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Injectable polysaccharide hybrid hydrogels as
scaffolds for burn wound healing

Ziyi Li,* Baoming Yuan,® Xiaoming Dong,° Lijie Duan,** Huayu Tian,’ Chaoliang He,*"
Xuesi Chen”

In this study, a type of injectable polysaccharide-based hydrogels were prepared via the Schiff-
base crosslinking reaction between the amino groups of carboxymethyl chitosan (CMC) and
the aldehyde groups of oxidized dextran (Odex). The gelation time of the CMC/Odex hybrid
hydrogels was 25 - 50 s, depending on the CMC/Odex weight ratio. The hydrogel displayed a
storage modulus of ~1 kPa, and the freeze-dried hydrogel showed an interconnected porous
structure. The in vitro degradation test of the hydrogel in PBS showed a fast mass loss in the
first 2 days, and then a gradual degradation profile over 4 weeks. The in vitro cytotoxicity and
the ability to support cell attachment of the hydrogels were tested by incubation with L929
cells. The results indicated that the hydrogels displayed good cytocompatibility, and the
hydrogels with relatively higher CMC content supported the attachment of L929 cells.
Moreover, the potential application of the hydrogels in burn wound healing was tested on SD
rats with a deep second-degree burn wound. It was found that the group treated with the
CMC/Odex hydrogel showed nearly complete wound closure at 21 days after the treatment
compared to unsatisfactory wound healing efficiency of the untreated group. Additionally, the
histological analysis by H&E and Masson's trichrome staining indicated clearly the
regeneration of skin appendages, including hair follicles, sebaceous glands and dermal
papillary, suggesting that the treatment with the hydrogel promoted the wound healing and skin
regeneration. Overall, the injectable polysaccharide hybrid hydrogels may serve as suitable
scaffolds for promoting burn wound healing and skin regeneration.

growth factors, and oxygen during the process.'! In the past few
years, a tissue-engineered dermal-epidermal skin substitute

Burn injuries are among the most serious injuries and cause
more severe physiological stress than other traumas.'?
Compared with incisional or excisional wound, the healing
mechanism of burn wounds is very different.™* After burn
injuries, the necrotic eschar tissue impedes early wound closure
and could expand into deeper tissues. Tissue regeneration is
hampered by the progressive necrosis and the initiation of
inflammatory response, leading to the delay of wound
reepithelialization.® Recently, burn treatments have attracted
considerable attention due to approximately a million patients
suffering burns, an estimated 40,000 hospitalizations and 3400
deaths annually according to the American Burn Association.’

Many methods have been developed for burn wound healing.
In clinical practice, the patients are treated by transplanting
tissue from the same body to the defective sites. Although the
surgery is a useful strategy for considerable lives, the patient
may suffer side-effects such as permanent use of
immunosuppressive agents, viral infection, donor site morbidity
and secondary surgery.'® Mover, scar-like dermal structures and
shrinkage will emerged because of the deficiency of nutrients,
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(DESS)'? have been used as the current clinical gold-standard
to save countless live; however, it also has many limitations
such as donor-site shortage, to contraction,
shrinkage and scarring.'>'*

propensity

To overcome these shortcomings, hydrogel-based scaffolds
have been proposed as an alternative to treat burns.'>™'® The
regeneration of skin is difficult after a large area of burn
without the aid of a scaffold. Hydrogels have the ability to form
in situ from free flowing polymer solution to gel in burn skin by
physical or chemical means.’*? Thus, the scaffolds and the
burn sites could closely contact to offer an ideal hydration
environment. Additionally, hydrogels is structurally similar to
the natural extracellular matrix,”® facilitating the gaseous and
nutrient exchange to the wound bed. Moreover, hydrogels are
able to absorb the exuding liquids and debris and further
maintain the wound surface moist, which is significant for cell
migration and skin regeneration.

Naturally derived materials are promising biomedical
materials due to their advantages such as similarities to the
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extracellular matrix, inherent
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good biocompatibility and
cellular interaction.’’” Among them, chitosan is known to
promote drainage, prevent the building up of exudates, and
promotes gas exchange, which are essential in wound healing
process. Negative charge on skin surface enables electrostatic
binding of chitosan (cationic polymer) to the skin surface.”®
Moreover, chitosan has known potential in treatment of burns
because of its intrinsic antimicrobial properties.*’ In addition,
dextran has been extensively investigated for their potential in
biomedical applications, such as in scaffolds for tissue
engineering and carriers for delivery of drugs or proteins,
owing to its good biocompatibility and anti-fouling properties
as well as the feasibility of modification via the hydroxyl side
groups.®® An ideal wound scaffold should protect the wound
from bacterial infection, control evaporative water loss and
prevent dehydration, allow diffusion of oxygen and carbon

dioxide, absorb wound exudate, and promote healing.*'

In this study, injectable chitosan/dextran hybrid hydrogels
were prepared through the in situ formation of Schiff-base

linkages between chitosan and dextran derivatives. The
physicochemical  properties, including gelation time,
degradation period, and mechanical property, were

characterized. The in vitro cytotoxicity of the hydrogels was
evaluated by incubation of L929 cells with the eluent of the
hybrid hydrogels formed at various chitosan/dextran ratios. The
influence of chitosan content on the cell adhesion was studied,
since the adhesive chitosan may keep the migrated cells retain
on the defect site.’® Finally, the potential of the polysaccharide
hybrid hydrogels in burn treatments was evaluated in vivo by

using a burn wound model on SD rats.?®
Experimental
Materials
Chitosan (low molecular weight) and dextran (Mw

=100KDa) were purchased from Sigma-Aldrich (USA) and
used without further purification. Chloroacetic acid and sodium
periodate (NalO4) were provided by alladin (China). 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) was obtained from Sigma-Aldrich (USA). All the other
reagents were used as received.

Synthesis of oxidized dextran and carboxymethyl chitosan

Oxidized dextran (Odex) was successfully synthesized by
methods as reported previously.** Briefly, 2.00 g of dextran was
dissolved into 50 mL of sodium dihydrogen phosphate buffer
solution (1/15 M). Then, 0.44 g of NalO, was added into the
reaction liquid. The mixture was stirred at room temperature for
2h, followed by a 3 day dialysis in distilled water and
lyophilization to obtain the final product. The degree of
oxidation was determined by hydroxylamine hydrochloride
method.*

Carboxymethyl chitosan (CMC) was prepared according to
the previous method.*® Chitosan (10.00 g) and sodium
hydroxide (13.50 g) were swelled and alkalized into 100 mL of
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isopropanol/water (50/50, v/v) solution with continuous stirring
at 50 °C for 2 h. Then, 2.94 g of monochloroacetic acid
(dissolved in 20 mL of isopropanol) was added into the reaction
mixture dropwise and reacted for 4 h at the same temperature.
After that, 200 mL of 80% ethyl alcohol was added to stop the
reaction, followed by filtering to obtain the solid sodium salt.
The solid was rinsed in 80% ethyl alcohol to desalt and dewater,
and dried under vacuum at room temperature. Then, 37%
hydrochloric acid (10 mL) was added into the solid sodium salt
(suspension in 80% ethyl alcohol), the mixture was stirred at
room temperature for 30 min. Then, the solid was filtered and
rinsed in 80% ethyl alcohol, followed by vacuum drying.

Preparation of carboxymethyl chitosan/oxidized dextran hybrid
hydrogels

Oxidized dextran and O-carboxymethyl chitosan were
dissolved into phosphate buffer solution (PBS, 0.01M, pH = 7.4)
to form 3% (w/v) solutions, respectively. To investigate the
effect of contents of oxidized dextran and O-carboxymethyl
chitosan on the properties of hydrogels, a 3% oxidized dextran
solution was mixed with a 3% carboxymethyl chitosan solution
at various volume ratios (1:2, 1:1, 2:1).The resulting mixed
solutions were kept at room temperature to obtain the cross-
linked hydrogels, and the gelation times were recorded. The
formation of hydrogels was determined by the test tube
inverting method, when the mixture could not flow within 30s
after the test tube was inverted.

Degradation behavior

Hydrogel samples (0.8 mL) were prepared in vials
(diameter = 16 mm) by the method described above. The initial
masses of the vials and the vials including the hydrogels were
accurately weighed (W,). Subsequently, 3 mL of PBS (0.01M,
pH 7.4) was added gently and the vials were incubated at 37
°C.The PBS solution were removed carefully from the surface
of the hydrogel at different time intervals, and the samples were
weighted to obtain the masses of the remaining hydrogels (W,).
The experiments were performed in triplicate. The degree of the
in vitro degradation was calculated by the following equation:

weight remaining (%) = W/ Wyx100%
Rheological experiments

Rheological measurements were carried out with a MCR
301 Rheometer (Anton Paar) with parallel plates of 25 mm
diameter at a constant temperature of 37 °C. The gap between
the plates was set at 0.5 mm. The 3% CMC and Odex solutions
were mixed in at a volume ratio of 2:1 using a oscillator, and
the mixture was placed immediately on the plate of the
rheometer. A layer of silicon oil was placed around the samples
to prevent the evaporation of water. Storage moduli (G’) and
loss moduli (G’’) were monitored as a function of time at a
frequency of 1 Hz and a strain of 1%.

Morphology of hydrogels
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To observe the morphology of the hydrogel, 3% (w/v) of
oxidized dextran solution and 3% O-carboxymethyl chitosan
solution were mixed (v:v = 1:2) to allow the formation of
hydrogel. Then, the sample was snap frozen in liquid nitrogen
and subsequently lyophilized for 3 days. The dried sample was
coated with gold and measured by
microscope (Micrion FEI PHILIPS).

scanning electron

In vitro cytocompatibility

The cytotoxicities of the CMC/Odex hybrid hydrogels were
evaluated using MTT assay. A mouse fibroblast cell line (L929),
which stands for a typical dermal cell, was used for the in vitro
cytocompatibility test. The hydrogel extract was prepared by
incubation the hydrogel with PBS (pH=7.4) for 24 h at 37 °C.
The L929 cells were seeded in 96-well plates at a density of 1
X 10* per well followed by incubation in 100 uL of DMEM at
37 °C under 5% CO, for 24 h. Then, the media was replaced
with fresh culture medium. The leachates were double-diluted
and added into the 96-well plates. Subsequently, the cells were
incubated for 24h before adding 20 pL of MTT (5mg/mL) in
each well. After that, the cells were incubated at 37 °C for
another 4 h and then precipitated formazan was dissolved in
150 pL of DMSO. The viability ratio (%) was estimated by
measuring the absorbance value at 490 nm on a microplate
(ELx 680, USA), and
calculating according to the following formula:

reader BioTek Instrument Inc,

Vlablhty (%) = (Asample)/(Acontrol) X 100%:

where Agmpie and  Aconror are the absorptions at 490 nm for
the experimental and control wells, respectively.
In vitro cell viability and attachment study

The cell viability was further estimated by a live-dead cell
staining kit. Briefly, 0.3 mL of CMC/Odex hydrogels were
prepared in 24-well plates at different CMC/Odex ratios (2:1,
1:1, 1:2) and incubated for 20 min at 37 °C. Then, 1 mL of
DMEM containing L929 cells (5 X 10* cells/well) were added
to the surface of the hydrogels at 37 °C and incubated for 24 h.
After 24 h of incubation, the media was discarded and 0.5 mL
of PBS containing 1 pM calcein AM and 1.5 pM propidium
iodine (PI) was added to each well, followed by indicating for
another 30 min. Subsequently, the cells were observed by a
fluorescent microscope and images of the cells were captured
using CCD.

To further perform cell attachment study, L929 cells were
seeded onto a clean coverslip in 6-well culture plates at a
density of 5X10* cells/well and cultured for 24 h in 2 mL of
complete Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum, supplemented with 50
IU/mL penicillin and 50 IU/mL streptomycin. Then, the
supernatant was carefully removed and the cells were washed
thrice with PBS. Subsequently, the cells were fixed with 1.0
mL of 4% formaldehyde for 15min, permeabilized with 0.1%
Triton X-100 for 10 min and washed four times with PBS
respectively. After that, the cell nucleus were stained with 4,6-
(DAP]) Fluor488

diamidino-2-phenylindole and Alexa
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phalloidin was applied for F-actin. After the samples were
mounted and sealed, CLSM images of cells were obtained
through confocal microscope (Olympus FluoView 1000).

Animal Procedure

Experimental procedures performed in this study were
approved by the policies of Jilin University School of Medicine.
16 male SD rats weighing 200 ~ 250 g were anesthetized by
intraperitoneal injection of chloral hydrate (30.0 mg kg™) and
the hair on their upper back was shaved. Subsequently, the
surgery area of animals was heated with a stainless steel rod (1
cm diameter) heated to 100 °C. To obtain a severe burn wound
model, burn wound excisions were performed after 48 h.
Briefly, the resulting dead area was removed surgically by
following current clinical practice. Then, the rats were divided
into 2 groups randomly as follows: the treated group (n=8) were
covered with CMC/Odex hydrogels and the control group (n=8)
were only covered with elastic bandage. Additionally, the
dressings were renewed every other day and the picture of the
burn wounds were collected on day 2, 7, 14, and 21 with a
digital camera.

Histological analysis

Tissue samples were collected and fixed in 4% (W/V) PBS-
buffered paraformaldehyde. After fixation, samples were
embedded in paraffin following by cutting into 3 mm frozen
sections with a cryostat microtome. After the samples were
stained with H&E and Masson's trichrome, all images were

recorded by a light microscope.
Statistic Analysis

SPSS (Version 13.0, Chicago, IL, USA) was used to analysis
statistical significance. Significant difference was reported if
the p value was less than 0.05. All data were presented as
means * standard deviations.

Results and discussion
Synthesis of CMC and Odex

The oxidized dextran was prepared through specifically
oxidized cleavage of the vicinal glycols in dextran by periodate
to form aldehyde groups that could serve as a macromolecular
cross-linker with good biocompatibility.*® Furthermore, the
degree of oxidation of dextran was determined to be 20% based
on hydroxylamine hydrochloride method.

Chitosan and its derivatives have shown potential in wound-
healing applications, due to their excellent biocompatibility,
biodegradability, and antimicrobial activity.’’”® However,
chitosan is insoluble in aqueous solution at neutral pH, which
limits its biomedical applications. To improve its water
solubility, carboxymethylation of chitosan is an efficient
method.***° In this study, chloroacetic acid is used to introduce
carboxymethyl groups onto chitosan. After the carboxymethyl
groups were incorporated into chitosan, the solubility of the
derivative at neutral pH was markedly improved, which
facilitates the practical applications of the material.

RSC Adv., 2014, 00,1-3 | 3
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Preparation and characterization of CMC/Odex hydrogels

The Odex and CMC aqueous solutions were simply mixed to form
transparent hydrogels. After mixing the Odex and CMC solutions,
the transparent mixed solutions underwent a rapid sol-gel transition
at physiological temperature, as shown in Figure. 1. The
polysaccharide-based mixtures transformed into a gel state without

ARTICLE

good biocompatibility during the gel formation process. Moreover, it
is noteworthy that the transparency of the hydrogels benefits for
wound observation compared other opaque wound dressing.*’ The
mechanism of gelation was schematically illustrated in Figure. 1.
Briefly, the aldehyde groups in Odex were reacted with the amino
groups in CMC to form the Schiff base linkages at physiological

. . . e conditions, resulting in the formation of intermolecular
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crosslinking.
, . i
\'\O R0, :
o
RoHN
n/© OR;
R10,
4 > |
— HoN / = =

4

1-n

R1=H,CH2COOH; R2=H,COCH3,CH2COOH

cmC

)

%

R,0

Fig. 1. The formation of CMC/Odex hybird hydrogel based on S
simply mixing the 3 wt% Odex and CMC aqueous solutions.

)
s
o

o

U
)

’s) A
b Schiff base
O

7échiff ba N;::\
HO > oHO

N
?’\ﬁ%
0]

“n
I/ NHR,

|
4n\0 OR; |
[

re -

chiff-based reaction. Images of transparent hydrogels obtained by

The gelation time of CMC/Odex hydrogels was also monitored at
room temperature. To further evaluate the effect of the feed ratio of
CMC to Odex on the gelation time of hydrogels, a 3wt % CMC
aqueous solution was mixed with a 3% Odex aqueous solution at
various volume ratios (1:2, 1:1, and 2:1). As presented in Fig. 2,
gelation occurred within 25 - 50 s following mixing the solutions.
With decreasing the CMC/Odex ratio from 2.0 to 0.5, the gelation
time reduced from ~ 52 s to 25 s. It can be explained that the
gelation time of the hydrogels depends on the ratio of the aldehyde
groups of Odex to the amino groups of CMC. Therefore, in this
study, the reduction in the gelation time with the increase in the
Odex content was likely due to the increase in the crosslinks in the
composite hydrogels.*? It is noteworthy that an appropriate gelation
time plays an important role in practical applications. In the present
system, the hybrid hydrogel with the CMC/Odex ratio of 2.0
displayed a gelation time (~ 50 s) suitable for burn wound treatments,
which may ensure the close contact between the hydrogels and the
burn sites.

This journal is © The Royal Society of Chemistry 2014
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Furthermore, the viscoelastic property and the gelation
process of the CMC/Odex hydrogel was investigated by
monitoring the variation of the storage modulus (G') and loss
modulus (G") as a function of time during the crosslinking
process. The storage modulus (G') serves as an indicator of the
stiffness of a viscoelastic material while the G" stands for
viscous loss modulus.”’As shown in Fig. 3, the G' elevated
rapidly in the initial stage when compared with G", due to the
gradual formation of elastic hydrogel resulted from the
crosslinking network of Schiff base. Moreover, the G' was
significantly higher than G", which implied that solid-like
behavior the properties of the
hydrogel.?As the gelation proceeded, the network was
strengthened gradually caused by the Schiff-base reaction
between the aldehyde residues of Odex and amino residues of
CMC. It suggested that the Schiff-base reaction was almost
completed when the G' reached a plateau of ~ 1 KPa.

dominates viscoelastic

RSC Advances

ARTICLE

advantages mentioned above may have positive effects on the
burn wound repair.
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Fig. 3. Storage and loss moduli of the CMC/Odex hydrogel as

function of time following mixing the CMC and Odex solutions
(CMC/Odex = 2:1 (W/w)).
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Fig. 4. In vitro mass loss profiles for the 3 wt% CMC/Odex
hydrogels (CMC/Odex = 2:1 (w/w)) after incubation in PBS
(pH 7.4) at 37 °C.

In vitro degradation was performed by incubating the
hydrogels in a 0.01M PBS at 37 °C, and the weight loss of the
hydrogels was examined. In the initial period, a small fraction
of uncrosslinked or less-crosslinked components hydrolyzed
and diffused rapidly from the hydrogel, leading to the fast 20%
mass loss of the hydrogels in the first 2 days. Subsequently, the
hydrogels underwent a relatively slower degradation process.
About 50% of the hydrogels were degraded in 4 weeks (Fig. 4).
This might be due to gradual hydrolysis of the Schiff base
linkages of the hydrogel with a higher extent of crosslinking.

Besides, the morphology of the freeze-dried CMC/Odex
hydrogel was observed by SEM. As shown in Fig. 5, the
hydrogels indicated a porous structure. It should be mentioned
that keeping moisture at the wound surface is a critical principle
for burn treatment. The porous structure may benefit the
preservation of moisture at the wound site. Furthermore, the
porous structure may facilitate the permeation of bioactive
and exudate Consequently, the

molecules absorption.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5. SEM image for the freeze-dried sample of 3 wt%
CMC/Odex hydrogel (CMC/Odex = 2:1 (w/w)).

In vitro viability and adhesion study

The in vitro viability of the 3 wt% CMC/Odex (weight ratios
= 2:1, 1:1, 1:2) hydrogels was assessed by MTT assay against
L929 mouse fibroblasts. The L.929 cells were incubated with
the double-diluted leachates for 24. The cell viabilities were
over 85% at all concentrations of the hydrogel extracts (Fig. 6),
suggesting no obvious cytotoxicity of the hydrogels. The good
cytocompatibility of the hybrid hydrogels should be related to
the biocompatible components based on the polysaccharide
derivatives.**Additionally, the hydrogels were formed via a
mild, biocompatible Schiff-base reaction without introducing
cytotoxic groups into the gels. Therefore, the good
cytocompatibility the CMC/Odex hybrid hydrogels may create
a biocompatible microenvironment for cell survival, making
them interesting for in vivo applications.**

RSC Adv., 2014, 00, 1-3 | 5
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Fig. 6. Viabilities of L929 cells after exposure to the eluants of the 3 wt% CMC/Odex hydrogels (weight ratio = 2:1, 1:1, 1:2) for
24 h as measured via MTT assay (n=3): The initial eluent were taken as 1, other concentrations were obtained by double dilution

method.

To further investigate cell viability in vitro, the L929 cells
were seeded on the surface of the hydrogels and cultured for
24h, followed by double stained with AM/PI in the live-dead
cell staining experiment. The live cells were stained green
while the dead ones were stained red. It was found that most of
L929 cells on the surface of the polysaccharide hybrid
hydrogels were stained green with calcein-AM (Fig. 7A),
suggesting a high viability of L929 cells on the surface of the
hydrogels. Although no significant difference in cell viability,
L929 cells on the surface of 3wt%CMC/Odex (ratios 2:1)
hydrogels seemed to exhibit well-spread morphology when
compared with the cells on the surface of 3wt%CMC/Odex
(ratios 1:1, 1:2) hydrogels (Fig. 7A). Therefore, we have
performed further cell attachment experiments using 1.929 cells
to verify whether the cells attachment on the surface of the
hydrogels. 1929 cells seeded on the surface of
polysaccharide hybrid hydrogels and incubated for 24h. The
cells were treated with Alexa Fluor488 phalloidin and 6-
diamino-2-phenylindole dihydrochloride (DAPI, Sigma) to
stain for F-actin and nuclei, respectively. As presented in Fig.

were

This journal is © The Royal Society of Chemistry 2014

7B, the cells on the surface of the 3wt% CMC/Odex with
relatively lower carboxymethyl chitosan contents (CMC/Odex
= 1:1, 1:2) were retained round in shape, suggesting a poorly-
spread morphology. In contrast, a better adhesion morphology
of the cells was observed on the hydrogel with the CMC/Odex
ratio of 2:1 after 24 h of incubation. The results indicated that
the hydrogel with the CMC/Odex ratio of 2:1 could support the
attachment of L1929 fibroblast. It was pointed out that the
materials used for burn wound healing should have the abilities
of guaranteeing uniform cell distribution and maintaining cell
viability and phenotype,*>*® as well as inducing the migration
and proliferation of epithelial cells, fibroblasts, and endothelial
cells.” Since the CMC/Odex (2/1) hydrogel showed good
cytocompatibility and promote the cell attachment in vitro, the
polysaccharide hydrogels may have potential applications for
burn wound healing.

RSC Adv., 2014, 00, 1-3 | 6
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Fig. 7. (A) In vitro 1929 cells viability on the surface of the 3 wt% CMC/Odex hydrogels. Cells were stained with calcein-AM and
PI. Live and dead cells show green and red fluorescence, respectively. The weight ratios of CMC/Odex were 1:2 (a), 1:1 (b), 2:1
(c), respectively. Enlarged image (d). Scale bars indicate 200 pm. (B) In vitro L929 cells attachment on the surface of the 3 wt%
CMC/Odex hydrogels. Cell nuclei stained with DAPI (blue), F-actin stained with Alexa Fluor 488 phalloidin (green). The weight
ratios of CMC/Odex were 1:2 (a), 1:1 (b), 2:1 (c), respectively. Enlarged image (d). Scale bars indicate 50 um.

Macroscopic evaluations of burn

The potential application of the CMC/Odex hydrogel (3 wt%,
CMC/Odex = 2:1 (w/w)) for burn treatments was evaluated on
SD rats model with a deep second-degree burn wound. The
procedure of the treatment was illustrated in Fig. 8A. Briefly,
the relatively small scar was created and burn wound excision
was performed after 48 h following current clinical practice.
Then, the rats were divided into 2 groups randomly, including
the treated and control groups (n = 8). The wound sites of the
treated group were closely covered with the same size of
hydrogel formed in situ. In our procedure, the hydrogels were
administrated to the wound sites through simple injection.
Moreover, our procedure ensures the hydrogel intact and in
place for the entire healing period.

Then, the burn wound tissues served as pathological sections
were further evaluated by H&E staining to confirm the burn
degree. As shown in Fig. 8B, it was found that the dermal-
epidermal junction disappeared and skin appendages were
basically damaged after the burn, suggesting the generation of
deep second-degree burn wounds.

This journal is © The Royal Society of Chemistry 2014

Fig. 8. (A) The procedure of the treatment for deep second burn
wound. (B) H&E staining on eschar to analysis the burn degree.

The healing progress was monitored at different time points
along the 3 weeks after the treatment. The healing rate of
wound closure is an important indicator to evaluate the effect of
treatment because the skin acts as a major barrier function in
protecting the host against pathogens. Once the skin barrier is
damaged, the immune system would produce cytokines to repel
invading pathogens. However, excessive inflammation would
occur followed by the overproduction of cytokines (a cytokine
storm) in severe burn injuries, which can trigger organ failure
and cause patient mortality.*® By accelerating the rate of wound
closure and restoring the skin barrier, the risk of prolonged
inflammation is dampened. Therefore, we evaluated the rate of
wound closure by macroscopic observations, as shown in Fig. 9,
On day 7 following treatment, it was clearly observed the
formation of the burn scars in both groups. On day 14, it is
noticeable that the wound contraction in the treated group
occurred faster than in the control group. Moreover, it was
observed that red and swollen phenomenon appears in the burn
sites of the untreated group, likely caused by the inflammatory
response. Notably, the wounds treated with the hydrogels
showed nearly complete healing at 21 days after the treatment,
whereas the wound healing was not ideal in the untreated group.
This suggested a superior wound healing efficiency of the
groups treated with the hydrogel.

In general, wound repair has three classic stages: (i)
inflammation; (ii) proliferation, including granulation tissue
formation; and (iii) matrix formation and remodelling. The cell
attachment test in vitro indicated that the chitosan derivative
has the ability to promote cell attachment; therefore, the
significant effect on the formation of wound granulation tissue
may suggest that the hydrogels facilitated epithelial cell
migration or homing to the wound area and supported epithelial

RSC Adv., 2014, 00, 1-3 | 7
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differentiation. As a result, it further promoted the skin
regeneration followed by matrix formation and remodelling.
Besides, it has been established that the risk of scar formation
could be reduced if burns primarily heal in less than 21 d.
Otherwise, unsatisfactory scars would form if healing remains

ARTICLE

incomplete within 21 d.* In this study, skin regeneration was
observed in the treated group on day 21, suggesting the the
CMC/Odex hydrogel have potential in accelerating the healing
of burn wounds within a specific period of time.

TDay

21Day

& .

Fig. 9. Macroscopic evaluations of the healing of deep second burn wounds with or without the treatment by hydrogel at different

time intervals. Scale bars represent 0.25 cm.

Histological examination on healing burns

Histological analysis was performed by H&E and Masson's
trichrome staining to further evaluate the process of burn
healing at time intervals within 3 weeks (Fig. 10 and 11). As
shown in Fig. 10, for the untreated wounds, fibrous tissue was
disordered in the early stage (on day 7). Moreover, hair follicles
and sebaceous glands were not observed though the fiber
structure became normal in untreated wounds within 21 days.
In contrast, a gradual improvement in wound healing was
clearly observed after application of the hydrogel. The new hair
follicles and sebaceous glands existed while the fiber structure
was still disordered after 2 weeks of treatment. In addition, the
structural integrity of the skin was observed including mature
epithelial morphology with hair follicles and sebaceous glands
at 21 days following treatment. It was reported by Ito et al. that
nascent follicles arise from epithelial cells outside of the hair
follicle stem cell niche, suggesting that epidermal cells in the
wound assume a hair follicle stem cell phenotype.> Thus, the

formation of hair follicles in the treated group suggests that the
hydrogel have a critical influence on the proliferation and
differentiation of epithelial cells, which is in accordance with
the results of cell attachment above. Additionally, the hydrogels
served as burn wound dressings play an important role in
maintaining moist environment and inducing autolytic
debridement of the tissue. Autolytic
debridement is preferred over physical methods to remove the
necrotic  eschar, which also benefits the
healing.’'Meanwhile, to further analysis therapeutic efficacy of
CMC/Odex hydrogels, the tissues of the treated group were
further analysized by Masson’s trichrome staining. Fig. 11
shows no obvious collagen structures were observed at 7 days
after the treatment. However, it is clearly observed that skin
appendages formed in dermal layer and collagen structures
showed more organized arrangement at 21 days. Therefore, the
results of histological analysis clearly indicated that the
polysaccharide-based hydrogels can promote skin regeneration.

necrotic  eschar

wound

This journal is © The Royal Society of Chemistry 2014
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Fig. 10. H&E-stained histologic sections of burn wounds at various time intervals within 3 weeks. Control group: without
treatment; Treated group: treated with 3 wt% CMC/Odex hydrogels (CMC/Odex = 2:1 (w/w)). Abbreviations: p, dermal papillae;
E, eschar; F, follicle; S, sebaceous gland; k, keratinized layer; e, epidermis layer; d, dermis.

Fig. 11.

Masson’s trichrome stained histologic sections of the treated burn wounds. F, follicle; S, sebaceous gland.

Conclusion

In this study, an injectable CMC/Odex hybrid hydrogel was
prepared through the Schiff-base reaction between the amino
groups of CMC and the aldehyde groups of Odex. The gelation
time was affected by the CMC/Odex weight ratio. The
degradation of the hybrid hydrogel in vitro displayed a fast
mass loss in the first 2 days followed by a gradual degradation
profile over 4 weeks. SEM observation indicated an
interconnected porous microstructure of the hydrogel. In vitro
incubation of the leachates with L929 cells suggested a good
cytocompatibility of the hydrogel, and the hydrogel with the
CMC/Odex weight ratio of 2 could support the attachment of
L929 cell on the surface of the hydrogel. Furthermore, the
potential of the hybrid hydrogel in promoting burn wound
healing was evaluated by a rat model with a deep second-
degree burn wound. The wounds treated with the hydrogels
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Graphical Abstract

In this study, the polysaccharide-based hydrogels were prepared
by Schiff base reaction. Then, the hydrogels were applied to a
burn wound model of rats, following by skin regeneration.
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