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Peptide SIKVAV-modified chitosan hydrogels promote
skin wound healing by accelerating angiogenesis
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Abstract: Skin wound healing is complex and involves the processes of many factors, among which angiogenesis
and inflammatory responses play important roles. New blood vessels provide nutrition and oxygen for skin wound
repair. Cytokines in skin wounds, which include pro-inflammatory and anti-inflammatory factors, can modulate the
inflammatory response. Therefore, treatment strategies that promote angiogenesis and modulate the inflamma-
tory response in skin wounds can accelerate skin wound healing. This study explored the effects of peptide Ser-
lle-Lys-Val-Ala-Val (SIKVAV)-modified chitosan hydrogels in skin wound healing. General observation demonstrated
that SIKVAV-modified chitosan hydrogels promoted the contraction of skin wounds compared with the negative
and positive controls. Masson'’s trichrome staining indicated that peptide-modified chitosan hydrogels accelerated
the deposition of more collagen fibers in the skin wounds compared with the negative and positive controls. Im-
munohistochemistry assays showed that more myofibroblasts were deposited and more angiogenesis was found
in skin wounds treated with peptide-modified chitosan hydrogels compared with the negative and positive controls.
In addition, gRT-PCR assays showed that peptide-modified chitosan hydrogels promoted the expression of TGF-31
(transforming growth factor-B1) mRNA and inhibited the expression of TNF-a (tumor necrosis factor-«) mRNA and
IL-1B (Interleukin-18) mRNA and IL-6 (Interleukin-6) mRNA in skin wounds. Taken together, these results indicate the
potential of SIKVAV-modified chitosan hydrogels in skin wound healing as complex biomaterials.
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Introduction Angiogenesis plays a critical role in the prolifer-
ation and differentiation of cells in addition to
granulation formation and tissue remodeling
[4]. New blood vessels in the skin wounds pro-
vide nutrients and oxygen for skin wound heal-
ing. Angiogenesis is regulated by more factors
such as growth factors, which include VEGF
(vascular endothelial growth factor), bFGF
(basic fibroblast growth factor), PDGF (platelet-
derived growth factor) and TGF-B1 [5], scaffold
[6], and the peptide SIKVAV, which is the func-
tional domain in the a-peptide chain of laminin
[7]. Studies have demonstrated that SIKVAV
accelerates endothelial cells for blood vessel

Cutaneous wound healing is a very complex
process comprising hemostasis, inflammation,
angiogenesis, re-epithelialization, extracellular
matrix (ECM) deposition, and tissue remodeling
in addition to the formation of granulation tis-
sue [1]. Many factors can interfere with one or
more phases of this process, affecting skin
wound healing. Severe skin wounds can lead to
disability and even death [2]. The current treat-
ment strategies are composed of autograft,
allograft, xenograft, and bioengineered skin
substitutes and cytokine application [3]. In
recent years, biomaterial-based skin wound

dressings have drawn extensive attention due
to their non-toxicity, degradability, and good tis-
sue compatibility.

adhesion, migration and invasion [8], which are
important in the formation of blood vessels in
vivo. In addition, Kibbey MC et al. demonstrated
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that SIKVAV accelerates tumor cell growth and
angiogenesis [9].

There are a variety of cytokines involved in the
inflammation stage in skin wounds [10, 11],
including pro-inflammatory factors and anti-
inflammatory factors. IL-13, TNF-a and IL-6 are
pro-inflammatory cytokines, and IL-4 (Interleu-
kin-4), IL-10 (Interleukin-10), and TGF-B1 are
anti-inflammatory factors. Pro-inflammatory
factors promote the production of nitric oxide,
arachidonic acid, histamine, etc., activate the
complement system, and form a cytokine net-
work of the cascade, leading to increased
inflammation detriment in skin wound healing.
Anti-inflammatory factors inhibit the production
of pro-inflammatory cytokines and the activity
of T cells and B cells, affect the ability of mono-
cyte antigen presentation, and maintain the
balance of the body’s cytokine network [12].
Excessive inflammatory reactions can inhibit
wound healing [12]. Therefore, therapeutic
strategies that modulate the inflammatory
response would promote skin wound healing.

Chitosan is a deacetylated compound of chitin,
which is a significant component in the shells/
exoskeletons of crustaceans and is one of the
most abundant polysaccharides in nature [13].
Chitosan contains a large number of hydroxyl
and primary amino functional groups [14],
which shows that it has many applications in
drug delivery and pharmaceuticals, biotechnol-
ogy, agricultural and environmental protection
due to its excellent adsorption, and carrier and
antibacterial capabilities. Chitosan has already
been proposed as a biomaterial because of
various characteristics, including its biocom-
patibility, non-toxicity and biodegradability [15].
Due to its good antimicrobial and hemostatic
activities, chitosan has also been extensively
explored for skin wound dressing [15]. In addi-
tion, studies has demonstrated that chitosan
promotes the formation of granulation tissue in
skin wounds by accelerating the functions of
inflammatory cells, including polymorphonucle-
ar leukocytes and macrophages [16].

In this study, we synthesized a composite
hydrogel sheet composed of chitosan and
SIKVAV and assessed the in vivo effect of the
hydrogel in skin wound healing in full-thickness
wounds in a mouse skin defect model. Our pre-
vious studies [17] showed that peptide-modi-
fied chitosan hydrogels promoted skin wound
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healing by modulating the function of macro-
phages. Considering the potential of the pep-
tide-modified chitosan hydrogels in skin wound
healing, the present study was pursued to eval-
uate the effect of skin wound healing and to
explain the healing mechanism of the hydrogels
in skin excision wounds in mice.

Materials and methods
Materials

Chitosan (85% deacetylation degree, molecular
weight 100,000 Da) was obtained from Golden-
Shell Pharmaceutical Co., Ltd. (Yuhuan, China).
Methacrylic anhydride was purchased from
APC Chemicals Company (Montreal, Canada).
3-(Maleimido) propionic acid n-hydroxysuccin-
imide ester (SMP; 97%) was purchased from
Polysciences Corporation (Tamil Nadu, India).
N,N,N,N-tetramethylethylenediamine (TEMED),
ammonium persulfate (APS), and dimethylfor-
mamide (DMF) were purchased from Sigma-
Aldrich (Guangzhou, China). The SIKVAV pep-
tide was obtained from Peptide Biotech Co.,
Ltd. (Shanghai, China). Sodium pentobarbital
was purchased from Aladdin (Guangzhou,
China). Trizol reagent and cDNA reverse tran-
scription kit were purchased from Invitrogen
(Carlsbad, CA, USA). gRT-PCR test kits for TNF-a
MRNA, IL-6 mRNA, IL-1 mRNA, TGF-B1 mRNA,
and GAPDH were obtained from Shanghai
Lichen Biotechnology Company (Shanghai,
China). CD31 monoclonal antibody was pur-
chased from Dako (Guangzhou, China). K6 poly-
clonal antibody was purchased from Convance
(New York, USA). Alpha-smooth muscle actin
(x-SMA) polyclonal antibody, biotinylated sec-
ondary antibody, and streptavidin-biotin com-
plex (SABC) detection kits were purchased from
Wuhan Boster Biological Engineering Co., Ltd.
(Wuhan, China).

Synthesis of peptide-modified chitosan
hydrogels

Peptide-modified chitosan hydrogels were pre-
pared as described in our previous reports [18,
19]. Briefly, methacrylic anhydride was added
to the chitosan solution containing 3% glacial
acetic acid and then dialyzed to obtain double-
bond chitosan. The 3-maleimidopropionic acid-
N-succinimide ester was dissolved in dimethyl-
formamide (DMF), added to the double-bond
chitosan solution, stirred at room temperature
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overnight, dialyzed, and freeze-dried to obtain
SMP-modified double-bond chitosan. SIKVAV
was added to the SMP-modified double-bond
chitosan solution and stirred at room tempera-
ture under the protection of nitrogen for 24
hours, dialyzed and then lyophilized to obtain
peptide SIKVAV-modified chitosan. The SIKVAV-
modified chitosan solution was added to the
centrifuge tube. Ammonium persulfate and
then TEMED solution were added using a
pipette gun to blow evenly. The solution was
shaken to form a hydrogel. As a control, a dou-
ble-bond chitosan hydrogel that did not contain
SIKVAV was obtained using the same synthesis
method as the SIKVAV-modified chitosan
hydrogel.

In vivo studies of peptide-modified chitosan
hydrogels on skin wound healing in mice

Animal experiments were performed at the
Animal Experimental Center of Jiujiang Uni-
versity and approved by lJiujiang University
Ethics Committee, which strictly conforms to
the NIH action guidelines for laboratory animal
management and safety. C57 mice were select-
ed from 8 to 12 weeks, and 1% pentobarbital
sodium was intraperitoneally injected at 0.01
body weight. After the mouse was anesthe-
tized, its unilateral back hair was removed, and
a 0.6-cm wound was made on the dorsal skin
of the mouse with a perforator. The wound was
fixed at the edge of the skin wound with plastic
rings, which prevented shrinkage of the skin
wound. After the trauma model was estab-
lished, 72 mice were randomly divided into 4
groups, including the control group, SIKVAV
group, chitosan hydrogel group, and SIKVAV +
chitosan hydrogel group, and there were 18
mice in each group. Digital cameras were used
to record the effect of skin wound healing on 3,
5, and 7 days after trauma, and the remaining
area ratio of the skin wound was calculated
using Eq. (1).

Remaining area ratio of wound (%) = St/So x
100%

So: the original area of the wound, St: the
remaining area of the wound at different times.

Histological observations

On days 3, 5 and 7 after trauma, the wounds
and 5 mm of normal skin tissue around the
wounds were obtained, washed with PBS, fixed
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with 4% paraformaldehyde, washed in PBS,
gradually dehydrated using 70% to 100% etha-
nol, and embedded in paraffin. A 5-uym paraffin
section was obtained, and the tissue was
stained according to the Masson trichrome
staining procedure.

Immunohistochemistry assays

The 5 um paraffin sections were deparaffinized
by xylene, rehydrated and then neutralized with
0.1 M citrate buffer solution (pH 6.0). Next,
10% H,0, was used to inactivate the endoge-
nous enzymes for 10 min. The tissue sections
were blocked with 5% BSA for 2 h and then
incubated with monoclonal goat anti-mouse
a-SMA antibody at 4°C overnight. The tissue
sections were reacted with SABC for 20 min,
colored with 3,30-diaminobenzidine (DAB),
stained with hematoxylin, and dehydrated with
a gradient ethanol series. The tissue sections
were soaked with xylene and then sealed with
resin. Each tissue section was observed with a
microscope (400 x) at five randomly selected
fields from one section (three sections from
three mice in each group). Image-Pro Plus was
used to analyze the average optical density val-
ues for ao-SMA expression. Five randomly
selected fields of view were examined for each
group at each time point and used to assess
the average optical density value per unit area.
Immunohistochemistry assays adopted to
detect CD31 and K6 in the skin wound tissue
samples were performed using the above
methods.

MRNA expression studies

Total RNA of the skin wound tissue was extract-
ed by Trizol reagent according to the manufac-
turer’s protocol. Reverse transcription was per-
formed with 2 yg RNA using a high-capacity
cDNA reverse transcription kit. The annealing
of the primers was performed at 25°C for 10
min, followed by elongation at 37°C for 2 h and
inactivation by the enzyme at 85°C for 5 min.
The primers were synthesized by Sangon Bio-
tech (Shanghai, China), and the sequences are
as follows: IL-13 forward 5-GCAACTGTTCCTG-
AACTCAACT-3’" and reverse 5-ATCTTTTGGGGT-
CCGTCAACT-3’, IL-6 forward 5-GAGGATACCAC-
TCCCAACAGACC-3’ and reverse 5-AAGTGCAT-
CATCGTTGTTCATACA-3’, and TGF-B1 forward 5'-
CGAGAAGCGGTACCTGAAC-3’ and reverse 5'-
TGAGGTATCGCCAGGAATTGT-3’, TNF-a forward
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Figure 1. Peptide-modified chitosan hydrogels promote wound contraction in skin wounds in mice. A. General obser-
vations of the skin wounds in mice showed that the skin wound healing effect of the SIKVAV + chitosan group was
better than those of the control, peptide, and chitosan groups 3, 5, and 7 days after trauma. B. Statistical analysis
showed that the remaining area of the skin wound of the SIKVAV + chitosan group was smaller than those of the
control, peptide, and chitosan groups 3, 5, and 7 days after trauma. C. Detection of a-SMA expression in skin wound
in mice by immunohistochemistry among the control, peptide, chitosan, and peptide + chitosan groups 3, 5, and
7 days after trauma (scale bar: 50 um). D. Statistical analysis showed that a-SMA expression of skin wound of the
SIKVAV + chitosan group was more than those of the control, peptide, and chitosan groups 3, 5, and 7 days after

trauma the other groups.

5-CATCTTCTCAAAATTCGAGTGACAA-3' and re-
verse 5-TGGGAGTAGACAAGGTACAACCC-3'. GA-
PDH forward 5’AGCAGTCCCGTACACTGGCAAAC-
3’ and reverse 5’ TCTGTGGTGATGTAAATGTCCTC-
T-3.

PCR was performed using QuantiFast SYBR
Green PCR Kit (Qiagen, Valencia, CA, USA). Taq
polymerase was activated at 95°C for 5 min.
The cycling parameters were denatured at
95°C for 30 s and extended at 60°C for 1 min
(for 40 cycles). PCR was performed in triplicate
in a model 7500 Real-time PCR system (Applied
Biosystems, Foster City, Ca, USA). Relative
gene quantitation was detected by the 224¢T
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method. GAPDH was used as the endogenous
control gene.

Statistical analysis

The measurement data are expressed as the
mean t+ standard deviation. For similar time
points in the study, multiple samples from the
four groups were compared by one-way analy-
sis of variance, including statistical analysis of
the remaining area of the skin wound, statisti-
cal analysis of a-SMA expression, statistical
analysis of K6 expression, statistical analysis
of the number of new blood capillaries, and sta-
tistical analysis of the expression of TNF-a
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Figure 2. Peptide-modified chitosan hydrogels promote proliferation of keratinocytes in the skin wounds in mice. A.
Detection of the K6 expression in skin wound in mice by immunohistochemistry among the control, peptide, chito-
san, and peptide + chitosan groups 3, 5, and 7 days after trauma (scale bar: 50 um). B. Statistical analysis showed
that K6 expression of skin wound of the SIKVAV + chitosan group was more than those of the control, peptide, and

chitosan groups 3, 5, and 7 days after trauma.

mMRNA and IL-6 mRNA and IL-13 mRNA and TGF-
1 mRNA. A p-value of less than 0.01 (**P <
0.01) indicates a statistically significant differ-
ence between the groups. The SPSS 20.0 soft-
ware was used to analyze the data. All experi-
ments were performed at least three times.

Results

Peptide-modified chitosan hydrogels acceler-
ated contraction of skin wounds in mice

As shown in Figure 1A, general observation
demonstrated that the skin wound healing
effect of the SIKVAV + chitosan group was bet-
ter than those of the control, SIKVAV, and chito-
san groups. The statistical analysis of the resid-
ual area ratio of the skin wounds in all groups is
shown in Figure 1B. The residual wound area
ratio of the SIKVAV + chitosan group was signifi-
cantly smaller than those of the control, SIKVAY,
and chitosan groups 3, 5, and 7 days after trau-
ma. General photomicrographs of the skin
wound in mice show that the SIKVAV-modified
chitosan hydrogels promote skin wound
healing.

The pulling of myofibroblasts in the skin wounds
promotes wound contraction. During wound
healing, fibroblasts transform into myofibro-
blasts, which express a-SMA. Therefore, the
expression of a-SMA was detected by immuno-
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histochemistry in skin wound tissue 3, 5, and 7
days after trauma. The results are shown in
Figure 1C. The expression of a-SMA of the skin
wound tissue in each group was weaker 3 days
after trauma; it gradually increased 5 days after
trauma and gradually decreased in each group
7 days after trauma. Quantitative analyses of
the optical density of a-SMA in the skin wounds
among the 4 groups 3, 5, and 7 days after trau-
ma are shown in Figure 1D. There was no sig-
nificant difference in the optical density of
a-SMA among the 4 groups 3 days after trau-
ma. The optical density of a-SMA in the skin
wound tissue of the SIKVAV + chitosan group
was significantly higher than those in the other
groups 5 and 7 days after trauma.

Peptide-modified chitosan hydrogels acceler-
ated the proliferation of keratinocytes in the
skin wounds

K6 is a marker of the proliferation of keratino-
cytes during skin wound healing. To further
verify that the peptide-modified chitosan hydro-
gels promote proliferation of keratinocytes in
the skin wounds, immunohistochemistry was
used to detect the expression of K6 of keratino-
cytes in the skin wounds. The results are shown
in Figure 2A. The expression of K6 of keratino-
cytes in the skin wounds in each group was
weaker 3 days after trauma; it gradually
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Figure 3. Peptide-modified chitosan hydrogels accelerate angiogenesis in skin wounds in mice. A. Immunohisto-
chemistry was used to detect the expression of CD31 in the vascular endothelium of skin wounds in mice among the
control, peptide, chitosan, and peptide + chitosan groups 5 and 7 days after trauma (scale bar: 50 uym). B. Statistical
analysis showed that the number of new blood capillaries in skin wounds in the SIKVAV + chitosan group was more
than those in the control, peptide, and chitosan groups 5 and 7 days after trauma.

increased 5 days after trauma and gradually
decreased in each group 7 days after trauma.
Quantitative analyses of the optical density of
K6 of keratinocytes in the skin wounds among
the 4 groups 3, 5, and 7 days after trauma are
shown in Figure 2B. There was no significant
difference in the optical density of K6 of kerati-
nocytes in the skin wounds among the 4 groups
3 days after trauma, and it was significantly
higher in the SIKVAV + chitosan group than in
the other groups 5 and 7 days after trauma.
Then, there was no significant difference of the
optical density of K6 of keratinocytes in the
skin wounds between the SIKVAV and chitosan
groups 5 and 7 days after trauma.

Peptide-modified chitosan hydrogels promoted
angiogenesis of the skin wounds

New blood vessels in skin wounds provide
nutrients for the formation of granulation tissue
and proliferation of keratinocytes, which play
an important role during skin wound healing. In
this study, immunohistochemistry was used to
mark the expression of CD31 in the endothelial
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cells of capillary in the skin wounds to observe
angiogenesis. The results are shown in Figure
3A. The effect of angiogenesis in the skin
wound in the SIKVAV + chitosan group was bet-
ter than those among the control, SIKVAV and
chitosan groups. Statistical analysis of the
number of new blood capillaries in the skin
wounds is shown in Figure 3B. The number of
new blood capillaries in the skin wounds in the
SIKVAV + chitosan group was significantly more
than those in the control, SIKVAV and chitosan
groups 5 and 7 days after trauma, and there
was no difference between the SIKVAV group
and chitosan group. This result fully demon-
strates that SIKVAV-modified chitosan hydro-
gels promote angiogenesis in skin wounds in
mice.

SIKVAV-modified chitosan hydrogels acceler-
ated collagen synthesis in skin wounds

Collagen synthesis plays a critical role during
skin wound healing by providing a scaffold for
the proliferation of cells and regeneration of
blood vessels. In this experiment, Masson’s tri-
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Figure 4. Masson’s trichrome staining showed that deposition of new collagen
fibers in the skin wounds in the peptide + chitosan group was more than those
in the control, peptide, and chitosan groups on days 3, 5, and 7 after trauma

(scale bar: 50 pym).

chrome staining was used to observe new col-
lagen fibers in the skin wounds. As shown in
Figure 4, on days 3, 5, and 7 after trauma,
there were more collagen fibers in the granula-
tion tissue of the skin wounds in the SIKVAV +
chitosan group and fewer collagen fibers in the
other three groups. On day 5 after trauma, the
deposition of collagen fibers in the skin wounds
in the SIKVAV + chitosan group increased, but
there were fewer collagen fibers in the skin
wounds among the control, SIKVAV and chito-
san groups. On day 7 after trauma, a large
amount of collagen fibers appeared in the skin
wound in the SIKVAV + chitosan group. This
result indicates that the SIKVAV-modified chito-
san hydrogels promote the deposition of colla-
gen fibers in the skin wounds in mice.

Peptide-modified chitosan hydrogels modulat-
ed the secretion of cytokines in skin wounds

There is an inflammatory response involved in
skin wounds with a variety of cytokines, includ-
ing pro-inflammatory and anti-inflammatory
cytokines. IL-1B3, TNF-a and IL-6 are pro-inflam-
matory cytokines, and TGF-B1 is an anti-inflam-
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matory factor. gRT-PCR was
used to detect the expres-
sion of cytokines in the skin
wounds. Figure 5A-D shows
the expression of four
important cytokines in the
skin wounds in mice among
the control, SIKVAV, chito-
san, and peptide + chitosan
groups 3, 5, and 7 days
after trauma. At each time
point, the expression level
of TNF-aa mRNA, IL-6 mRNA,
and IL-1 mRNA in the skin
wounds in the SIKVAV + chi-
tosan group was significant-
ly lower than those in the
control and SIKVAV groups,
and there was no difference
from that of the chitosan
group. However, at each
time point, the expression
level of TGF-B1 mRNA in the
skin wounds in the SIKVAV +
chitosan group was signifi-
cantly higher than those in
the control, SIKVAV and chi-
tosan groups.

Discussion

Skin wound healing is a complicated process
that involves inflammation, cell proliferation,
angiogenesis, granulation tissue formation,
and tissue remodeling [1]. Less angiogenesis
and severe inflammatory reactions can all delay
skin wound healing. An ideal wound dressing
should have many roles in promoting angiogen-
esis and inhibiting the inflammation reaction in
addition to maintaining a moist environment at
the skin wound bed and acting as a barrier to
protect against bacterial invasion. It should
also be nontoxic, non-allergenic, biodegrad-
able, and an easily synthesized biomaterial that
has antimicrobial properties and accelerates
skin wound healing [20].

Angiogenesis shows a critical role in the prolif-
eration and differentiation of cells, tissue for-
mation and remodeling [21]. New blood vessels
can provide nutrients and oxygen during skin
wound healing. Angiogenesis is regulated by
other growth factors such as VEGF, bFGF, PDGF,
and TGF-B [22]. Studies [8, 23, 24] showed that
SIKVAV had the property of a growth factor and
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Figure 5. Peptide-modified chitosan hydrogels inhibited the expression of pro-inflammatory cytokines, including
TNF-oc mRNA (A), IL-6 mRNA (B), and IL-13 mRNA (C) and promoted the expression of anti-inflammatory cytokines
including TGF-B1 mRNA (D) by gRT-PCR assays among the control, peptide, chitosan, and peptide + chitosan groups
3, 5, and 7 days after trauma in the surfaces of skin wounds in mice.

promotes the adhesion, migration and invasion
of endothelial cells; these physiological charac-
teristics of endothelial cells are crucial in the
formation of blood vessels in vivo. In vitro,
SIKVAV also promotes vascular endothelial
cells to form endothelial tubular structures [25]
and promotes angiogenesis, which provides
nutrition for post-traumatic tissue repair. The
results of our study showed that peptide-modi-
fied chitosan hydrogels promoted skin wound
healing (Figure 1A, 1B) and the proliferation of
keratinocytes (Figure 2) in addition to the trans-
formation (Figure 1C) of fibroblasts into myofi-
broblasts, which accelerated skin wound con-
traction (Figure 1A). Peptide-modified chitosan
hydrogels significantly promoted angiogenesis
(Figure 3) during skin wound healing, which
allowed new blood vessels to supply sufficient
oxygen and nutrition for keratinocytes to
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migrate and proliferate (Figure 2) and for fibro-
blasts to synthesize more collagen fibers
(Figure 2). Therefore, peptide-modified chito-
san hydrogels significantly promoted skin
wound healing by angiogenesis and deposition
of collagen.

The inflammatory response is an indispensable
stage in skin wounds [26, 27]. However, severe
inflammation can delay skin wound healing.
Therefore, therapeutic strategies that modu-
late the inflammatory response can promote
skin wound healing. The biomaterial composi-
tion of the scaffolds may affect the host
immune response, which benefits inflammatory
cell infiltration and body reaction. Previous
studies [11] indicated that peptide-modified
chitosan hydrogels inhibited inflammation after
application in the skin defects of mice.
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Macrophages are the major inflammatory cells
present in skin wounds and have two pheno-
types: M1 and M2 [28]. M2 macrophages have
an important property for angiogenesis and
wound healing compared with pro-inflammato-
ry M1 macrophages. Cytokines include pro-
inflammatory and anti-inflammatory factors.
IL-1B, TNF-a and IL-6 are pro-inflammatory cyto-
kines, and IL-4, IL-10, and TGF-B1 is an anti-
inflammatory factor [12].

TGF-B1 is produced by M2 macrophages, fibro-
blasts, keratinocytes, and platelets. TGF-B1
accelerates fibroblasts proliferation and their
transformation into myofibroblasts in addition
to the formation of connective tissue and the
re-epithelialization process and modulates the
inflammation reaction [27, 28]. Dermal colla-
gen is primarily composed of collagen | and lIl.
Newly formed collagen fibers provide a scaffold
for cell proliferation and angiogenesis and facil-
itate epidermal cell migration in skin wounds.
The results of our studies showed that the pep-
tide-modified chitosan hydrogels promoted the
expression of TGF-B1 in skin wounds (Figure
5D). Masson’s trichrome staining results
showed that the mice treated with peptide-
modified chitosan hydrogels had a greater
deposition of new collagen fibers at the skin
wound bed than the other groups (Figure 4).

Pro-inflammatory cytokines, which include IL-13
and IL-6 and TNF-q, are upregulated during the
inflammatory phase in the skin wounds [12].
IL-1B is secreted by neutrophils, monocytes/
macrophages, and keratinocytes [29]. IL-6 is
produced by myofibroblasts, monocytes/mac-
rophages, lymphocytes, epithelial cells, and
keratinocytes [30]. The expression of IL-6
increases after trauma and persistently exists
in chronic wounds. TNF-« is secreted by macro-
phages, CD4+ lymphocytes, NK cells, neutro-
phils, mast cells, and eosinophils [31]. TNF-«
can inhibit the re-epithelialization process of
keratinocytes in the skin wounds. However, at
higher levels, especially when persisting for a
long time, TNF-a has a detrimental effect on
skin wound healing. TNF-a inhibits the synthe-
sis of ECM proteins. In addition, high levels of
IL-18 have a similar effect to that of TNF-a.. Both
TNF-a and IL-13 have been demonstrated to
impact the others’ expression and accelerate
this negative effect in skin wound healing [32].

Pro-inflammatory factors, which include IL-13
and IL-6 and TNF-a, promote the production of
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nitric oxide, arachidonic acid, histamine, etc.,
activate the complement system, and form the
cytokine network of the cascade, which leads
to increased inflammation detriments [12]. The
results of our study showed that peptide-modi-
fied chitosan hydrogels decreased the expres-
sion of IL-1B and IL-6 and TNF-a in the skin
wounds (Figure 5A-C). The expression levels of
TNF-o0 and IL-1p significantly increased in
chronic wounds. In addition, infection in chronic
wounds can significantly prolong inflammation,
which inhibits skin wound healing. At the same
time, non-healing wounds exhibit high levels of
interstitial collagenases, gelatinases, and
stromelysins, which are secreted by inflamma-
tory cells induced by TNFa and IL-13 [33].

Studies have shown that many cytokines and
inflammatory factors are involved in vascular
proliferation and immune regulation during skin
wound healing [34]. Some cytokines are
involved in vascular proliferation and partici-
pate in the inflammatory process. Some short-
comings in this study are that only four major
inflammatory factors were studied, and other
related inflammatory factors were not involved.
Four inflammatory factors involved in skin
wound healing are studied only at their genetic
levels, and how these genes change at the pro-
tein level during skin wound healing is still
unknown. Whether these changes in the inflam-
matory factor gene levels cause changes in
their related proteins is unknown; thus, this will
constitute the direction of our future work.

Conclusion

This study on skin wounds in mice indicated
that SIKVAV-modified chitosan hydrogels pro-
moted skin wound healing and the proliferation
of keratinocytes in addition to collagen deposi-
tion and angiogenesis. Peptide-modified chito-
san hydrogels accelerated skin wound healing
in a variety of manners and modulated the
secretion of cytokines in skin wounds in vivo.
Therefore, these results showed that peptide-
modified chitosan hydrogels are promising syn-
thesized biomaterials for the treatment of skin
wounds.
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