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In this work chitosan-hyaluronan composite sponge incorporated with chondroitin sulfate nanoparticle
(nCS) was developed. The fabrication of hydrogel was based on simple ionic cross-linking using EDC,
followed by lyophilization to obtain the composite sponge. nCS suspension was characterized using DLS
and SEM and showed a size range of 100-150 nm. The composite sponges were characterized using
SEM, FT-IR and TG-DTA. Porosity, swelling, biodegradation, blood clotting and platelet activation of the
prepared sponges were also evaluated. Nanocomposites showed a porosity of 67% and showed enhanced

Iéﬁgg:\i&' swelling and blood clotting ability. Cytocompatibility and cell adhesion studies of the sponges were
Hyaluronan done using human dermal fibroblast (HDF) cells and the nanocomposite sponges showed more than 90%

viability. Nanocomposite sponges also showed enhanced proliferation of HDF cells within two days of

Chondroitin sulfate nanoparticles oSt : ! : "
study. These results indicated that this nanocomposite sponges would be a potential candidate for wound

Nanocomposite sponge

Wound dressing dressing.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Characteristics of an ideal sponge to serve as scaffolds for
biomedical applications, it should be non toxic, biodegradable,
non allergic, and should allow proper nutrient and gas exchange
(Jayakumar, Prabaharan, Sudheesh Kumar, Nair, & Tamura, 2011).
Nowadays natural biomaterials are profoundly used over synthetic
materials in biomedical applications such as tissue engineering,
wound care, drug delivery etc. because of its biocompatibility,
biodegradability, and bioactivity which makes it readily integrate
with the host tissue (Nair & Laurencin, 2007). Specifically in wound
care, natural biomaterials like collagen (Wang et al., 2008), algi-
nate (Shalumon et al., 2011), chitosan (Mi et al., 2001), hyaluronan
(Kondo & Kuroyanagi, 2012), etc. are being widely used. Advan-
tages of these materials are low toxicity and non immunogenicity
(Anilkumar et al., 2011). Wound care products can be in the form
of scaffolds (Madhumathi et al., 2010), membranes (Wang, Khor,
Wee, & Lim, 2002), sponges (Kondo & Kuroyanagi, 2012; Mi et al.,
2001), hydrogels (Boucard et al., 2007), etc. Sponges are soft and
flexible scaffolds with interconnected porous structure having good
fluid absorption capability and cell interaction making it a suitable
material for wound dressing (Jayakumar et al., 2011).
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Chitosan is a cationic biopolymer composed of glucosamine and
N-acetyl-glucosamine. It is obtained by the partial deacetylation
of chitin (Jayakumar, Menon, Manzoor, Nair, & Tamura, 2010;
Muzzarelli, 2009). Chitosan is biocompatible and biodegradable
with haemostatic properties, which makes it a potential candidate
in the wound management area (Anilkumar et al., 2011; Jayakumar
et al., 2011). Polysaccharide backbone of chitosan also shows
structural similarity with glycosaminoglycans (GAGs) (Peter et al.,
2010). Hyaluronan (HYA) and chondroitin sulfate are GAGs which
are the major constituents of the skin extracellular matrix (ECM)
(Anilkumar et al., 2011). HYA is a polyanion composed of repeating
disaccharide units of N-acetyl-p-glucosamine and glucuronic acid
(Kogan, Soltes, Stern, & Gemeiner, 2007). HYA has a high capacity
to retain water that provides a moist environment and protects
the wounded tissue surface from dryness and promotes wound
healing (Kogan et al., 2007). Moreover HYA is shown to have a
positive effect in scarless wound healing. A recent study has shown
that exogenous HYA when incorporated into fibrin pad improved
wound healing with minimum scar in rabbit ear model (Anilkumar
etal., 2011). N-acetyl-p-glucosamine, one of the degradation prod-
ucts of both chitosan and HYA promotes fibroblast proliferation
and ordered collagen deposition thus facilitating faster wound
healing and reduced scar formation (Jayakumar et al., 2011). Chi-
tosan being cationic in nature can form polyelectrolyte complex
with HYA which is a polyanion and scientists have hypothesized
that the incorporation of HYA to chitosan could enhance the struc-
tural and biological properties of the scaffold. Moreover scaffolds
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containing both chitosan and HYA were found to enhance cell
adhesion (Muzzarelli, Greco, Busilacchi, Sollazzo, & Gigante, 2012).

Chondroitin sulfate is an anionic polyelectrolyte composed of
alternating units of glucuronic acid and N-acetyl-galactosamine
and is sulfated at either 4- or 6-position of N-acetyl-galactosamine
residue (Kirker, Luo, Nielson, Shelby, & Prestwich, 2002). It accel-
erates wound healing by enhancing the influx of fibroblast into the
wound (Gilbert et al., 2004). But the exact role of GAGs in wound
healing is yet to be unraveled (Kirker et al., 2002). Nanoparticles
possess high surface area to volume ratio which stimulates the
interaction between biomaterials and cells (Peter et al., 2010). Thus
the presence of chondroitin sulfate in the nano form would enhance
the fibroblast migration, further supporting fibroblast attachment
and proliferation.

In this study, by assimilating the properties of its parent
polymers we attempt to develop a chitosan-HYA/nCS ternary
nanocomposite sponge for medical applications.

2. Experimental
2.1. Materials

Chitosan (MW 100-150kDa, degree of deacetylation-85%)
was purchased from Koyo chemical, Co Ltd (Japan). HYA was
purchased from Qingdao Haitao Biochemical Co Ltd (China).
Chondroitin sulfate was received from India Sea food, Kochi.
Glutaraldehyde and hen lysozyme were obtained from Fluka, N,N-
(3-dimethylaminopropyl)-N-ethyl carbodiimide (EDC) and Acetic
acid from Sigma-Aldrich. Human dermal fibroblast (HDF) and its
media were purchased from Promo Cell, India.

2.2. Preparation of chitosan-HYA/nCS composite sponge

2.2.1. Preparation of chitosan-HYA blend

Chitosan 2% (w/v) was dissolved in 1% acetic acid; this solution
was neutralized with 1N NaOH to obtain chitosan hydrogel. HYA
1% (w/v) was dissolved in double distilled water. These two were
mixed in 2:1 ratio to obtain a homogenous chitosan-HYA blend.

2.2.2. Preparation of chondroitin sulfate nanoparticle (nCS)

nCS suspension was prepared by polyelectrolyte ionic cross-
linking method as reported by Yeh, Cheng, Hu, Huang, and Young
(2011) with modifications. Initially the pH of 0.1% of chondroitin
sulfate aqueous solution was reduced to 2. Under continuous stir-
ring 0.05% chitosan in acetic acid solution was added until turbidity
was observed.

2.2.3. Preparation of composite sponge

To the chitosan-HYA blend, nCS suspension (10% of
chitosan-HYA blend) was added and stirred for 4h to obtain
a homogenous mixture. The resulting slurry was then poured into
a mould, freezed and lyophilized for 24 h. The composite sponge
was cross-linked with N,N-(3-dimethylaminopropyl)-N-ethyl
carbodiimide (EDC) (Sigma-Aldrich) as reported (Park et al., 2003;
Collins & Birkinshaw, 2011).

2.3. Characterization

Size of nCS was analyzed using DLS (DLS-ZP/Particle Sizer
Nicomp™ 380 ZLS particle sizing system). Measurements were car-
ried out under a monochromatic, coherent laser source emitting
at 632.8 nm, and the scattered intensity was measured. Size and
morphology of nCS was analyzed using SEM (JEOL Ltd., JEOLJSM-
6490LA) for which nCS suspension was diluted in distilled water
and mounted on carbon-taped aluminum stubs, which was then
gold sputtered (JEOL, JFC-1600) before imaging. The structural

morphology of the composite sponges was analyzed using SEM.
The sponges were sliced into thin sections to expose its internal
architecture. Samples were then mounted on carbon-taped alu-
minum stubs and gold sputtered before imaging by SEM. To analyze
the various functional groups present in the composite sponges,
FT-IR measurements were performed using a FT-IR spectrometer
(Perkin-Elmer RX1). The samples were finely ground and mixed
with potassium bromide and pelletized. The pellets were scanned
in the range of 400-4000cm~!. Thermal stability of the compos-
ite sponges were analyzed using TG/DTA instrument (EXSTAR-SII
TG-DTA 6200). 3 mg samples were subjected to heating from 25 to
500°C at a rate of 10°C/min.

2.4. Porosity

Porosity of the sponges was determined using liquid displace-
ment method. Dimensions of the sponges were measured using a
vernier caliper and volume (V) was calculated. Ethanol was used as
the displacing liquid. Briefly a sample of measured weight (W;) was
immersed in a graduated cylinder containing a known volume of
ethanol and soaked for 24 h to allow ethanol to penetrate into the
pores of the sponge. The final weight of the wet sponge was noted
as We. Porosity can be calculated using the following equation.

%Porosity = (M) « 100
Pethanol X V
Pethanol - density of ethanol

2.5. Swelling and water uptake studies

The swelling at different pH (4.0, 5.4, 6.8, 7.4 and 10.8) and water
uptake ability of the composite sponges were studied in different
buffer solutions and distilled water respectively. Dry weight of the
sponges was noted as W;. Sponges were immersed in buffer/water
at 37 °C for different time points and then taken out and wet weight
was taken as Wy, after removing the excess water with filter paper.
Swelling ratio was determined using the formula

. o (Ww —Wy)
Swelling ratio = W

2.6. In vitro biodegradation studies

In vitro biodegradation of the sponges was studied in PBS (pH
7.4) with lysozyme (10* units/ml) (Fluka) at 37 °C. Preweighed (W;)
sponges were incubated at different time points. Samples were
then taken out and washed with deionized water to remove the
salts and freeze dried. Dry weight of the sponges was noted as Wj.
Degradation percentage was calculated using the equation.

(W; — Wy)

%Degradation = { W,

}xlOO

2.7. Blood clotting studies

Blood drawn from human ulnar vein was mixed with anticoag-
ulant acid citrate dextrose (ACD) at a ratio 9:1. The blood clotting
efficiency of chitosan-HYA/nCS composite sponge was compared
with chitosan-HYA sponges and commercially available Calcium
Sodium Alginate Dressing, Kaltostat (ConvaTec). Samples of equal
weight and size were used for the study. Blood without samples
was used as blank. 200 1 of blood mixed with ACD was added to
each sponge kept in a 24 well plate. To this 5 pl of 1% CaCl, was
added to initiate blood clotting and incubated at 37 °C for 15 min.
To hemolyze the red blood cells (RBC) that were not trapped in the
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Fig. 1. (A) Particle size distribution and (B) SEM image of chondroitin sulfate nanoparticles.

clot 1 ml distilled water was added slowly along the sides of the
plate without disturbing the clot (Ong, Wu, Moochhala, Tan, & Lu,
2008).500 w1 from this was centrifuged in an eppendorf for 2 min at
2000 rpm. Supernatant was collected and optical density at 540 nm
was measured.

2.8. Platelet activation studies

For platelet activation studies blood mixed with anticoagulant
was centrifuged at 2500 rpm for 10 min. Platelet rich plasma in
supernatant was collected and added directly on to the sponge.
Samples were fixed with glutaraldehyde, PBS washed, dehydrated
using alcohol gradient and viewed under SEM.

2.9. Cell viability studies

Cell viability studies were done using alamar blue assay as per
ISO specification 10993-5. EtO sterilized samples were used for the
study. HDF cells (Promo cell) were seeded at a seeding density of
5 x 103 cells/sponge in a 96 well plate and incubated at different
time points (24, 48, 72 and 96 h) at 37°C and 5% CO,. Alamar blue
reagent diluted to 10% in fibroblast growth medium was added and
after 6 h incubation absorbance was measured at 570 and 600 nm.

2.10. Cell attachment and proliferation studies

Cell attachment studies on the composite sponges were carried
out using HDF cells for two different time points (12 and 48 h).
EtO sterilized samples were used for the study. Cells were seeded
on the sponges with a seeding density of 2 x 10% cells/sponge in a
24 well plate. After the incubation time the sponges were washed
with PBS, fixed using 0.25% glutaraldehyde and dehydrated using
alcohol gradient. The samples were then air dried, sputter-coated
with gold and viewed under SEM.

For proliferation studies, after the culturing of HDF cells on
the sponges for 24 and 48h, the samples were stained with
DAPI. Briefly, samples were washed with PBS, fixed with 4%
paraformaldehyde, permeabilized using 0.5% Triton, blocked with
1% FBS and finally stained with DAPI (nuclear stain). The stained
samples were imaged using fluorescent microscope (Olympus-BX-
51).

3. Results and discussion
3.1. Preparation and characterization

nCS was prepared by the ionic cross-linking of chitosan and
chondroitin sulfate. The prepared nCS was characterized using DLS

and SEM (Fig. 1A and B). The particle size distribution of nCS showed
a size range of 100-150 nm as shown in Fig. 1A. The average parti-
cle size as obtained from number average weight distribution was
128.3 nm. The particles showed a poly dispersity index of 0.28. The
ternary composite sponge was prepared by mixing together chi-
tosan hydrogel, HYA solution and nCS suspension. This composite
gel was lyophilized, EDC cross-linked and relyophilized (Fig. 2).
SEM images showing the morphology of the prepared com-
posite sponges are shown in Fig. 3A. Both chitosan-HYA and
chitosan-HYA/nCS composite sponges showed an interconnected
porous structure. Chitosan-HYA sponges showed more sheets
like structures and irregular porous morphology where as the
chitosan-HYA/nCS composite sponges showed a highly porous
structure with uniform distribution of pores. This can be attributed
to the vacant space generated after the removal of water by freeze
drying from the nanoparticle suspension incorporated into the
sponge. As HYA is water soluble the composite sponge will not
be stable. In order to improve the stability, the sponges were
cross-linked with EDC. It mediates amide bond formation between
carboxyl group of HYA and amino group of chitosan. EDC is a zero
length cross-linker and do not remain as part of the linkage. It forms
water soluble urea derivatives which can be washed away and has
low cytotoxicity as compared to other cross-linking agent such as
glutaraldehyde (Park, Park, Kim, Song, & Suh, 2002).

HYA solution nCS

Chitosan hydrogel

&

Lyophilized &
EDC
cross linked
Chitosan-HYA/nCS

COMpOSTbE SPONgE Nanocomposite hydrogel

Fig. 2. Fabrication of chitosan-HYA/nCS composite sponge.
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Fig.3. (A)SEMimage showing the porous morphology (i) chitosan-HYA sponge (ii) chitosan-HYA/nCS composite sponge. (B) FT-IR spectra of composite sponge (a) chitosan (b)
HYA (c) chitosan-HYA (d) chitosan-HYA/nCS (e) chondroitin sulfate. (C) TG profile of composite sponge. (D) DTA profile (a) chitosan (b) chitosan-HYA (c) chitosan-HYA/nCS.

Fig. 3B shows the FTIR spectrum of composite sponge and the
components. In chitosan-HYA and chitosan-HYA/nCS the amide
bond band at 1650cm~! got shifted to 1671 cm~!. This can be
due to the cross-linking of carboxyl group of HYA and amino
group of chitosan. Characteristic band of chondroitin sulfate at
1246 cm™! corresponding to the S=0 stretching can be seen in the
chitosan-HYA/nCS composite which confirms the presence of nCS
in the composite sponge (Park et al., 2002; Yeh et al., 2011).

Fig. 3C and D shows the thermogram of chitosan, chitosan-HYA
and chitosan-HYA/nCS sponges. TG profile of composite sponges
shows more degradation as compared to chitosan. Initial slope in
the TG indicates water loss by evaporation and was found at around
50°C. Decomposition at around 250°C indicated the rupture of
chains and degradation of polymer into monomer units. In DTA
exothermic peak at around 300 °C indicates decomposition which
correlates with the TG profile. An endothermic broad peak in the
range of 30-60°C was shown in chitosan whereas the composite
sponges showed a peak at around 45 °C. This accounts for the loss
of moisture by evaporation from the scaffold’ which would explain
the broad endothermic (Jayakumar, Nagahama, Furuike, & Tamura,
2008).

3.2. Porosity

Porosity studies of the composite sponges are shown in
Fig. 4A. Chitosan-HYA/nCS sponges showed a porosity of 67%
compared to the control which has a porosity of 50%. Since
the chitosan—-HYA/nCS sponge contains additional water content
due to the incorporation of nanoparticle in the suspension form,
lyophilization would yield a highly porous structure.

3.3. Swelling and water uptake studies

Fig. 4B and C shows the swelling and water uptake properties of
chitosan-HYA and chitosan-HYA/nCS composite sponges in var-
ious pH buffers and water respectively. Nanocomposite sponges

showed higher swelling and water uptake ability as compared to
the control sponges. This can be due to the comparatively high
porosity of the nanocomposite sponges. The swelling behavior of
composite sponge was almost the same for all the pH. This shows
the stability of the chitosan-HYA composite sponge despite of the
pH of the solution. A possible reason for the stability of this compos-
ite can be the interaction of amine groups on chitosan with carboxyl
groups on HYA which prevents the protonation of amino groups on
chitosan (Li, Ramay, Hauch, Xiao, & Zhang, 2005).

3.4. In vitro biodegradation studies

In vitro biodegradation studies were done using lysozyme.
Biodegradation profile of composite sponges is shown in Fig. 4D.
nCS incorporated sponges showed a higher degradation profile as
compared to the control sponges. The higher degradation abil-
ity of nanocomposite shows its potential to be used as an in situ
biodegradable wound dressing.

3.5. Blood clotting and platelet activation studies

Whole blood clotting ability of the composite sponges is shown
in Fig. 5A and B. RBCs that were not trapped in the clot were
hemolyzed with water after contacting the samples with whole
blood. Absorbance value of the resulting hemoglobin solution
was noted at 540 nm. Higher absorbance value indicate slower
clotting rate (Ong et al, 2008). As the absorbance value of
chitosan-HYA/nCS sponges was lower than chitosan-HYA sponge
and kaltostat the whole blood clotting ability of nCS incorporated
sponges was good which holds an important property of an ideal
wound dressing material. Platelet rich plasma after contacting with
samples were fixed and viewed under SEM. More platelet activa-
tion was observed in chitosan-HYA/nCS sponges (Fig. 5C) which
contributes to the blood clotting results.



1474 B.S. Anisha et al. / Carbohydrate Polymers 92 (2013) 1470-1476

B 6

A 80 5

70 A 4
60 -

n
=
L

Swelling ratio (%)
=3 w

Porosity (%)
3

w
=]
'
[

20 1
10 s
1 4 Time(days) 7 10
0 O Chitosan-HYA/nCS pH4  E Chitosan-HYA pH 4
Chitosan-HY A Chitosan-HYA/nCS O Chitosan-HYA/nCS pH 5.4 Chitosan-HYA pH 5.4
O Chitosan-HYA/nCS pH 6.8 M Chitosan-HYA pH 6.8
@ Chitosan-HYA/CS pH 7.4 M Chitosan-HYA pH 7.4
[ Chitosan-HYA/nCS pH 10.8 B Chitosan-HYA pH 10.8
C 1 D ©
144 50 -
212 4 =
=] =~
g % 40 - i
3107 M Chitosan- ] M Chitosan:
S HYA 'E HYA
S 8 M Chitosan- ? 30 M Chitosan-
£, HYAmCS g HYA/nCS
4-
2 A 10
0- 0
1 4 7 1 2
Time(Days) Time(weeks)

Fig. 4. (A) Porosity studies of composite sponge. (B) Swelling studies in various pH buffers. (C) Water uptake studies. (D) In vitro biodegradation studies of composite sponges
in PBS containing lysozyme.

A

Blood A fier 20 mi
Kaltostat -—m—.

Chitosan-HY " —

DAY 1 9P
: FR e
Spm 10 36 SEI 8kV Spm 09 36 SEI
C 3.5
34
2.5
E
=
N
5 24 ,E" i
"’é E 60 B Chitosan-
8 .E HYA
154 2 40 4 M Chitosan-
g HYAMNCS
1 © H Positive
A contrel
0.5
Blank Kaltostat Chitosan-HYA Chitosan-HYANCS 24 48 72 96
Sample Time ()

Fig. 5. (A) Optical image of whole blood clotting studies. (B) Blood clotting efficiency of composite sponges. (C) SEM images of platelet activation on (i) chitosan-HYA sponge
and (ii) chitosan-HYA/nCS sponge. (D) Cell viability of HDF cells on samples at 24, 48, 72 and 96 h.



B.S. Anisha et al. / Carbohydrate Polymers 92 (2013) 1470-1476 1475

l”

Pt

8kV 10 36 SEI 09 36 SEI

8kv X2,500 10pm 09 36 SEI 8kV 10 36 SEI

Fig. 6. SEM images of HDF cell attachment on sponges after 12 and 48 h of incubation on chitosan-HYA sponge (A and C) and chitosan-HYA/nCS nanocomposite sponge (B
and D).

A

Fig. 7. Fluorescent microscopic images of HDF cells (nucleus stained blue with DAPI) after 24 and 48 h incubation on chitosan-HYA sponge (A and C) and chitosan-HYA/nCS
nanocomposite sponge (B and D). Scale bar denotes 10 pm.
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3.6. Cell viability studies

One of the most important parameter of a wound dressing is its
nontoxic nature. Cell viability of HDF cells in presence of the com-
posite sponges for 4 days was analyzed using alamar blue assay. The
sponges showed more than 90% cell viability (Fig. 5D). It indicates
that the prepared sponges were biocompatible.

3.7. Cell attachment and proliferation studies

Morphology and spreading patterns of cells on the sponges
were obtained from SEM images after 12 and 48 h of seeding
(Fig. 6A-D). Cells were well attached and showed excellent spread-
ing on the nanocomposite sponges (Fig. 6B and D) compared to
control sponges (Fig. 6A and C). This can be due to the higher surface
to volume ratio of the nanoparticles which stimulates the interac-
tion between the material and the cells. The elongated morphology
observed in the cells seeded on the nanocomposite sponge after
48 h (Fig. 6D) is an indication of fibroblast migration which further
facilitates faster wound healing. Fig. 7A-D shows the fluorescent
microscopic images of nucleus stained cells on the sponges. DAPI
staining clearly indicates a significant increase in cell number after
48h in the nanocomposite sponge (Fig. 7D) compared to control
sponge (Fig. 7C) highlighting the biocompatible nature of the same.
The incorporation of nCS on the chitosan-HYA sponge could be the
factor for the improved proliferation.

4. Conclusions

The developed chitosan-HYA/nCS composite sponge was char-
acterized using SEM, FT-IR and TG-DTA. The nanocomposite
sponge showed porosity in the range 60-70% which is ade-
quate for a wound dressing. It also showed controlled swelling
and biodegradation, enhanced blood clotting and platelet activa-
tion. Cytotoxicity studies using HDF cells proved the non toxic
nature of composite sponges. The cell attachment and proliferation
were qualitatively accessed using SEM and fluorescent microscopic
image. An improved proliferation of the HDF cells were seen in
the nanocomposite sponge and the SEM images explicit the elon-
gated morphology of the cells. Thus the incorporation of nCS into
chitosan-HYA sponge improved the overall efficacy of the sponge.
In conclusion this chitosan-HYA/nCS composite sponge would be
a potential candidate for wound dressing applications. As a future
perspective nCS can be used as a delivery vehicle for growth fac-
tors to promote wound healing and it can be incorporated into
chitosan-HYA sponge to further aid in wound healing.
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