days. In the result by MTS assay, there
is not significant difference in cell numbers between both
hydrogels after 1 day. But, the cell number at third day
showed considerable difference between both hydrogels.
Up to second week, viable cell numbers cultured on RGD-
CP hydrogel were more than those on alginate hydrogel.
This indicates that RGD-CP hydroge! has more compatible
environment for chondrocyte growth due to the integrin-
mediated signal transduction. Integrins have been known to
bind various cells and control the cell function such as pro-
liferation, differentiation and expression of ECM compo-
nents. Especially, RGD is specific peptide motifs that bind
to the integrins. RGD sequence in the RGD-CP hydrogels
was allowed to bind to the integrins, so the signal transduc-
tion was controlled between chondrocyte and the hydrogels.
Therefore, we suggest that this improved proliferation of
chondrocyte on RGD-CP hydrogel was derived from RGD
conjugation as compared with alginate hydrogels because
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Figure 7. The synthesized GAG amounts in RGD-CP hydrogel
and alginate hydrogel for 14 days culture. GAGs amounts were
detected by DMB assay.

RGD effects on cell viability were already demonstrated by
many studies.

To evaluate maintenance or the chondrocyte phenotype,
GAG construction was investigated because GAG is an
important component of articular cartilage ECM.! Figure 7
shows the amount of synthesized GAG content on hydro-
gels by DMB assay. The result showed similar tendency
with the result of cell viability. At first day of culture, there
is no difference in GAG content of both hydrogels. But,
GAG amount on RGD-CP hydrogel were slightly higher
than those on alginate hydrogel after third day of culture.
Obtained results of cell viability and synthesized GAG
amounts can be inferred from suggestions as follows: 1)
chitosan chain of RGD-CP hydrogel was more compatible
for GAG synthesis of chondrocyte than alginate chain, 2)
conjugated RGD sequence stimulated GAG synthesis of
chondrocyte and 3) conjugated RGD sequence enhanced
adhesion or proliferation of chondrocyte on RGD-CP
hydrogel, resulting in more viable cell and GAG synthesis.
Suggestion 1 and 2 is not clear only with our results of GAG
content and cell viability. The effect of chitosan on chondro-
cyte viability and GAG synthesis, directly compared with
alginate, also were nearly reported. But, suggestion 3 can be
supported by other results from many references. Although
different cells were cultured on RGD-modified surfaces,
many effects of RGD-modified surfaces in terms of interac-
tion with cells were reported. Examples of the effect are
mainly about suppressed attachment and spreading of cells,
which involved with affinity or interaction of RGD with
surface receptors of cells.

Conclusions

In the present study, the RGD-CP hydrogel was devel-
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oped as a cell supported scaffold for articular cartilage
regeneration. The amount of RGD conjugated to CP was
0.135 ug per 1 mg of CP copolymer and RGD-CP hydrogel
contained hydrated spaces for cell growth. RGD-CP hydro-
gel could be readily injected by using syringe to the defect
site and solidified at body temperature. RGD-CP hydrogel
showed higher cell numbers and GAGs amounts as compared
with alginate hydrogel. Therefore, these results demonstrate
that RGD-CP hydrogel has a potential as an injectable cell
carrier for cartilage regeneration and also can be useful for
other biomedical applications.
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