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A B S T R A C T

Skin is the first protection of human body. It is always challenged by a range of external factors, resulting in the
wounds of skin. Hydrogel, as a dressing with multiple advantages, causes increasing interests or the applications
in wound treatment. However, the function and importance of micro-environment of wound region are fre-
quently neglected. In this study, we successfully developed a chemokine loaded biomimetic hydrogel as a
functional reservoir to stimulate the rapid in situ recruitment of BMSCs for fast wound repair and regeneration.
The biomimetic hydrogel was fabricated by using the Polyvinyl alcohol (PVA) combined with chitosan (CS) as
the hybrid materials. The fabricated hydrogel possesses many features such as the porous structure, high
swelling rate and moisture retention property. More importantly, the incorporated chemokine could be released
with a sustained manner from the hydrogel and recruited the bone marrow mesenchymal stem cells (BMSCs)
significantly both in vitro & in vivo. Moreover, the hydrogel was demonstrated to be highly biocompatible to the
skin tissue without any side effect or irritation observed. Topical delivery of chemokine by the biomimetic PVA/
CS hybrid material based hydrogel is demonstrated as a promising carrier to accelerate wound repair and re-
generation without inducing scar formation and any other negative complications. The PVA/CS/SDF-1 hydrogel
was shown a novel therapeutic system for wound therapy.

1. Introduction

Skin is the largest organ in the human body and serves as a barrier
to maintain homeostasis (Hudson, 2006; Madison, 2003; Proksch et al.,
2008). It is always challenged by a range of external stress factors, re-
sulting in frequent acute wounds (Baum and Arpey, 2005; Singer and
Clark, 1999). Tough considerable efforts have been focused on the
development of novel therapeutic approaches for wound management,
wound therapy remains a clinical challenge.

The healing of skin wound is a complex and multicellular process,
requiring the collaborative efforts of several different tissues and cell
lineages. In this procession, besides the contribution of many cells, for
examples, immune cells, skin fibroblasts, bone marrow mesenchymal
stem cells (BMSCs) have been demonstrated to play very important role
in wound healing process (Lu et al., 2018; Qi et al., 2018). After a tissue
injury, BMSCs are mobilized from the bone marrow into the pool of
circulating cells. These cells then migrate to the injury site, where they

regulate the proliferation and migration of epithelial cells and dermal
mesenchymal cells during the early inflammatory phase (Chen et al.,
2008). BMSCs also act as the self renewing stem cells that differentiate
into fibroblast-shaped cells and the dermal keratinocytes phenotype;
they also increase the number of regenerating appendage-like struc-
tures, which serve as the precursors of permanent cutaneous appen-
dages (Li et al., 2006). Governed by the Wnt/b-catenin pathway, the
accumulated BMSCs are able to differentiate into fibroblasts (Peng
et al., 2011) and they are stably present in dermal wounds throughout
the repair process-especially tissue remodeling process-as well as
greatly contributing to the laying-down of collagen in the ECM
(Mauney et al., 2010). BMSCs have long been recognized as a precursor
to blood cell lineages (Koerner et al., 2006). However, they have re-
cently been identified as giving rise to versatile cell phenotypes, e.g.
fibrocytes (Lang et al., 2006) and smooth muscle cells (Jan-Marcus
et al., 2010).

Modern knowledge about the way in which signals control wound
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cellular and molecular behavior has also promoted the transplantation
of stem cells for skin regeneration with less scar formation (Peng et al.,
2013a, 2012, 2011; Xie et al., 2016). However, major problems remain
unsolved over the past years, such as (i) the lack of long-term in-
tegration of the cellular sheets, (ii) the incomplete healing and frequent
generation of scar tissue, (iii) the inadequate appendage contribution
and (iv) overt rejection. Limited clinical successes indicate that the
effective delivery of stem cells is a major challenge which is yet to be
overcame (Goldring et al., 2011; Trounson and McDonald, 2015).

In recent years, the topical drug delivery system that controls the
release of chemokine protein by biomaterials at the local sites to guide
the fate of cells to regenerate new tissues in situ has been demonstrated
to be capable of avoiding the problem along with cells transplantation,
which provides a novel strategy for wound treatment. In the in-situ
recruitment, a sufficient concentration of a topically applied chemokine
is always needed to be loaded into the vehicle to ensure an adequate
concentration gradient between the formulation and the skin, in order
to attain adequate release of the active protein into the local environ-
ment. However, classical patches do not possess the capability to re-
lease the entire amount of the drug, and a huge quantity of drugs are
wasted once the patch is peeled off from the skin (Nauman et al., 2011).
On the other hand, it has been demonstrated that keeping a wound
moist makes wound healing more rapidly with less pain and scarring
(Field and Kerstein, 1994; Korting et al., 2011; Svensjö et al., 2000).
Wound-healing cells critically require an aqueous environment to live,
produce and receive growth factors. If a wound bed dries out, dehy-
dration necrosis causes scabs formation. Scabs, which are dead cells, are
inefficient in protecting the wound bed from further drying and bac-
terial invasion (Junker et al., 2013; Vogt et al., 1995). Characterized by
a wound environment, scrabs are toxic to wound-healing cells for the
chronic wound (Bucalo et al., 1993; Wysocki et al., 1993). To stimulate
the wound-healing process, moist environment is required to enable the
cells to produce the growth factors on which the wound healing de-
pends. As a result, for the in-situ strategy, the topical system must
possess multiple functions in both controlling the release of therapeutic
protein and modulating the microenvironment for tissue regeneration.

Hydrogel, as a novel dressing, is often used in wound repair, of-
fering several advantages over the use of preformed dressings. Versatile
natural polymers like gelatin, alginate, synthetic polymers like PVA,
PVP and carbomer have been used as dressing material for wound
treatment in the past years (Chen et al., 2017; Dong et al., 2017;
Kamoun et al., 2017; Rosa et al., 2017). However, both natural and
synthetic polymers have limitations. Chitosan, also known as deacety-
lated chitin, has appropriate viscosity and highly porous structure
which make it a widely used wound dressing material (Anjum et al.,
2016; Lee et al., 2015; Man et al., 2016; Murakami et al., 2010).
However, chitosan hydrogel has been identified for its limitations such
as low tensile strength, residues and poor moisture property (Dang and
Yoksan, 2016; Hoare and Kohane, 2008; Miles et al., 2016). PVA is a
synthetic polymer with easy film-forming property, due to its strong
water retention ability, biodegradable, non-carcinogenic, and bio-
compatible characters (Jiang et al., 2011). With the combining of PVA
and chitosan, the mechanical and physicochemical properties of the
hybrid hydrogel might be obtained.

Therefore, in this study, chitosan was blended with PVA polymer
and fabricated into a hybrid hydrogel with multiple features both to
improve the moisture retention and provide a reservoir to enhance the
stem cells recruitment. Physiochemical properties and the protein re-
leasing profile from the PVA/CS hydrogel were characterized and op-
timized. Upon that, the in vitro & in vivo therapeutic effects of the
chemokine loaded PVA/CS biomimetic hydrogel on the wound repair
and regeneration were investigated. The schematic design of the PVA/
CS hybrid hydrogel loaded with SDF-1 for accelerating the wound re-
pair and regeneration was shown in Fig. 1.

2. Materials and methods

2.1. Materials

Chitosan (medium viscosity, 200–400mPa.s, Macklin), Polyvinyl
alcohol (PVA-124, 54–66mPa.s, Aladdin), 25 wt% glutaraldehyde so-
lution, ethanol and glycerol were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All other chemicals were of re-
agent grade and purchased from Sigma unless stated otherwise. SDF-1
was purchased from PeproTech (USA); 5-dimethyl-2thiazolyl]-2,5-di-
phenyl-2H-tetrazolium bromide (MTT) was purchased from Sigma; 4%
buffered paraformaldehyde, Cy3 conjugated goat anti-rabbit IgG H&L
and DAPI were purchased from Boster, INC. (Wuhan, China);
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum
(FBS) were purchased from Gibco BRL (Gaithersburg, MD, U.S.A.);
Purified mouse anti-rat CD31 and CD90 monoclonal antibody was
purchased from Abcam (Cambridge, MA); Masson’s trichrome staining
kit was purchased from Nanjing Keygen, INC. (Nanjing, China);
Optimal cutting temperature compound (TISSUE-TEK 4583) was pur-
chased from Sakura Finetek USA Inc (USA).

2.2. Preparation and characterization of PVA/CS hydrogel

The PVA/Chitosan (PVA/CS) hydrogel was fabricated by chemical
cross-linking method. Firstly, 1.5 g of the PVA was added to ultrapure
water. After being fully swelled for about 1 h, PVA was put in a water
bath at 85 °C to fully dissolve. Then glacial acetic acid was added to
promote the dissolution of chitosan. After that, 0.5 g of chitosan was
mixed with ethanol and added gradually at 65 °C in a water bath to
dissolve completely. In addition, appropriate amount of glycerin was
also added and stirred for 5–10mins. Then, 500 μl of glutaraldehyde
(2 wt%) solution was added dropwise and the PVC/CS hydrogel was
crosslinked and obtained. The morphology of the PVA/CS hydrogel was
visualized by using a scanning electron microscope (SEM) (Peng et al.,
2015). Briefly, the hydrogel was gently rinsed with H2O and allowed to
swell for several hours. Next, the hydrogel was freeze dried and cut to
expose the inner structure, coated with gold for conductance and im-
aged with an SEM (SU-70, Hitachi, Japan).

2.3. Rheological investigation

The rheological measurement referred to the method of a previous
study with some changes (Bhattacharya et al., 2012). Rheological
measurement was performed at 37 °C using a rheometer (MCR 302,
Anton Paar, USA). The geometry of choice was a 55mm parallel plate in
which experiments were conducted at a gap of 1mm between the
plates, requiring about 2ml of sample per run. The elastic/storage
modulus (G′) and viscous/loss modulus (G″) of the hydrogels were
measured as a function of strain and frequency using dynamic oscilla-
tory tests. First, a strain sweep test was performed at a constant fre-
quency of 1 Hz, in order to determine the linear viscoelastic regime.
Next, the viscosity was measured in the shear rate of 0.01–100/s.

2.4. Swelling property

The swelling ratios of the PVA/CS hydrogel were measured grav-
imetrically (Shan et al., 2015). The PVA/CS hydrogel were allowed to
fully swell in ultrapure water and phosphate-buffered saline (PBS) so-
lution respectively. The weight of the hydrating samples was measured
at timed intervals after excess water was removed gently by absorbing
through filter paper. The experiment was ended when the weight was
no longer increased. The max swelling ratio (SRmax) was calculated
according to the following formula:

=
−

×
M M

M
SR 1 0

0
100%max (1)
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where M1 is the initial weight of the gel. M0 is the end weight of the
swollen gel.

2.5. Moisture retention study

The prepared gel was cut into small pieces and weighed. Next, ac-
cording to the maximum swelling condition obtained in the above
swelling test, different proportions of water were added to obtain the
gels with 100%, 80%, 60%, 40%, 20% and 0% of swelling degree, re-
spectively. To further study the moisturize retention of hydrogel. 15%,
10%, 5% and 1% swelling degree gel were used for the test. These
samples were placed in a 37 °C incubator. Hydrogels were weighed and
recorded at intervals until the weight no longer changed. The weight
loss rate (R) is defined as follows:

=
−

×
W Wt

W
R 0

0
100% (2)

W0 is the weight of the gel in the initial swelling state, and Wt is the
weight of the gel at a certain measurement time.

2.6. Moisture retention after topical applied

The skin was split from Sprague-Dawley rats (Shanghai SLAC
Laboratory Animal Co. Ltd., China.). All animal experimental proce-
dures were performed in obedience to guidelines and protocols of the
Animal Experimental Ethics Committee of Zhejiang University. The
PVA/CS hydrogel was prepared by previous method. The PVA and CS
hydrogel were prepared using the same method described above except
without the CS and PVA, respectively. The prepared gels were cut into
small pieces. Next, different groups gels were applied to the skin. These
samples were placed in room temperature and exposure to room en-
vironment. Hydrogels and skin were weighed and recorded at intervals.
The weight ratio was calculated as the ratio of the weight of hydrogel at
each time interval to their initial weight, which is 1 g.

2.7. Thermo gravimetric analysis

The PVA/CS hydrogel were prepared using the same method de-
scribed above. Thermogravimetric analysis (TGA) was performed under
nitrogen atmosphere using a Mettler Toledo model TGA/DSC1 (Mettler
Toledo, Inc., Columbus, OH), with a heating rate of 10 °C/min.
Measurements were analyzed using Mettler ToledoSTARev. 7.01 soft-
ware.

2.8. In vitro drug release

The drug release study referred to the method of a previous study
with slightly changed (Chen et al., 2013). Briefly, a dialysis bag (mo-
lecular cut-off of 8000–14,000) was prepared according to the protocol
provided by Sigma and then soaked in the release medium overnight
prior to the study. Next, SDF-1 was added into the PVA/CS with stirring
and dissolved at room temperature with the glutaraldehyde was added
dropwise. After the polymerization, 1 g of the gel was weighed, placed
in dialysis bags, which were placed in the centrifugal tubes containing
25ml of the release medium. Then, the tubes were placed on a shaking
box at 37 °C and 100 r.p.m. At the fixed timed points, 1 ml of the so-
lution was taken and supplemented with the fresh PBS of the same
volume. The protein concentration in the collected sample was assayed
by using a SDF-1 Elisa kit (Jiangsu Meimian Industrial Co., Ltd) with
the manufactures’ protocol. The accumulative release ratio was calcu-
lated as the ratio of the cumulative mass of SDF-1 released at each time
interval to their initial input amount in the hydrogel, which is 500 ng in
the gel.

2.9. Preparation of the BMSCs

Bone marrow derived mesenchymal stem cells (BMSCs) were ex-
tracted from 3-week-old male Sprague-Dawley rats (Shanghai SLAC
Laboratory Animal Co. Ltd., China.). All animal experimental proce-
dures were performed in obedience to guidelines and protocols of the
Animal Experimental Ethics Committee of Zhejiang University. The
isolation and culture of primary BMSCs were performed according to
the method previously described (Peng et al., 2016). Briefly, the ani-
mals were killed and the BMSCs were flushed out of the tibias and fe-
murs by using a syringe filled with Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, L-glutamine, penicillin
(50 U/ml), and streptomycin (50 U/ml). After washing, centrifuged
cells were resuspended in normal culture medium in a petri dish
(Corning, USA) and cultures in a humidified 5% CO2 incubator at 37 °C
for 72 h. The medium was renewed after every 2 days. When the cell
growth density reached 80%–90%, the digestion was passaged, and the
second to fifth generation BMSCs were used for subsequent experi-
ments.

2.10. Biocompatibility evaluation

In this study, the biocompatibility of the hydrogel with the BMSCs

Fig. 1. Schematic illustration of the preparation of PVA/CS/SDF-1 hydrogel and applied as a multiple functional wound dressing with both controlled releasing effect
of recruiting BMSCs and moisture retaining to stimulate a fast wound repair and regeneration.
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was investigated by testing the cytotoxicity of the hydrogel liquor to
BMSCs. The cytotoxicity test was carried out as follows. (1) The hy-
drogel material was sterilized with ultraviolet light for 30min and then
cut into sheets with a size of 10mm×10mm×2mm. (2) The hy-
drogel was extracted with BMSCs culture medium, and then diluted
with different weight ratios of 5%, 25%, 50%, 100% for the further
MTT test. (3) For the MTT (3-[4,5-dimethyl-thiazolyl-2]-2,5-diphenol
tetrazolium bromide) assay(Peng et al., 2014), 200 μl liquid/well
mediums mentioned above were added to BMSCs seeded at a density of
5× 103 cells/well in 96-well plates, those wells containing cells and
normal culture medium serving as negative control while wells only
containing medium serving as Blank well for the purpose of quantifying
the background OD value. (4) After 48 h of culture, the liquid/culture
medium was replaced with culture medium containing MTT (0.5 mg/
ml). (5) After 4 h, the supernatant was aspirated, and 200ml dimethyl
sulfoxide (DMSO; Sigma, USA) was added to each well. The plate was
micro-oscillated for 30 s, and then the absorbance at 570 nm was
measured on a microplate reader (ELX800, BioTek Instruments Inc.,
USA). (6) The viability of the cells cultured in the hydrogel leaching
liquor was calculated as the percentage of the negative controls by
using the following equation:

=
−

−

×
OD s OD b

OD nc OD b
Viability ( ) ( )

( ) ( )
100%

(3)

OD (s) is the OD value of the sample well; OD (b) is the OD value of the
blank well; OD (nc) is the OD value of the negative-control well.

2.11. Cells migration assay

To study the capacity of the SDF-1 to induce BMSCs migration and
confirm the adequate concentration of SDF-1, a real-time cell analyzer
(RTCA) DP instrument (ACEA Biosciences Inc. USA) was used to eval-
uate cells migration (Bird and Kirstein, 2009). Briefly, migration assays
were carried out in a 16-well E-plate (E-Plate 16, ACEA bioscience,
USA). Firstly, 165 μl of 25, 100, 250 ng/mL of the SDF-1 contained
culture medium with 10% FBS were added in the lower chamber re-
spectively, while the lower chamber without SDF-1 served as blank
group. 35 μl of medium without FBS was added in the upper chamber.
After it was balanced in 5% CO2 incubator at 37 °C for 1 h, BMSCs at a
density of 2× 104/ml in 80 μl of medium (0.5% FBS) were placed in
the upper chamber. The upper and lower chambers were assembled and
placed at room temperature for half an hour. Then the migration of
MSCs was recorded for 48 h by observing the change of micro-re-
sistance of each well. All data were recorded by the supplied RTCA
software.

2.12. Animal study

Twenty-four SD male rats (body weight is 150–200 g) were pur-
chased from Shanghai SLAC Laboratory Animal Co. Ltd., China. All
animals were maintained under constant conditions (25 ± 1 °C), with
free access to standard diet and drinking water. All animal experimental
procedures were performed in obedience to guidelines and protocols of
the Animal Experimental Ethics Committee of Zhejiang University. The
animal study referred to the method of a previous study with slightly
changed (Li et al., 2017a,b). The PVA/CS/SDF-1 hydrogel was pre-
pared. Briefly, after preparing a mixed solution of PVA and CS, different
volume of SDF-1 solution were added in mixed solution and dissolved at
room temperature. The cross-linking agent was added dropwise, stirred,
and waited for the hydrogel polymerization. The animals were ran-
domly divided into 4 groups: the blank control group, SDF-1 solution
group, PVA/CS hydrogel group, PVA/CS/SDF-1 hydrogel group. Six
rats in each group were anesthetized with an intra-peritoneal injection
of 3% phenobarbital sodium solution (0.1 ml/100 g). The hair at their
backs was removed and their skin was washed with povidone-iodine
solution and wiped with sterile water. A square-shaped full-thickness

wound (1.5×1.5 cm2) was created on the back of each animal. The day
was identified as Day 0. On the next day, PBS, SDF-1 solution, PVA/CS
hydrogel, and the PVA/CS/SDF-1 hydrogel were topically applied to
the wound site. After the treatments, all groups were dressed with
transparent tegaderm (3M, St Paul, MN). The treatment was adminis-
tered every two days within two weeks (day 1–14). And the progression
of wound healing was recorded by taking a picture every 2 days,
measuring the wound area. And the weight of the rat was also recorded.
The wound healing rate is defined as follows

=
−

×
WR WR n

WR
Wound healing rate (0) ( )

(0)
100%

(4)

WR(0) is the wound area on day 0; WR(n) is the wound area on day n.

2.13. Histological analysis

The tissues of the wound regions were retrieved 15 days after skin
wound treatment. Then tissues including the epidermis, dermis, and
hypodermis were fixed in 4% para-formaldehyde for more than 24 h,
dehydrated using a series of graded ethanol, embedded in paraffin, and
sliced into 8 µm thick sections. Among them, 8 µm of sections were
stained with the Masson’s trichrome staining kit according to the
manufactures’ protocols. The stained skin sections were then examined
and photographed with Leica image analyzing system (Chen et al.,
2012).

2.14. Molecular immunofluorescent staining

The tissues of the wound regions were retrieved on day 7 and 15
after the treatment and embedded in an optimal cutting temperature
compound, followed by freezing and slicing into 10 µm thick sections at
−22 °C. To visualize the regenerated micro-vessel and the migration of
BMSCs in vivo, tissue sections were stained with antibodies against
CD31 (Zhang et al., 2016) and CD90 respectively. CD31 and CD90
signals were visualized using the Cy3-conjugated secondary antibodies
respectively. Nucleus were all stained by DAPI. Images of the samples
were observed under a laser scanning confocal microscopy (IX81-
FV1000, Olympus). To quantify the fluorescence intensity, images were
photographed from 6 random areas. All images were post-processed
and quantified using Image J software.

2.15. Statistical analysis

Quantitative data were expressed as mean ± standard deviation
(SD) values. For comparisons between two groups, means were com-
pared using unpaired two-tailed Student’s t-tests. Statistically sig-
nificant p values are indicated in figures and/or legends as ∗∗∗,
P < 0.005; ∗∗, P < 0.01; ∗, P < 0.05.

3. Results

3.1. Characterization of PVA/CS hydrogel

The PVA/CS hydrogel was prepared by chemical cross-linking
method. After stirred homogeneously, CS and PVA were crosslinked by
the glutaraldehyde. We observed the gelation occurred within 10min
after the addition of the crosslinking agent. The morphology and
structure of the PVA/CS hydrogel were studied by SEM (Fig. 2A). The
hydrogel was shown for the highly porous and interconnected network
structure. The pore size is about 1 μm, which makes it possible to load
the drug with a high efficiency as well as indicate a certain gas and
water permeability to the gel, which will facilitate the exchange of
cellular nutrients and waste.

The rheology of the prepared hydrogels was shown in Fig. 2B, C.
First, a strain sweep test was performed at a constant frequency of 1 Hz,
in order to determine the linear viscoelastic region (Fig. 2B). It was
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found that the storage module (G′) was higher than loss modulus (G″),
indicated that the hydrogel has a slightly solid-like form. The linear
viscoelastic region was under 10% strain, indicated the hydrogel could
maintain its morphology in a certain degree of mechanical deformation.
Furthermore, it was showed a high viscosity in Fig. 2C, indicated the
strong adhesiveness of hydrogel. Thus, it will have good skin follow
ability in vivo and not easily peeled off after repeatedly being swayed.

3.2. Swelling and moisture retention studies

After the hydrogel was fully swollen, the SRmax was identified as
3073.59 ± 199.84% (Fig. 3A), which means per unit weight of hy-
drogel can absorb the liquid about 30 times weight of its own, in-
dicating the strong hydrophilicity of the gel. We also examined the
maximum swelling rate of the composite hydrogel in PBS. The swelling
ratio was 106.14 ± 1.82%, suggesting the efficacy of the hydrogel to
absorb the liquid in vivo. According to the maximum swelling ratio
obtained by the previous experiment, the hydrogel with 100%, 80%,
60%, 40%, 20% and 0% swelling degree gel were examined. It was
demonstrated that all hydrogels with different swelling degrees reach
the balance state after around 10 h (Fig. 3B, C). There was only slight
difference among the hydrogels with more than 20% swelling degree.
However, the equilibrium water loss of these gels was greatly different
from the initial hydrogel. It indicated that water loss might be influ-
enced by the different swelling rate of the hydrogel. Whereas, there was
an obvious difference between the hydrogel with 1% swelling degree
and 5% degree. The 1% swelling degree hydrogel had about 80% final
water loss compared to 90% of 5% swelling degree hydrogel. It in-
dicated that the lower the hydrogel had swollen, the higher the water it
could contain. Meanwhile, in the wound region, there wasn’t much
fluid the hydrogel can absorb. The PVA/CS hydrogel has a pretty water
retention for the wound treatment in vivo. Overall, this study shows that

the prepared hydrogel have a very strong hydrophilic property and
strong water retention property. It can absorb the exudate in the wound
site and maintain a certain amount of water within a certain period of
time (5–10 h) after topical application, which can keep the moist mi-
croenvironment and is advantageous for healing.

3.3. Moisture retention after topical applied and thermogravimetric analysis

The moisture retention was further investigated, hydrogels were
applied to the skin. As shown in Fig. 3D, the weight ratio of PVA/CS
hydrogel group were higher than other groups from 0 to 24 h. There are
significances between the PVA/CS hydrogel group and other groups,
with a higher weight ratio, 45.54 ± 3.37%, compare to the PVA and
CS hydrogel group with 33.49 ± 4.45% and 34.21 ± 1.57% remained
after 24 h. Thus, the PVA/CS hydrogel could retain higher moisture
after applied to skin compared to the PVA and CS hydrogel. The me-
chanism of PVA/CS hydrogel maintaining moisture was further in-
vestigated, as shown in Fig. 3E, that the free water incorporated into
hydrogel evaporated fast within 0–100 °C, and the weight was further
decreased from 100 to 200 °C, due to the evaporation of the bound
water and other volatile substances, while the remained mass was co-
ordinated to the PVA and CS. The weight ratio decreased fast within 0-
100 °C, due to the evaporation of free water incorporated into hydrogel,
indicated that at normal temperature the moisture retention was owing
to the release of free water absorbed in hydrogel when the environment
is dry.

3.4. Release of the SDF-1 from the PVA/CS hydrogel

From the Fig. 4, it was shown that, around 30% of SDF-1 was re-
leased in around 2 h, which might be contributed to the prompt diffu-
sion of SDF-1 attached on the surface of hydrogel. However, after that,

Fig. 2. (A) SEM image of the morphology and structure of the PVA/CS hydrogel with different magnification. Scale bars are 20 μm (left) or 2 μm (right), respectively.
(B) Influence of strain on storage (G′) and loss modulus (G″) of hydrogel. The strain sweep test establishes the range of linear viscoelasticity for the hydrogels. (C) The
shear viscosity of hydrogel as function of shear rate.
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60% of SDF-1 was released with a constant manner in the 3rd–48th
hour. The accumulative release percentages of the SDF-1 at the 48 h
reach to 94.4 ± 3.7%. Because the PVA/CS hydrogel was prepared by
a chemical crosslinking based method, the release manner of SDF-1 that
are physically incorporated in the hydrogel was thought to be con-
trolled both by the diffusion of biomacromolecules overcoming the
static effect of polymers and the gradual degradation of the hydrogel.
The release of SDF-1 was declining after 48 h, might due to the long-
term exposure to outside environment, which influenced the tertiary
structure of proteins, causing undetectable to the Elisa kit.

3.5. The cytotoxicity and recruitment of the PVA/CS hydrogel in BMSCs

From the Fig. 5A, it was demonstrated that, the leaching liquid of all
the tested PVA/CS hydrogel has very low cytotoxicity to the BMSCs
within 48 h, indicating the good biocompatibility of the hydrogel with
the BMSCs. From the Fig. 5B, the cell index increased with the dose of
SDF-1, but declined at the concentration of 250 ng/ml, which might be
attributed to the limited interaction of the SDF-1 with the CXCR4 re-
ceptors in the BMSCs. Compared with the blank control, the hydrogel
with 100 ng/ml of SDF-1 loaded expressed the strongest increase for the
migration of BMSCs (Fig. 5B), which therefore was used in the sub-
sequent experiments.

3.6. Wound closure in vivo

The hydrogel was then applied to the wound site in rats and their
influence in the wound healing process was investigated. Based on the
releasing profile, the PVA/CS hydrogel was applied to the wound site
every two days for totally four times. The gloss appearance images of
the wound sites in the various groups on days 3, 5, 7, 9, 11 and 15 are
shown in Fig. 6B. All of the wounds expressed the gradual healing
throughout the experimental period. Wound closure rates determined
by the percentage of wound surface covered by healed skin were shown
in Fig. 6C. It was shown that, compared with the blank control, the
PVA/CS/SDF-1 hydrogel expressed a trend to accelerate the wound
healing throughout the whole experimental period, with the sig-
nificance identified on day 7 and 11, demonstrating the excellent
healing effect of the PVA/CS/SDF-1 in vivo. With the passage of time,
the difference in wound healing rate decreased, which might be con-
tributed to that the application of PVA/CS hydrogel with SDF-1

Fig. 3. (A) The maximum swelling rate of hydrogel in water and PBS at pH 7.2, respectively. (B) The ratio of lose weight (%) of different groups hydrogel in a large
gap of 0%, 20%, 40%, 60%, 80%, 100% swelling rate in water. (C) The ratio of lose weight (%) of different groups hydrogel in a small gap of 0%, 1%, 5%, 10% and
15% swelling rate in water. (D) The ratio of weight (%) of different groups hydrogel applied to the skin in room temperature; (E) The thermogravimetric analysis of
the PVA/CS hydrogel under nitrogen atmosphere with a heating rate of 10 °C/min.

Fig. 4. The accumulated release of SDF-1 from PVA/CS hydrogel within 72 h.
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incorporated played an important role in recruiting the BMSCs and
promotes the rapid healing in the early stage of the wound. It is worth
mentioned that the wound healing rate of PVA/CS hydrogel treated
group was even higher than that of the SDF-1 solution treated group on
day 3–11, reminding the advantages of using the PVA/CS as a biomi-
metic carrier for the delivery SDF-1 that assist to accelerate the wound
healing by making a moist environment for the optimal wound repair &
regeneration. The body weight of all the tested rats was shown in
Fig. 6D, After the treatment with different samples, the body weights of
the rats were kept unchanged and increased slowly during the whole
experimental period, indicating that the rats had good compliance with
each component and no significant systemic effects.

3.7. Histopathological investigation

Fig. 7 shows images of the histological conditions of the skins in the
tested groups on day 15 post wounding. The healed skins exhibited
wide areas of a dense dermis and devoid of skin appendages, showing
the characteristics of scars in the blank control. For the SDF-1 solution
and the PVA/CS hydrogel treated groups, some skin appendages could
be observed. However, the wide area of dense dermis indicating the
scar feature was still obvious in these two tested groups. By contrast, in
the PVA/CS-SDF treated group, skins with many skin appendages
without scar feature were identified. Moreover, the amount of the ap-
pendages was significantly higher than that of the SDF-1 solution
treated group, which suggested the prompt healing with strong re-
generation efficiency in this group, which might be partly contributed
to the sustained release effect of SDF-1 from the PVA/CS hydrogel that
increases the stability of the protein and optimized the therapeutic ef-
fect of SDF-1.

3.8. CD31 immunofluorescent identification

CD31 immunohistochemical staining is widely used for observing
angiogenesis at the molecular level (Peng et al., 2013b). Through the
molecular immunohistological staining for endothelial cellular protein
CD31, angiogenesis in the wounded skin was identified. It was de-
monstrated that the PVA/CS/SDF-1 hydrogel can obviously enhance
the formation of the microvessels in contrast to the other tested groups.
From the Fig. 8A, no newly formed blood vessels were detected in the
blank control and PVA/CS hydrogel treated groups. However, micro-
vessels with obvious vascular structure can be observed in the PVA/CS/
SDF hydrogel and the SDF-1 treated group. Compared with the blank
control, both the microvessels density of the SDF-1 and PVA/CS/SDF

hydrogel treated groups were significant (Fig. 8B). Moreover, PVA/CS/
SDF-1 expressed the trend to further enhance the formation of the
microvessels than that of free SDF-1 solution, which give the further
evidence for the enhanced therapeutic effect of SDF-1 by using the
PVA/CS to incorporate and control the release.

3.9. CD90 immunofluorescent analysis

To investigate the migration of BMSCs, CD90 immunofluorescent
analysis was used to identify the migration of BMSCs in vivo. From the
Fig. 9, it was found that the strong fluorescence indicating the large
amount of BMSCs have been observed in the healed skins of the PVA/
CS/SDF-1 hydrogel treated group. By contrast, invisible fluorescence
indicating the few BMSC have been migrated to the wound site. As
shown in Fig. 9B, the PVA/CS/SDF-1 hydrogel group has the highest
mean fluorescence intensity compared to the other tested groups. These
results give the further evidence for that the accelerated wound repair
and regeneration in the PVA/CS/SDF-1 treated group might be con-
tributed to the function of BMSCs and the micro-environment main-
tained.

4. Discussion

Wound repair has conventionally relied on the transplantation of
stem/skin cells. However, cell transplantation has been hampered by
crucial issues like low cells survival rate, incomplete differentiation,
limited outgrowth (Von Bahr et al., 2012). In addition, most of the
techniques above are time-consuming, invasive, frequently induce the
inflammation and immune resistance. Developing a therapeutic system
that can stimulate the fast-wound closure with the regeneration of skin
appendages remains an ultimate however elusive goal for wound re-
storation. In recent years, increasing studies demonstrated the bidir-
ectional interaction between the stem cells and their microenviron-
ment, which brought into sharp relief in the context of endogenous
stem cell based therapeutic strategies (Abrajano et al., 2010; Miller,
2006). However, all these in situ therapeutic systems share the chal-
lenges to recruit the stem cells efficiently and the construction of an
advantageous microenvironment for the wound healing.

Some bio-scaffolds that mimic the natural microenvironment have
been reported (Faraj et al., 2007; Lai et al., 2014; Yesmin et al., 2017).
But significant obstacles including burst release of drugs, insufficient
cellular adhesion support, and slow scaffold degradation rate remain to
be overcame before the full potential of bio-scaffold based stem cell
therapies being realized (Kan and Lu, 2010; Li and Dai, 2018). In

Fig. 5. (A) The cell viability of BMSCs cultured in the leaching liquors of the PVA/CS hydrogel, diluted with different weight ratios of 5%, 20%, 50%, 100%,
respectively for 48 h. (B) The cell index curves reflected the migration of cells induced by different concentration of SDF-1 solution, measured by a real-time cell
analyzer (RTCA) DP instrument. The concentrations of the leaching liquid were 0 ng/ml (blank control), 25 ng/mL, 100 ng/mL, 250 ng/mL, respectively.
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addition, it has been demonstrated that wound-healing cells critically
require an aqueous environment to live as well as produce and receive
growth factors which is often neglected by the researchers (Huang and
Liu, 2012; Tang et al., 2017). To address these issues, we developed a
PVA-chitosan hybrid biodegradable hydrogel that combines the ad-
vantages both of the natural and synthetic biomaterials with capacity to

control the delivery of chemokine with a sustained manner and keep
the surrounding microenvironment in moisture. Furthermore, it shown
a degrade speed matching to the healing process. The constructed PVA/
CS-SDF-1 hydrogel has demonstrated a highly porosity and inter-
connected networks, which makes it an efficient carrier to load and
control the release of the biomacromolecules. The porous structure also

Fig. 6. (A) Graphical process of the experiment. (B) Representative skin wound photographs of different groups from Day 1 to Day 15, the interval is 2 days; (C) The
quantitative evaluation and statistical analysis of wound healing percentage from Day 3 to Day 13, the interval is 2 days. The PVA/CS/SDF-1 hydrogel significantly
contributed to the wound healing compared with the Blank group. (D) The body weight of different groups from Day 0 to Day 15.
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ensures a certain water permeability to the gel, and facilitates the ex-
change of cellular nutrients and waste. As a result, PVA/CS hydrogel
showed the excellent swelling ratio with the SRmax was
3073.59 ± 199.84% in water and 106.14 ± 1.82% in PBS, respec-
tively. 2 interfaces were created after gel applying, the bottom one
interfaces the gel and wound site while the upper one interfaces the gel
and the air. It is sufficient for the PVA/CS hydrogel to absorb the fluid
in wound site where there are only few fluids with SRmax
106.14 ± 1.82%. And the lower swelling rate of hydrogel was also
demonstrated to have a higher moisture retention, as shown in Fig. 3C,
the 1% swelling degree hydrogel has about 80% final water loss com-
pared to 90% of 5% swelling degree hydrogel. Meanwhile, the PVA/CS
hydrogel not only absorb the fluid in wound site, but also absorb the
moisture from the air with higher SRmax in DI water in the upper in-
terface.

Based on this, we further evaluated the moisture retention property

of the tested hydrogel composed by the single or blended materials after
applied to skins. As shown in Fig. 3D, PVA/CS shows the highest water
retention capacity with 45.54 ± 3.37%, which is higher than those of
PVA or CS hydrogel with 1.36 and 1.33 folds, respectively, with sig-
nificances indicating the PVA/CS hydrogel could retain higher moisture
after applied to skin. The mechanism of PVA/CS hydrogel maintaining
moisture was further investigated. As shown in Fig. 3E, the free water
incorporated into hydrogel evaporated fast within 0–100 °C, and the
weight was further decreased from 100 to 200 °C, due to the evapora-
tion of the bound water and other volatile substances, while the re-
mained mass was coordinated to the PVA and CS. The featured property
of PVA/CS makes it highly efficient in maintain the local environment
in moisture to promote the healing with less scar formation and pain
(Field and Kerstein, 1994; Li et al., 2017a,b; Lu et al., 2017)

These results demonstrated the features of the PVA/CS in not only
delivering the SDF-1 with a controlled manner for the enhanced BMSCs

Fig. 7. Masson’s trichrome stained sections of the healed skins of day 15 after treatment. All images were taken under the same magnification. The scale bar is
200 μm.

Fig. 8. Immunofluorescent staining for CD31-posi-
tive microvessels at the wound healing region 15d
post-wounding. Red fluorescence indicates CD31
positive expression, and blue fluorescence indicates
the DAPI stained in the cells nucleus. Scale bars is
100 µm. Micro vessels wers indicated by the white
arrow. (B) Histogram showing the quantification of
CD31-positive microvessels density. All images were
taken under the same magnification, n= 5.
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recruitment, but also is capable in retaining the water and keeping the
wound microenvironment in moisture that prevents the scar formation
and improve the healing quality, as well as relieving the pain induced
by wound dryness. The SDF-1 loaded PVA/CS hydrogel provide a new
option for the wound treatment with the potential to stimulate a rapid
wound repair and regeneration.

Meanwhile, the rheological measurements showed that the linear
viscoelastic region was under 10% strain, indicated the hydrogel could
maintain its morphology in a certain degree of mechanical deformation.
Furthermore, it was showed a high viscosity in Fig. 2C, indicated the
strong adhesiveness of hydrogel, which can help to maintain its mor-
phology in a certain degree of strain and adhesion to skin. All these
features of ensures the good elasticity and plasticity of the PVA/CS
hydrogel for the application to the skin wound treatment. Moreover,
the further loading of the SDF-1 in the PVA/CS hydrogel contributes
importantly to the wound repair and regeneration. The incorporated
chemokine released with a controlled manner within the 48 h avoids
the long exposure of SDF-1 to the outside environment, reducing the
cleavage and optimized its function. Mechanistically, besides the
binding of SDF-1 to the CXCR4 receptor in the BMSCs that recruits the
BMSCs vigorously, SDF-1 can also binds to the immune cells, such as
neutrophils and macrophages deriving from mobilized monocytes
(Bollag and Hill, 2013). Although the amount of immune cells are not
so much, however, they can remain for several weeks at the wound site
(Larouche et al., 2018) and play the roles of removing the cellular
debris, damaged matrix, microbes and secreting additional chemokines,
growth factors, and matrix digesting enzymes, stimulating the macro-
phages shift phenotype from a pro-inflammatory into an anti-in-
flammatory one and subsequently promote tissue regeneration(Kunkel
et al., 2017; Mahdavian et al., 2011; Sa et al., 2016). From the in vivo
investigation, it was shown that, compared with the other tested
groups, in which, almost no skin appendage can be observed and the
collagens were deposited with random and loose manner, the healed
skin in the PVA/CS/SDF-1 treated group were regenerated promptly
along with many skin appendages regenerated. These in vitro & in vivo
results together demonstrated the excellent efficacy of the PVA/CS as a
biomimetic carrier with multiple functions for delivering the ther-
apeutic protein and regulating the wound microenvironment.

5. Conclusion

PVA/CS was demonstrated as a novel biomimetic carrier with the

multiple functions to deliver the therapeutic protein with controlled
manner and keep the wound site as a moist microenvironment for fast
wound repair along with the prompt regeneration of skin appendages.
PVA/CS/SDF-1 was shown promising therapeutics with strong efficacy
to stimulate the wound healing with skin appendages regeneration.
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