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Abstract

A diabetic foot ulcer (DFUs) is a state of prolonged chronic inflammation, which can result in amputation. Different
from normal skin wounds, various commerecially available dressings have not sufficiently improved the healing of DFUs.
In this study, a novel self-healing hydrogel was prepared by in situ crosslinking of N-carboxyethyl chitosan (N-chitosan)
and adipic acid dihydrazide (ADH) with hyaluronic acid-aldehyde (HA-ALD), to provide a moist and inflammatory
relief environment to promote stem cell proliferation or secretion of growth factors, thus accelerating wound healing.
The results demonstrated that this injectable and self-healing hydrogel has excellent swelling properties, stability,
and mechanical properties. This biocompatible hydrogel stimulated secretion of growth factors from bone marrow
mesenchymal stem cells (BM-MSCs) and regulated the inflammatory environment by inhibiting the expression of M|
macrophages and promoting the expression of M2 macrophages, resulting in granulation tissue formation, collagen
deposition, nucleated cell proliferation, neovascularization, and enhanced diabetic wound healing. This study showed
that N-chitosan/HA-ALD hydrogel could be used as a multifunctional injectable wound dressing to regulate chronic
inflammation and provide an optimal environment for BM-MSCs to promote diabetic wound healing.
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Introduction

Diabetes mellitus (DM) is a metabolic disease character-
ized by hyperglycemia. In 2017, the people suffering from
DM reached a population of about 425million world-
wide.!? Diabetic foot ulcers (DFUs), which occur in
approximately 15% of diabetics patients, are a severe com-
plication of DM.? Pathophysiological studies of DFUs
have indicated that diabetic peripheral vascular disease
and neuropathy are the two main factors that contribute to
this disease.*® This state of prolonged chronic inflamma-
tion inhibits wound healing, due to the impaired granulo-
cytosis, chemotaxis, and macrophage function, as well as
reduced secretion of growth factors and deregulated neo-
vascularization. In extreme cases, DFUs can even result in
amputation.”® However, various commercially available
dressings have not sufficiently improved the healing of
DFUs. Therefore, optimized wound dressing and more
effective therapeutic strategies are urgently needed.

Bone marrow mesenchymal stem cells (BM-MSCs) show
great promise as an option to treat non-healing wounds due to
their multi-lineage differentiation potential. BM-MSCs are
proved to have capacities in secreting multiple types of growth
factors and differentiating into effector cells, thus promoting
vascularization, granulation tissue formation, and re-epitheli-
alization, resulting in improving wound healing.’ Previous
studies have identified carriers that were beneficial to adhesion
and proliferation of BM-MSCs and were suitable materials for
the delivery of BM-MSCs as wound dressings.'®!' However,
these carriers cannot work under the chronic inflammatory
microenvironment of the diabetic foot due to protease secre-
tion and excessive infiltration of inflammatory cytokines. In
the inflammatory microenvironment, growth factors secreted
by the effector cells are subject to increased degradation and
loss of efficacy. In addition, the chronic inflammatory micro-
environment could decrease the bioactivity of BM-MSCs.!>!3
A more effective delivery system is critical to inhibition of the
chronic inflammatory state, which will enable BM-MSCs to
more effectively promote wound healing.

Recently, tissue engineering strategies of combining
biomaterials with seed cells, namely combination thera-
pies, using advanced biomaterials to maintain cellular
viability, proliferation, and differentiation have received
considerable attention.'*!> Hydrogels, which are ideal
wound dressing and three-dimensional (3D) cell scaffolds,
have many advantages including removal of wound exu-
date, providing a moist wound environment, preventing
secondary infections, and promoting cell adhesion and
proliferation. These elements create an optimal environ-
ment to encourage high quality wound healing.!®!7
However, the beneficial properties are often mitigated by
the formation of cracks in the traditional hydrogels. As a
result, the integrity of network structures and the mechani-
cal characteristics of bulk gels have limited their practical
application. To overcome these disadvantages, functional

hydrogels have been designed with self-healing or self-
repairing properties.'®

The self-repairing materials have the ability to recover
the structures and functions after structural damage, which
helps to maintain the integrality of the 3D network struc-
tures and the mechanical characteristics of the bulk gels.
Self-healing hydrogels are capable of sealing the wound
site completely to protect against the second injury.'
Furthermore, self-healing hydrogels with shear-thinning
properties have the potentials to be used as injectable
materials to encapsulate sensitive biological drugs/cells ex
vivo, allowing for minimally invasive delivery.?’ These
novel properties may improve the scope of clinical appli-
cations of hydrogels. However, the use of self-healing
hydrogels as a carrier to treat DFUs has not been reported.

In this study, an injectable and self-healing polysaccha-
ride-based hydrogel was developed to deliver BM-MSCs
to treat DFUs. The hydrogel dressings were comprised pri-
marily of polysaccharides, which enabled excellent con-
trol of chemical modification and composition. Chitosan, a
cationic polysaccharide, was used as a template because of
its biocompatibility, biodegradability, and exhibited hemo-
static and antibacterial properties. N-chitosan, a derivative
of chitosan, shows greater hemostasis and antimicrobial
activity than chitosan.?! Hyaluronic acid (HA), an immu-
noneutral polysaccharide present in the human body, was
also used. Hyaluronic acid was oxidized to form an alde-
hyde (HA-ALD), which provided a moist environment and
allowed absorption of wound exudates while reducing sur-
face dryness and minimizing scar formation.?> We hypoth-
esized that this hydrogel would promote differentiation of
BM-MSCs and secretion of factors to inhibit chronic
inflammation. The wound healing effects of topical admin-
istration of BM-MSCs contained in a hydrogel were evalu-
ated using a diabetic rat model (Scheme 1).

Materials and methods

Materials

Chitosan and streptozotocin (STZ) were purchased from
Aladdin, and sodium periodate (NalO,) was supplied by
Sigma-Aldrich. Hyaluronic acid (HA, 100-200k) and adipic
acid dihydrazide (ADH) were obtained from Yuanye biology.
Cell culture medium, including low glucose Dulbecco's
Modified Eagle's Medium (LG-DMEM), fetal bovine serum
(FBS), as well as streptomycin-penicillin were supplied by
Gibco Life Technologies (USA). Cell Counting Kit 8 (CCK-
8) and Calcein-AM/PI kits were obtained from Biobetimes
Biotechnology Co., Ltd (Changsha, China). Paraformaldehyde
solution (4%) and phosphate buffer saline (PBS) were sup-
plied by Xilong Chemical Co., Ltd. Hematoxylin, eosin stains
were purchased from Thermo Fisher Scientific Co., Ltd
(Shanghai, China). Antibodies used for immunofluorescence
were purchased from Abcam (UK).
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Scheme I. A novel injectable hydrogel was prepared by in situ cros

slinking of N-chitosan and ADH with HA-ALD, to provide

a moist and inflammatory relief environment to promote BM-MSCs proliferation or secretion of growth factors, thus inducing

collagen deposition and angiogenesis and accelerating wound healing.

Preparation of the hydrogel

The biodegradable multifunctional N-chitosan/HA-ALD
hydrogel was prepared according to our previous study.?
Briefly, N-chitosan and HA-ALD were synthesized from
chitosan and hyaluronic acid through a series of chemi-
cal reactions. Then, the hydrogel was designed by in situ
crosslinking of N-chitosan and ADH with HA-ALD.
Hydrogels obtained by mixing different proportions of
these components had different properties. In this study,
7.5% N-chitosan (W/V) and 7.5% ADH (W/V) were dis-
solved in deionized water. Then, the same volume of 5%
HA-ALD (W/V) was added into the above solution for
hydrogel formation through imine and acylhydrazone
bonds.

Characterization of hydrogel

To observe the microstructures, the prepared hydrogels
were freeze-dried, and the cross-sectional morphology
was evaluated using a scanning electron microscope
(SEM) (JSM-6700F, JEOL, Japan). To study the swelling
properties of hydrogels, samples (2cm X 2 cm) were dried
at 60 °C (W,), and then soaked in PBS at 37 °C (W,). The
following formula expressed the swelling ratio (SR): SR%
= (W-W,)/W_X 100;

In vitro degradation rate of the hydrogel was studied in
PBS with lysozyme (10*units/ml). Hydrogel samples
(500 pul) were placed in glass vials. Two milliliters of PBS
was gently added to the vials. Pre-weighed (W,) hydrogel
was incubated across a range of times. At pre-determined
time points, samples were washed by deionized water and
then freeze-dried. Dry weights of the hydrogels were
recorded as W,. Degradation percentage was represented
by the following formula: Degradation rate = (W, W)/
Wi X 100%

Isolation and purification of BM-MSCs

BM-MSCs were extracted from healthy 1-week-old
Sprague-Dawley (SD) rats. Primary cells were obtained as
described in our previous research,”* and cultured in
LG-DMEM supplemented with 10% (V/V) FBS and 1%
(WIV) penicillin-streptomycin at the atmosphere of 37 °C
and 5% CO,. When the cells reached ~80% confluence,
the adherent cells were digested with 3ml 0.25% (W/V)
trypsin/EDTA at 37 °C for 3 min and then passaged. Three
to four passages of BM-MSCs were used for the following
experiments.

In Vitro cell culture experiments

The proliferation rate of BM-MSCs in N-chitosan/
HA-ALD hydrogel was determined using CCK-8 assay.
BM-MSCs were seeded in the hydrogel-coated 48-well
plates at a density of 1 X 10 cells/well. While the control
group did not contain hydrogel. After incubation for 1, 4,
and 7days, BM-MSC proliferation was measured using
the CCK-8 assay.

To observe the cell viability in the hydrogel, Live/Dead
staining was carried out. After 1 and 7days of culture,
1 mM calcein AM was added into the samples to incubate
for 1h, and then 1 pg/mL PI was added for Smin at 37°C.
Finally, fluorescent photographs were taken by fluores-
cence microscopy (IX51, Olympus, Japan).

The levels of transforming growth factor-beta (TGF-f3),
vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) secreted by BM-MSCs
cultured in hydrogel were evaluated using ELISA accord-
ing to the protocols. BM-MSCs were seeded at a concen-
tration of 1 X 10°cells/mL and cultured for 1 and 3 days.
The contents of growth factors secreted by BM-MSCs in
the supernatant were measured by the ELISA kits.
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Diabetic foot ulcer model preparation and
wound closure analysis

All animal experimental protocols were approved by the
Animal Care and Use Ethics Committee of The Second
Hospital of Jilin University. Male SD rats (200-250g,
8-weeks-old) were supplied by the Animal Center of Jilin
University. Diabetic rat models were prepared by a single
intraperitoneal injection of STZ (65mg/kg). When the
blood glucose level exceeded 16.7 mmol/L at 1-week post-
STZ injection, it was considered that the DM model was
successfully established. Blood glucose levels were
recorded throughout the study.

To establish a diabetic foot wound healing model, 45
rats were chosen after 3 weeks of STZ-induced hypergly-
cemia. After general anesthesia by intraperitoneal pento-
barbital sodium (35mg/kg), a punch biopsy instrument
was used to make a Smm diameter circular foot skin
wound. Rats were randomly divided into the following
three groups: control group (untreated, n=15), hydrogel
group (200 uL of hydrogel), and hydrogel + BM-MSCs
group (namely, 2X 105 BM-MSCs was encapsulated into
100 pL N-chitosan and ADH solution and then mixed with
100 uL. HA-ALD solution with stirring).

The wound area was recorded at 0, 3, 6, 9, 12, and
15 days after the procedure using a digital camera. Residual
wound areas were expressed using the following equation:
Residual wound areas (%) = S,/S; X 100%. S, repre-
sented the initial wound area, and S_ represented the
unhealed wound area at different time points.

Growth factor concentrations in wound tissue

To investigate the concentrations of growth factors (e.g.,
TGF-B, VEGF, and bFGF) in the wound tissues, the wound
and surrounding tissues (0.5 cm diameter) were excised 3
and 9days after the procedure. The samples were homog-
enized in PBS on the ice at a ratio of 100 mg of tissue per
I mL of PBS. The samples were centrifuged at 2,500 rpm
for 20min, and then the supernatants were gathered to
detect the concentrations of TGF-f, VEGF, and bFGF in
the wound tissue by the ELISA kits.

Histological and immunohistochemical analysis

At 6, 12, and 28 days after the operation, the wound tissues
were harvested and fixed in 4% paraformaldehyde solu-
tion. The samples were embedded in paraffin for routine
histological processing, and then about 5pum sections of
the tissues were prepared for histological examination.
According to the protocols, sections were stained with
H&E, Masson’s trichrome (MT), and antibodies against
CDS86, CD163, Ki67, and CD31. The maturity of the sub-
epithelial dermal matrix of the wound was determined by
two trained clinicians based on the immunohistochemical
results (Table S1).2° The average optical density values for

CD86, CD163, Ki67, and CD31 expression in the tissues
were analyzed by Image-Pro Plus software (IPP) accord-
ing to five randomly selected fields.

Statistical analysis

All data were expressed as the mean =* standard deviation
(SD), and statistical analysis was performed using ANOVA
with Tukey’s post-hoc analysis (SPSS Inc., Chicago, IL,
USA). p<0.05 was considered to be statistically signifi-
cant. All experiments were repeated at least three times
independently.

Results and discussion

Characterization of the hydrogels

Carboxyethyl functional chitosan (N-chitosan) was synthe-
sized via Michael addition, and HA was chemically modi-
fied to contain aldehyde groups (HA-ALD). The self-healing
hydrogels were prepared by mixing dilute solutions of
N-chitosan, HA-ALD, and ADH (as the cross-linker) in
PBS at room temperature. The solution-to-gel phase trans-
formation process is shown in Figure 1(a). This phase
change was attributed to acylhydrazone (hydrazine groups
of ADH reacted with HA-ALD) and imine bonds formation
(amino groups of N-chitosan reacted with HA-ALD).
Patients with DM often suffer from lower limb ulcers.
Hydrogel is an ideal wound dressing but limited by the for-
mation of cracks in the traditional hydrogels. As a result, the
integrity of network structures and the mechanical character-
istics of bulk gels have limited their practical application. To
overcome these disadvantages, novel self-healing hydrogels
with the ability to recover the structures and functions after
structural damage were designed to maintain the integrality
of the 3D network structures and the mechanical characteris-
tics of the bulk gels.! Furthermore, self-healing hydrogels
with shear-thinning properties have the potentials to be used
as injectable materials to encapsulate sensitive biological
drugs/cells ex vivo, allowing for minimally invasive deliv-
ery.? Based on reversible dynamic bonds, acylhydrazone
and imine bonds derived from aldehyde groups at HA-ALD
reactive with NH,NHCO- groups on ADH and —NH, groups
on N-chitosan. The injectable and self-healing properties of
this polysaccharide hydrogel were demonstrated in our pre-
vious study.”> Our hydrogel can be injected through a
26-gage needle without clogging quickly. The self-healing
property was demonstrated to recover structural and func-
tional damages (Figure S1), which resulted in maintaining
the integrality of network structures and the mechanical
characteristics of the bulk gel. This hydrogel can tolerate
mechanical deformation, such as that caused by limb move-
ments, thus providing a stable connection between the wound
area and the repair material. In contrast, accidental external
mechanical forces may cause tearing in traditional dressing
materials. The self-healing ability of our hydrogel resulted in
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Figure 1. (a) Optical images of the gelation progress. The mixture

of N-chitosan and ADH was in the solution (sol) state at room

temperature, and underwent sol—gel transition approximately 20s after adding HA-ALD solution. (b) SEM image of the morphology

and internal structure of the hydrogel. (c) Swelling properties of the

rapid repair, which allowed for prolonged use.?*?’ The gela-
tion time of the hydrogel was approximately 60s at 25°C.
This allowed enough time for stem cells to be encapsulated
in the hydrogel.

The micromorphology of the hydrogel was observed by
SEM. The hydrogel exhibited a homogeneous intercon-
nected pore structure, and the pore size was about 100—
200nm in diameter (Figure 1(b)). The porous structure of
the hydrogel effectively extended the growth space for cul-
turing seed cells and boosted communications among cells.
Moreover, when seed cells were implanted in vivo, the
interconnected micro-channels allowed for the transport of
oxygen, nutrients, and other products to benefit cell migra-
tion and proliferation.”® The swelling properties of hydro-
gels as wound dressings play a critical role in absorbing
wound exudates to maintain a clean and moist environment
in the wound bed. After exposure to physiological condi-
tions (such as PBS at 37°C), the hydrogel swelled 50.32%
in 80min and 75.77% in 120min, reaching equilibrium
without significant weight loss or structural deformation
(Figure 1(c)). The in vitro degradation rate of the hydrogel
was evaluated in PBS containing lysozyme (10%units/ml).
In the presence of lysozyme, about half of the hydrogel was
degraded in the first 7days, which allowed for granulation
tissue to be formed on the surface of skin wounds. The
hydrogel was biodegraded entirely in 14 days (Figure 1(d)).

Promoted cell activity in vitro

To investigate the ability of our hydrogel to protect and
deliver BM-MSCs, cells were encapsulated into 100 puL

hydrogel. (d) Degradation of the hydrogel.

N-chitosan and ADH solution and then mixed with 100 uL.
HA-ALD solution with stirring in the plates. As shown in
Figure S2, CCK-8 results clearly showed that the
N-chitosan/HA-ALD hydrogel was biocompatible, and
BM-MSCs seeded in the hydrogel kept viability for up to
7days. As shown in Figure 2(a), BM-MSCs can adhere
and proliferate well in the hydrogels.

Growth factor concentrations in the wound area have
a significant effect on wound healing. In particular, TGF-
B1, VEGF, and bFGF promote wound closure and accel-
erate the formation of new granulation tissue,
vascularization, and re-epithelialization.?>*° Our hydro-
gel could induce growth factors secretion from
BM-MSCs. There were no statistical differences in the
concentrations of TGF-B1, VEGF, and bFGF secreted by
BM-MSCs in the hydrogel group or the control group on
the first day. However, on day 3, the concentrations of
TGF-B1, VEGF, and bFGF in the hydrogel group were
2.71 £0.26ng/L,22.17 = 3.65ng/L,and3.63 = 0.96 ng/L,
respectively, which were significantly higher than that in
the control group (1.52 =£0.48ng/L, 12.33 = 1.84ng/L,
and 2.23 + 0.53 ng/L, respectively; Figure 2(b—d)).

The mechanical characteristics of hydrogels give rise to
influence on stem cell functions.’! Aggregates of stem
cells with enhanced cell-cell contact display greater multi-
potency and secrete more factors, resulting in favorable
cell migration and vitality.’>33 Chitosan-based self-healing
hydrogels have been shown to promote cell proliferation
better than alginate hydrogels, which may have been due
to halo formation in the self-healing hydrogels.** As a
result, our self-healing hydrogel had the ability to restore
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Figure 2. (a) Representative images of the live/dead assay at | and 7 days on the hydrogel (Green: live cells, Red: dead cells). (b—d)
The concentrations of the growth factors, TGF-B1, VEGF, and bFGF, secreted by BM-MSCs cultured in hydrogels for | and 3 days
(Con and Gel represented the control and hydrogel groups, respectively. *p <0.05, *¥p << 0.01).

structure and function after damage, which could preserve
the integrality of the network structures and mechanical
characteristics of the bulk gels. This improved stability
may have contributed to stem cell proliferation and secre-
tion of TGF-B1, VEGF, and b-FGF. Moreover, the compo-
nents (N-chitosan and HA-ALD) and features of the
self-healing hydrogel may have enhanced proliferation of
fibroblasts, collagen deposition, angiogenesis, and pro-
moted BM-MSC migration and differentiation, resulting in
accelerated wound healing.3>3

Characteristics of the animal model and wound
contraction

To evaluate the treatment effect of rat DFUs using BM-MSCs
encapsulated in the hydrogel, DM rat models were prepared
by intraperitoneal injection of STZ. When the blood glucose
levels exceeded 16.7mmol/L at 1-week post-STZ injection, it
was considered that the DM model was successfully prepared.
The duration from STZ injection to treatment was 7 weeks. In
the first 3weeks, there was no significant difference in blood

glucose levels among the DM rat groups. However, treatment
with hydrogel or hydrogel + BM-MSCs resulted in decreased
blood glucose levels, particularly in the first 2weeks after
treatment (p < 0.05; Figure S3). No differences in body weight
were observed among any of the groups during the experiment
(Figure S4).

To determine the rate of wound healing, we recorded gen-
eral wound closure results. Typical wound closure images
for each group at different time points are presented in
Figure 3(a). Moreover, residual wound areas were calculated
in Figure 3(b), which showed that the remaining regions of
wounds covered with hydrogels were significantly smaller
than the control group (p <0.05). This may have been due to
the moist wound environment provided by the hydrogel,
which could maintain a humid microenvironment and pre-
vent cell death, enhance epidermal migration, promote angi-
ogenesis and collagen deposition.?” In addition, the hydrogel
+ BM-MSCs group exhibited faster healing at each observa-
tion time point compared with other groups. Furthermore, at
15days after the procedure, the wounds in the hydrogel +
BM-MSCs group were almost fully healed. In contrast,



Bai et al.

12d

~
o
~—

15d

3 _
Time (days)

(@ od 3d 6d 9d e I — Y
i A e <
g < 90
©
o
©
60
=
k]
(73
2 304
o
c
3
0l . . . . '
= 0 3 6 9 12 15
Time (days)
c d)so e)s
5( ()50 EECon EEGel G+C IE ) EECon EEGel MG+C u_( ) EmECon N Gel [HEG+C
LII. E *k (O] O
o x g 5 9 "
5 451 s ‘5 ’—\
. c
§ s 5 2
© = © ®
2 = 2
g8 154 8 g
c o
8 gl 8 O

3
Time (days)

3
Time (days)

Figure 3. Treatment effects of hydrogel + BMSCs on healing of DFUs. (a) Typical wound closure images of each group at different
time points. (b) Time-course of wound changes. (c—e) The concentrations of the growth factors, TGF-B1, VEGF, and bFGF in
wound tissue at 3 and 9 days after treatment. (Con, Gel, and G+C represented the control, hydrogel, and hydrogel + BM-MSCs

groups, respectively. *p < 0.05, ¥ < 0.01, ***p <0.001).

the unhealed wound areas were 14.48 = 3.35% and 41.55 *
2.67% in the hydrogel and control groups, respectively.
These results indicated that BM-MSCs-encapsulated in
hydrogel promoted faster wound healing.

Increased growth factors secretion in vivo

A previous study has shown that TGF-1 could accelerate
re-epithelialization during the healing process by promoting
keratinocyte migration.>® VEGF and bFGF are key regula-
tory growth factors that promote angiogenesis and are
essential in wound healing. In addition, bFGF is critical in
the prevention of scar formation.>® As shown in Figure 3(c—
e), there were no statistical differences in the concentrations
of TGF-B1 and bFGF in wound tissue on day 3 among the
experimental groups. However, the expression of VEGF on
day 3 was 1.45-fold higher in the hydrogel + BM-MSCs
than that in the control group (p<0.01). On day 9, in the
control, hydrogel, and hydrogel + BM-MSCs group, the
concentrations of TGF-fl1 were 25.47*3.37ng/L,
27.92 =4.89ng/L, and 34.68 == 8.21 ng/L, respectively; and
the concentrations of VEGF were 23.13*1.02ng/L,
2447*+231ng/L, and 30.31*=2.83ng/L, respectively.
Namely, the concentrations of TGF-f1 and VEGF in the
hydrogel + BM-MSCs group were significantly higher than
those in the hydrogel and control groups. In addition, the
expression of bFGF in the hydrogel + BM-MSCs group
(3.58 = 0.64ng/L) was also superior to the control group
(2.45*+0.52ng/L) on day 9 (p<0.05). Increased secretion

of multiple growth factors in the wound tissues treated with
hydrogel + BM-MSCs was consistent with our in vitro
results. Increased secretion of growth factors has been a
critical reason in enhanced wound healing resulting from
treatment with hydrogel + BM-MSCs.

Effect of hydrogel on wound healing

The process of wound healing includes several overlap-
ping stages: for example, hemostasis, inflammation, pro-
liferation, as well as re-epithelialization and remodeling, *%4!
The aggregation and activation of inflammatory cells is a
critical step in the transition from the inflammatory phase
to the repair phase. But the excessive inflammatory reac-
tion will lead to a chronic inflammatory microenvironment
and delayed wound healing.*? As displayed in Figure 4(a)
and (b), the naked wound surface resulted in necrotic tis-
sue, foreign bodies, and a large number of inflammatory
cells at the wound site on day 6. Unlike the control group,
a hydrogel with or without BM-MSCs provided a suitable
inflammatory environment benefiting for wound healing.
These results indicated similar inflammatory cells infiltra-
tion in the wound in the hydrogel group and the hydrogel
+ BM-MSCs group on day 6. At day 12, the wounds cov-
ered with hydrogel + BM-MSCs had fewer inflammatory
cells infiltrated in the wound area than the control group,
which may have been due to the hydrogel-forming a pro-
tective film on the wound surface to block external bacte-
ria, and reduced duration of inflammation due to the
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Figure 4. (a) H&E staining of the wound at 6 and 12 days after treatment (Blue arrows indicated necrotic tissue, foreign bodies,
and a large number of inflammatory cells). (b) Inflammatory cell count in the wound area at 6 and 12 days after treatment. (c)
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foreign bodies, and a large number of inflammatory cells; Red arrow indicated fibrous repair (mainly with collagen fibers), and black
arrow indicated the original connective tissue of the dermis). At 12 days, the wound tissue in the hydrogel + BM-MSCs group was
completely repaired, and was nearly identical in appearance to the surrounding tissue. (d) Sub-epithelial matrix maturation scores
of the regeneration tissue at 6 and 12 days after treatment (Con, Gel, and G+C represented the control, hydrogel, and hydrogel +

BM-MSCs groups, respectively. *p < 0.05, *p < 0.01, ¥**p < 0.001).

presence of active BM-MSCs.*** As seen in Figure 4(a),
H&E staining indicated that hydrogel + BM-MSCs pro-
moted the formation of well-organized granulation tissue
on day 6 and 12. In contrast, there was no obvious granula-
tion tissue formation in the control groups on either day 6
or day 12. The level of granulation tissue formation in the
hydrogel group was between the hydrogel + BM-MSCs
group and control group.

During the maturation process of wound healing, col-
lagen deposition shows a key role in wound contraction
and scar formation, which results from fibroblasts
crosslinking with collagen.*?> Masson's trichrome staining
was used to show collagen deposition in the regenerated
granulation tissue. These results demonstrated that the
hydrogel + BM-MSCs group formed more collagen fibers
than the control group or the hydrogel group at both days 6
and 12 (Figure 4(c)). The maturity of the sub-epithelial
dermal matrix of the wound was determined using histo-
logical results by two trained clinicians. This evaluation
included the scoring of granulation tissue, inflammation,

fibroblasts, collagen deposition, and neovascularization
(Table S1).2° The sub-epithelial matrix maturation scores
of control, hydrogel, and hydrogel + BM-MSCs groups
were 0.83 = 0.75,2.00 = 0.89, and 2.83 = 0.75 after 6 days,
respectively; and 2.02 =£0.63,3.17 = 0.75,and 4.17 = 0.75
after 12 days, respectively. The DFUs treated with a hydro-
gel containing BM-MSCs exhibited higher maturation
scores than the hydrogel or control groups after either 6 or
12days. In addition, the level of maturation was also
greater in the hydrogel group than that in the control group
(Figure 4(d)).

Immunohistochemical staining of Ki67 and CD31 was
performed to investigate the proliferation of nucleated cells
and neovascularization, respectively. Increased expression
of Ki67-positive cells was exhibited in the hydrogel +
BM-MSCs group, compared with that in the hydrogel and
control groups on days 6 and 12. In addition, treatment with
hydrogel alone induced significantly higher Ki67 expres-
sion than the control group on days 6 and 12 (Figure 5(a, b)).
Furthermore, the expression of CD31-positive cells was
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increased in the hydrogel + BM-MSCs group (Figure
5(c)), which indicated that BM-MSCs stimulated angio-
genesis and promoted blood vessel formation in granula-
tion tissue (Figure 5(d)).

The hyperglycemia environment of DM delays wound
healing by inhibiting cell proliferation and migration, as
well as hindering collagen synthesis.*> Therefore, prefer-
able wound contraction and maturation were observed in
groups treated with hydrogel, which may have been con-
tributed to the combination of a clean and moist healing
environment, and the hypoglycemic effect of chitosan
(Figure S3).4%%" In addition, some growth factors, such as
TGF-B, VEGF, and bFGF, indicate a critical role in the
wound healing process.*® Thus, BM-MSCs may have con-
tributed to effective wound healing in the hydrogel +
BM-MSCs group by secreting TGF-B1, bFGF, and VEGF.
BM-MSCs can differentiate into effector cells involved in
wound healing (e.g., keratinocytes, endothelial cells, and
fibroblasts).** The results of Ki67 and CD31 staining
showed that BM-MSCs encapsulated in hydrogel pro-
moted proliferation of nucleated cells, neovasculariza-
tion, and played an active role in wound healing. The
histological and immunohistochemical results indicated

that hydrogel with BM-MSCs supported development of
granulation tissue, collagen deposition, neovasculariza-
tion, inhibited excessive inflammation, and accelerated
the healing process in DFUs.

Effect of hydrogel on inhibition of chronic
inflammation

DFUs are characterized by a chronic inflammatory micro-
environment. Macrophages play a critical role in all phases
during the healing phases and regulate wound healing pro-
gress, which includes two phenotypes: M1 (pro-inflamma-
tion) and M2 (pro-healing). The wound microenvironment
determines the macrophage functional phenotype.’**! We
evaluated potential mechanisms by which local applica-
tion of hydrogel and hydrogel + BM-MSCs promoted the
healing of DFUs. M1 and M2 macrophages are character-
ized by expression of CD86 and CD163, respectively.” As
shown in Figure 6(a) and (b), the mean density of CD86-
positive cells in the control group was 1.40-fold and 1.46-
fold higher than that in the hydrogel and hydrogel +
BM-MSCs groups at 6 days, respectively. And the signifi-
cant difference between the control group and the hydrogel
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and hydrogel + BM-MSCs groups still existed at 12 days.
In contrast, CD86 expression was similar between the
hydrogel group and hydrogel + BM-MSCs group
(p>0.05). In addition, the expression of CD163-positive
cells in the hydrogel + BM-MSCs group was 1.53-fold
and 1.67-fold higher than that in the control group at 6 and
12 days (p <0.01), respectively, and 1.57-fold higher than
that in the hydrogel group at 12days (p <0.05) (Figure
6(c) and (d)). These results indicated that the hydrogel
regulated the inflammatory microenvironment in diabetic
wounds, achieving a better healing effect in response to
BM-MSCs.

Although M1 macrophages show a critical role in host
defense, some inflammatory mediators, for instance, inter-
leukin-6 (IL-6) and tumor necrosis factor-o. (TNF-a),
which are released by M1 macrophages, can cause signifi-
cant tissue damage. M2 macrophages have been shown to
enhance wound healing, promote revascularization, and
reduce infection, resulting in inhibition of inflammation,
and regulation of the immune response.> Previous studies
have shown that BM-MSCs can inhibit M1 macrophage
activation, and stimulate M2 macrophage activation,
resulting in alleviation of the chronic inflammatory
response in the diabetic wound microenvironment.>* In

the present study, our hydrogel inhibited M1 polarization,
and slightly, but not significantly, increased M2 polariza-
tion. However, M2 macrophages were increased dramati-
cally in response to the hydrogel that contained BM-MSCs,
which agreed with our previous findings that BM-MSCs
had an immunomodulatory effect.***> In summary, the
hydrogel had the ability to modulate chronic inflammation
and provided an optimal environment for BM-MSCs to
promote wound healing.

Effect of hydrogel on the quality of wound
healing

Wound healing of DFUs resulted in scar formation in each
group 28 days after treatment. The quality of wound heal-
ing was evaluated using H&E staining (Figure 7(a)). The
number of regenerative sebaceous glands was significantly
increased in the hydrogel + BM-MSCs group (6.67 = 2.08)
than the control group (3.33 £1.53) (Figure 7(b)). The
hydrogel group showed relatively sparse new sebaceous
glands in the center of the wound. However, almost no
newborn sebaceous glands were observed in the center of
the regenerative skin in the control group. The develop-
ment of new hair follicles was consistent with that observed
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for new sebaceous glands. As displayed in Figure 7(c),
new hair follicles of the control, hydrogel, and hydrogel +
BM-MSCs groups were 3.33*+1.52, 4.67*=1.52, and
8.00 £2.05, respectively. Previous studies have demon-
strated that BM-MSCs can differentiate into sebaceous
gland cells and hair follicle cells.*® In our study, topically
delivered BM-MSCs may have contributed to the forma-
tion of the hair follicle and sebaceous gland, which may
have significantly improved wound healing quality.

Conclusion

In this study, we prepared a novel biocompatible hydrogel
with injectable and self-healing properties by in situ crosslink-
ing of N-chitosan and ADH with HA-ALD to provide a moist
and inflammatory relief environment to promote stem cell
proliferation or secretion of growth factors, thus accelerating
DFUs wound healing. This hydrogel promoted the secretion
of growth factors from BM-MSCs, including TGF-f1, VEGF,
and bFGF. In vivo experiments indicated that this composite
hydrogel inhibited chronic inflammation, promoted granula-
tion tissue formation, collagen deposition, and nucleated cell
proliferation, and stimulated neovascularization, which
resulted in enhanced healing of DFUs. In summary, our
N-chitosan/HA-ALD hydrogel regulated chronic inflamma-
tion in DFUs and provided an optimal environment for
BM-MSCs to enhance wound healing. This formulation rep-
resents a potential avenue for the treatment of DFUs.
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