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Abstract

Injectable, biodegradable scaffolds are important biomaterials for tissue engineering and drug
delivery. Hydrogels derived from natural polysaccharides are ideal scaffolds as they resemble the
extracellular matrices of tissues comprised of various glycosaminoglycans (GAG). Here, we report
a new class of biocompatible and biodegradable composite hydrogels derived from water-soluble
chitosan and oxidized hyaluronic acid upon mixing, without the addition of a chemical crosslinking
agent. The gelation is attributed to the Schiff-base reaction between amino and aldehyde groups of
polysaccharide derivatives. In the current work, N-succinyl-chitosan (S-CS) and aldehyde hyaluronic
acid (A-HA) were synthesized for preparation of the composite hydrogels. The polysaccharide
derivatives and composite hydrogels were characterized by FTIR spectroscopy. The effect of the
ratio of S-CS and A-HA on the gelation time, microstructure, surface morphology, equilibrium
swelling, compressive modulus, and in vitro degradation of composite hydrogels was examined. The
potential of the composite hydrogel as an injectable scaffold was demonstrated by encapsulation of
bovine articular chondrocytes within the composite hydrogel matrix in vitro. The results
demonstrated that the composite hydrogel supported cell survival and the cells retained chondrocytic
morphology. These characteristics provide a potential opportunity to use the injectable, composite
hydrogels in tissue engineering applications.

Introduction

Various hydrogels and microspheres have been employed as injectable scaffolds for a variety
of biomedical applications [1-5]. Injectable, biodegradable hydrogels could be utilized as
delivery systems, cell carriers, and scaffolds for tissue engineering [6-8], which allow easy
and homogenous drug or cell distribution within any defect size or shape. Recently, many
methods have been employed for the preparation of injectable in situ forming hydrogels,
including photopolymerization of their custom-made monomers [9-10] and chemical
crosslinking with agents such as carbodiimide, glutaraldehyde, genipin, and adipic dihydrazide
[11-15]. However, photopolymerization often requires a photosensitizer and prolonged
irradiation, thus limiting their applications. The chemical crosslinking agents are the major
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obstacle in the use of injectable in situ forming polymer scaffolds, due to their toxicity to cells
[16-17].

Presently, several polysaccharides such as dextran [18], gum arabic [19], chondroitin sulfate
[20] and hyaluronic acid [21-22] are partially oxidized and employed for possible medical
applications such as drug release and peritoneal adhesion prevention. However, little has been
reported on the use of oxidized polysaccharides for the preparation of hydrogels as cell carriers
for tissue engineering applications. Hererin, we describe a new injectable, in situ forming
biodegradable hydrogel by self-crosslinking of water-soluble chitosan and oxidized hyaluronic
acid, without employing any extraneous chemical crosslinking agents.

Chitosan, a partially deacetylated derivative from chitin composed of glucosamine and N-
acetylglucosamine, is structurally similar to glycosaminoglycan (GAG) and its analogs.
Chitosan has been widely applied in drug delivery, gene therapy and tissue engineering because
of its biocompatibility and biodegradability [23—-25]. However, chitosan has poor solubility in
physiological solvents due to its strong intermolecular hydrogen bonding, thereby greatly
limiting further biomedical applications, particularly as an injectable scaffold. N-Succinyl-
chitosan (S-CS), a water soluble chitosan derivative, was synthesized via introduction of
succinyl groups at the N-position of the glucosamine units of chitosan. It is attractive as a drug
carrier as it shows biocompatibility and long-term retention in vivo [26-28]. By incorporating
with other polysaccharides such as hyaluronic acid, S-CS can create a more biomimetic
microenvironment with improved biocompatibility and biodegradation for tissue regeneration.

Hyaluronic acid is a linear high-molecular-weight polysaccharide, composed of repeating
disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid [29-30]. In ECM,
hyaluronic acid is the backbone of GAG superstructure complexes, mostly associated with
other polysaccharides such as chondroitin sulfate [31]. Due to its good biocompatibility,
biodegradability, as well as excellent gel-forming properties, hyaluronic acid shows promise
in biomedically-relevant hydrogel systems. Hyaluronic acid can be oxidized, and the carbon-
carbon bonds of the cisdiol groups in molecular chain are cleaved and generate reactive
aldehyde functions (aldehyde hyaluronic acid, A-HA), which can develop chemical
crosslinking action with amino functions via Schiff-base linkage [21-22].

The aim of this work was to prepare a non-toxic in situ forming biodegradable S-CS/A-HA
composite hydrogel, and to study the effects of varying the ratio of S-CS and A-HA on gelation
time, microstructure, morphology, equilibrium swelling, compressive modulus and
degradation in vitro. Bovine articular chondrocytes were encapsulated within the hydrogels in
vitro to assess their biological performance and applicability as cell carriers.

MATERIALS AND METHODS

Materials

Chitosan (deacetylation degree: 85%, M 4x10°), hyaluronic acid sodium, succinic anhydride,
sodium periodate, ethylene glycol, t-butyl carbazate, ninhydrin and L-lactic acid were
purchased from Sigma-Aldrich, USA. CyQuant Cell Proliferation Assay Kit was purchased
from Invitrogen, Eugene, Oregon, USA. All chemicals and reagents were used as received.

Synthesis of S-CS

S-CS was synthesized according to an already reported procedure slightly modified [27]. 0.5g
of chitosan was dissolved in 40mL 5%(v/v) lactic acid solution and then 160mL methanol was
added to dilute the solution. 1.5g of succinic anhydride was added to this solution with stirring
at room temperature. After 24h, the succinyl modified chitosan was precipitated by adjusting
the solution pH to 6~7. The precipitate was filtered, re-dissolved in H,O, and dialyzed for 3

Biomaterials. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tanetal. Page 3

days. The purified product was freeze-dried and stored at 4°C. The substitution degree of S-
CS was determined by the ninhydrin assay [32].

Synthesis of A-HA

A-HA was synthesized according to an already reported procedure slightly modified [21-22].
1.0g HA (~2.5mmol) was dissolved in 100mL nanopure H,O at a concentration of 10mg/ml.
An aqueous solution of sodium periodate (0.5M, 5ml) was added dropwise, and the reaction
was stirred for 2h at room temperature in the dark. ImL Ethylene glycol was then added to
inactivate any unreacted periodate. The reaction was stirred for 1h at ambient temperature and
the solution was purified by exhaustive dialysis against H,O for 3 days, and the dry product
was obtained by freeze-drying. The percentage oxidation of A-HA was quantified by
measuring the number of aldehydes in the polymer using t-butyl carbazate [33].

Fabrication of composite hydrogels

S-CS and A-HA were dissolved in PBS separately at a concentration of 20mg/ml. The
crosslinked composite hydrogels were formed by mixing S-CS and A-HA solutions at various
volume ratios of 1/9, 3/7, 5/5, 7/3 and 9/1 at room temperature. The gelation time of composite
hydrogels was monitored.

Characterization of composite hydrogels

Morphologies—Morphologies of composite hydrogels were characterized by utilizing
scanning electron microscopy (SEM) after gelation. The hydrogels were freeze-dried and then
gold-coated using a Cressington 108 Auto (Cressington, Watford UK). The surface and cross-
sectional morphologies were viewed using a JSM-6330F SEM (JEOL, Peabody, MA) operated
at 10kV accelerating.

Infrared (IR) spectroscopic measurement—~Fourier transformed infrared (FTIR)
spectra of polysaccharides and hydrogel membranes were measured to confirm the expected
pendant functionalities. Various samples were recorded with FTIR spectrometer (Nicolet
Avatar 360, USA) against a blank KBr pellet background.

Equilibrium swelling—The known weights of freeze-dried hydrogels were immersed in
DMEM/F12/10%FBS and PBS, respectively, and kept at 37°C for 2h until equilibrium of
swelling had been reached. The swollen hydrogels were removed and immediately weighed
with a microbalance after the excess of water lying on the surfaces was absorbed with a filter
paper. The equilibrium swelling ratio (ESR) was calculated using the following equation:

ESR=(Ws - Wd)/Wd

where Ws and Wd are the weights of the hydrogels at the equilibrium swelling state and at the
dry state, respectively.

Compressive modulus—Mixtures of solutions described above were injected into a 12-
well culture plate for 15 min to obtain columned hydrogels (22mm diameter, 6mm height).
Compressive modulus of elasticity was measured in the elastic region of hydrogel using a
dynamic mechanical analyzer (ELF3200, Endura TEC) in unconfined compression at a
constant stress rate of 40 mN min~1 up to 20% strain at room temperature.

Degradation in vitro—Degradation of composite hydrogels was also examined with respect

to weight loss. Weight loss of initially weighed hydrogels (Wg) was monitored as a function
of incubation time in PBS at 37°C. At specified time intervals, hydrogels were removed from
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the PBS and weighed (W;). The weight loss ratio was defined as 100%x(Wy—W)/Wg. The
weight remaining ratio was defined as 1-100%x(Wy—W)/Wj.

Chondrocyte culture—Bovine articular chondrocytes were isolated from bovine knees
under the institutional guidelines [34-35]. Chondrocytes were isolated through enzymatic
digestion and the pellet was resuspended in DMEM/F12 with 10% FBS and 1% penicillin/
streptomycin. The cells were then seeded in plastic tissue culture flasks and were incubated in
a humidified atmosphere of 95% air and 5% CO5 at 370C. Adherent chondrocytes were
expanded for a period of 5~8 days at 37°C, and the medium was changed every other day until
the cells achieved 80% confluence.

Chondrocyte adhesion to the composite hydrogels was assessed. S-CS and A-HA were
sterilized under UV irradiation for 1h and then dissolved in sterilized PBS to obtain 20mg/mL
solution, respectively. A total of 300uL of the S-CS and A-HA solutions at various volume
ratios were injected into the 24-well culture plate, mixed, and incubated at 37°C for 10min to
form composite hydrogels. ImL DMEM/10% FBS solution containing 50,000 cells was added
into each well. After 24h, the number of chondrocytes attached to the composite hydrogels was
quantified using a CyQuant Cell Proliferation assay [36].

Encapsulation of chondrocytes within the composite hydrogel was also evaluated. 2mL S-CS
solution was added into a centrifugal tube containing 2,000x104 chondrocytes. After sufficient
mixing, the cell containing S-CS solutions were injected into 24-well culture plate to crosslink
with the A-HA solutions. The mixture with cells was then incubated at 37°C to form a
composite cells/hydrogel matrix. The cell density was 500x10%/mL hydrogel. After 10min,
DMEM/F12/10%FBS solution was added into each well.

Chondrocytes were observed by confocal laser scanning microscopy (CLSM, Olympus IX 81).
The live cells were dyed with Cell Tracker Orange CMRA (Red) and all cell nuclei were dyed
with Hoechst 33342 (Blue). The cell/hydrogel matrices were further observed by SEM after
fixation, sequential dehydration, critical point drying and gold coating.

Statistical analysis—The experimental data from all the studies were analyzed using
Analysis of Variance (ANOVA). Statistical significance was set to p value <0.05. Results are
presented as mean + standard deviation.

Structure of polysaccharide derivatives

S-CS was obtained by introduction of succinyl groups into chitosan N-terminal of the
glucosamine units (Figure 1a). The succinylation reaction consists of a condensation reaction
between the polysaccharide amine group and the electrophilic carbonyl group of the anhydride,
with the formation of an amidic bond with opening of the anhydride ring. The chemical
structure of S-CS is shown in Figure 1b, which displays good water soluble property at various
pHs. The determined substitution degree of S-CS was 38.4%. Aldehyde groups were
introduced to hyaluronic acid (Figure 1c) by reaction with sodium periodate, which oxidizes
the vicinal hydroxyl groups to dialdehydes, thereby opening the sugar ring to form dialdehyde
derivatives (Figure 1d). Determination of the actual aldehyde content of A-HA revealed an
extent of oxidation of 46.6%.

The mechanism of gelation is attributed to the Schiff-base reaction between amino and
aldehyde groups of polysaccharide derivatives (Figure 2). Polysaccharide derivatives and
composite hydrogels were characterized by FTIR (Figure 3). By comparing with CS, the
spectrum of S-CS shows a new absorption peak around 1733 cm™1, which corresponds to the
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carboxylic group [27]. The spectra of HA and A-HA were very similar and it is hard to detect
any signal corresponding to the aldehyde functionalities, and this may be due to the formation
of hemiacetals. In the spectrum of the composite hydrogel, the characteristic peak of the
hemiacetal structure at 886 cm™1 suggests that the coupling reaction was followed between —
CHO groups of A-HA and —-NH, of S-CS [28].

Gelation time of hydrogels

The gelation rate of composite hydrogels was monitored at room temperature. When 20mg/
mL S-CS and A-HA were mixed with five different volume ratios, gelation occurred within
1~4 min (Figure 4). With increasing ratios of S-CS in the composite hydrogels, the gelation
time first decreased, then increased. The gelation rate of 5/5 composite hydrogel was the fastest,
which showed a significantly faster gelation rate than 1/9 hydrogels (p<0.05).

Morphologies of hydrogels

SEM images were obtained to characterize the microstructure morphologies of three freeze-
dried S-CS/A-HA composite hydrogels (Figure 5). The surface images of the hydrogels are
presented in Figure 5a-c. A thin polymer layer can be observed, which is likely related to the
collapse of surface pores by the freeze-drying process. According to cross-section SEM images
(Figure 5d-f), the hydrogels displayed a continuous and porous structure by virtue of the freeze-
drying step, with the pores being the result of ice crystal formation, resembling other natural
macromolecular hydrogel system structures, with pore diameters in the range of 10~100um.
The internal morphology was dependent on the content ratio of polysaccharide. Higher ratio
of S-CS resulted in smaller pore sizes.

Equilibrium swelling of hydrogels

Figure 6 indicates the equilibrium swelling ratio of freeze-dried composite hydrogels
determined in DMEM/F12/10%FBS and PBS. The swelling ratio was increased along with
increase of S-CS content, except for the dried 1/9 hydrogel, which became water-soluble after
a 2h incubation due to poor crosslinking. The swelling ratio in DMEM/F12/10%FBS was
slightly higher than those in PBS, whereas no difference was found between them. The swelling
value rapidly increased with the increase in the S-CS content from 5/5 to 7/3 (p<0.05). In the
case of DMEM/F12/10%FBS medium, the swelling value was 35.3 for 5/5 hydrogels, while
it was 48.5 for 7/3 hydrogels (Figure 6).

Compressive modulus of hydrogels

Compressive modulus of the hydrogels was studied by a dynamic mechanical analysis method
(Table 1). With increasing ratios of S-CS content from 30% to 70% (v/v), the compressive
modulus of the composite hydrogels were improved correspondingly. The 5/5 and 7/3
hydrogels had significantly larger compressive modulus than the 3/7 hydrogel (p<0.05), which
were 25 and 28 kPa, respectively, whereas no difference was found between them.

Degradation of composite hydrogels

Degradation of composite hydrogels was monitored as a function of incubation time in PBS
at 37°C, as shown in Figure 7. The ratio of S-CS/A-HA had a significant influence on weight
loss. The hydrogels with a ratio of 1/9 and 9/1 showed a significantly faster weight losing rate
due to less crosslinking, and dissolved in 1 day and 11 days, respectively. The other hydrogels
lost their weight steadily up to 28 days (Figure 7). The hydrogels with more S-CS showed a
slower weight loss rate than hydrogels with less S-CS composition. At day 28, the weight
remaining ratio of 3/7, 5/5, and 7/3 hydrogel were 44.2%, 61.4% and 72.7%, respectively.
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Cell Biocompatibility of composite hydrogels

The adhesion of bovine chondrocytes to the top surface of composite hydrogels after culture
for 24h was characterized (Figure 8). All hydrogel samples showed less attached cells than the
control TCP. The number of cells on the surface of 5/5 and 7/3 hydrogels was significantly
greater than that of 3/7 and 9/1 hydrogels (p<0.05). The attached chondrocytes on the surface
of the 5/5 hydrogel were present in the superficial area of the hydrogel and maintained their
polygonal morphology (Figure 8a). The chondrocytes encapsulated in the hydrogels for 3D
culture were also observed, and were found to remainviable after 24h of culture (Figure 8b).
Elliptical or round shaped chondrocytes were uniformly distributed in the hydrogel. The 3D
calculation results demonstrated that more than 93% of the encapsulated chondrocytes survived
(Figure 8c).

SEM images of the 5/5 composite hydrogel encapsulated with chondrocytes are presented in
Figure 8. The existence of the cobble-stone like appearance on the top surface of the hydrogel
reflects the encapsulation of the cells, and one can estimate the cell size as ~10um. The
morphology of the chondrocytes residing in the hydrogel was further observed (Figure 8b).
The cells were encapsulated within the composite hydrogel and possessed normal spherical
morphology.

DISCUSSION

Hydrogels can be utilized for cell delivery, as well as growth factor or drug delivery. An
injectable hydrogel is clinically desired as this system could result in minimally invasive
surgeries. Hydrogels derived from naturally occurring polysaccharides mimic many features
of extracellular matrix (ECM) and thus have the potential to direct the migration, growth and
organization of encapsulated and transplanted cells during tissue regeneration. In this study, a
new in situ forming biodegradable hydrogel was prepared, which may be used as an injectable
scaffold for tissue repair. The hydrogel was obtained by the crosslinking of S-CS with A-HA
at a relatively stable physiological pH, with H,O as the only by product. Five different volume
ratios of S-CS/A-HA composite hydrogels were prepared by Schiff’s base crosslinking reaction
(—C=N-) between —-NH, of S-CS and —-CHO of A-HA (Figure 2).

In our experiment, ratios of S-CS/A-HA did not significantly influence the gelation time, i.e.
the gelation time for all five groups were within 1~4min (Figure 4). However, the gelation time
was shorter when the ratios of S-CS/A-HA were 3/7~7/3. The cross-sectional SEM images of
the freeze-dried 3/7 and 7/3 composite hydrogels demonstrated that a higher content of S-CS
results in the formation of smaller pore diameters and tighter network structure in composite
hydrogels, which is likely due to the comparatively sufficient crosslinking (Figure 5).

Swelling properties of the as-prepared hydrogels are crucial for substance exchange when they
are used as injectable scaffolds for biomedical applications. Both S-CS and A-HA have an
abundant number of hydrophilic groups, such as hydroxyl, amino and carboxyl groups, which
can easily produce hydration with water. The amount of S-CS and A-HA used in the hydrogel
synthesis significantly affects the hydrogels’ swelling properties. The 1/9 and 9/1 hydrogels
revealed less crosslinking, consequently increasing the exposure of polymer chains to water
molecules, and significantly leading to water absorption enhancement (Figure 6) and faster
weight loss (Figure 7). Crosslinking density influences many of the macroscopic properties of
hydrogels. In general, an increase in the crosslinking density results in a decrease in the water
content and mass weight loss. The 3/7, 5/5 and 7/3 hydrogels showed a slower degradation
rate than the 1/9 and 9/1 hydrogels in PBS at 37°C (Figure 7), which is possibly due to the
sufficient crosslinking and subsequent microstructure. Although some reports have indicated
that Schiff’s base crosslinking structure of hyaluronic acid is instable [21-22], interestingly,
we found the S-CS/A-HA hydrogels were stable in PBS during the four week period, which
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indicated that the hydrolysis rate of S-CS/A-HA Schiff’s base is slow under physiological
conditions. Compressive modulus is particularly important for cartilage tissue engineering.
The compressive modulus of composite hydrogels were improved with increasing ratios of S-
CS content from 30% to 70% (v/v) (Table 1). However, measures must be taken in the future
to further improve the mechanical strength of the present systems if they are used as the
injectable scaffold for cartilage restoration, although many types of hydrogels with similar
strength have been diversely used for the same purpose.

Another important issue for injectable hydrogels is the encapsulation efficiency for the target
cells. Since the microstructure and high water content are very similar to that of the extracellular
matrix of natural cartilage, hydrogels may preserve the phenotype of chondrocytes. The S-CS/
A-HA composite hydrogels were then similarly assessed in terms of cell biocompatability. The
bovine chondrocyte attachment study indicated that the hydrogels support cell adhesion (Figure
8). A significantly higher number of attached chondrocytes were observed on the 5/5 and 7/3
composite hydrogels than the 3/7 and 9/1 hydrogels. The cells which were encapsulated within
the 5/5 composite hydrogel possessed normal spherical morphology (Figure 9 and Figure 10),
as per that in normal cartilage, predicting a potential application of the hydrogel as an injectable
scaffold in cartilage tissue engineering.

The evaluation of these properties contributes to a further understanding of the formation
mechanism of hydrogels and biological applicability. As this process of the CS-HA hydrogel
formation is simple, feasible, and usually performed under mild conditions without employing
any extraneous toxic crosslinking agents, such as glyoxal, glutaraldehyde, carbodiimide and
diepoxy compounds, we believe that such a composite matrix will have potential applications
in wound management, drug delivery, tissue engineering, and other related biomedical fields.
However, further optimization of the system is required to promote cell proliferation and ECM
production in addition to maintenance of their phenotype.

CONCLUSIONS

The in situ forming S-CS and A-HA composite hydrogels were prepared via Schiff’s base
cross-linking reaction. The gelation time, structure, equilibrium swelling, compressive
modulus and degradation in vitro were dependent upon crosslinking and structure of composite
hydrogels. The composite hydrogels with a higher S-CS composition showed a slower
degradation rate than hydrogels with a lower S-CS composition. The compressive modulus of
composite hydrogels were improved with increasing ratios of S-CS content from 30% to 70%
(v/v). Bovine articular chondrocytes cultured within the gels indicated that the S-CS/A-HA
composite hydrogel is able to support cell adhesion. Encapsulation of chondrocytes
demonstrated that the composite hydrogel promoted cell survival and the cells retained regular,
chondrocytic spherical morphology. These preliminary studies indicate that the composite
hydrogel supports chondrocyte adhesion and encapsulation, and may have potential uses in
cartilage tissue engineering applications.
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Figure 1.
Chemical structures of chitosan (CS) (a), N-succinyl-chitosan (S-CS) (b), hyaluronic acid (HA)

(c) and aldehyde hyaluronic acid (A-HA) (d).
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Figure 2.
The scheme of S-CS and A-HA composite hydrogel via Schiff’s base cross-linking reaction.
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Figure 4.

Gelation time of S-CS/A-HA composite hydrogels as a function of volume ratio at room
temperature. The total polymer concentration was 20mg/mL. Values reported are an average
n=3, + standard deviation.
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Figure 5.

SEM photographs of freeze-dried S-CS/A-HA composite hydrogels. (a)—(c) Surface
morphologies of hydrogels with the volume ratio of 3/7 (a), 5/5 (b) and 7/3 (c). (d)—(f) Cross-
sectional morphologies of hydrogels with the volume ratio of 3/7 (d), 5/5 (e) and 7/3 (f).
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Figure 6.
Equilibrium swelling ratio of S-CS/A-HA composite hydrogels as a function of volume ratio
incubated in DMEM/F12/10%FBS and PBS at 37°C. Values reported are an average n=5, +

standard deviation.
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Figure 7.

Degradation of S-CS/A-HA composite hydrogel in PBS at 37°C with respect to weight loss.
Values reported are an average n=5, + standard deviation.
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Figure 8.
Number of bovine chondrocytes adhered to surface of S-CS/A-HA composite hydrogels versus
control wells. Values reported are an average n=5, + standard deviation.
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Figure 9.

(a) CLSM image showing bovine chondrocytes upon the surface of a 5/5 S-CS/A-HA
composite hydrogel after 24h culture. Cell seeding density: 50,000/well (24-well cell culture
plate). (b) CLSM image showing bovine chondrocytes encapsulated in a 5/5 S-CS/A-HA
composite hydrogel after 24h culture. Cell seeding density: 5x108/mL. (c) The 3D image of
(b). The live cells were dyed with Cell Tracker Orange CMRA (Red) and all cell nuclei were
dyed by Hoechst 33342 (Blue).
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Figure 10.

(a) SEM image depicting surface morphology of the 5/5 composite hydrogel encapsulated with
chondrocytes after 24h culture. (b) SEM image depicting the morphology of encapsulated
chondrocytes after 24h culture. Cell seeding density: 5x10%/mL.
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Compressive modulus of S-CS/A-HA composite hydrogels at room temperature. Values reported are an average n=3,

+ standard deviation.

%(v/v) S-CS %(viv) A-HA Compressive modulus (kPa)
30 70 12+4
50 50 25+3
70 30 28+6
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