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Exposed chronic wounds are usually covered by hypoxic tissues accompanied with necrosis, persistent inflam-
mation and anaerobic infections. Since atmospheric oxygen air can only penetrate about 0.3 mm tissues,
meanwhile oxygen from the circulation is difficult to reach chronic wounds through the destroyed blood vessels,
a solution to deliver oxygen locally and permeably is urgently needed. Herein we report a technique to reform
traditional gel-based wound dressings by adding lyophilized oxygen encapsulated nanoparticles, which can

deliver dissolved oxygen locally into wound surface. This delivery technique can potentially evaluate the ther-
apeutic effects on hypoxic epithelial, endothelial and fibroblasts in vitro. Further experiments confirm the effects
on both open wounds bearing and flap transplanted diabetic mice models. Considering its biocompatibility,
effectiveness and practicality, we believe our hydrogel has significant transformation value to care and accelerate
the healing of various clinical wounds, especially chronic wound.

1. Introduction

As a widespread disease, diabetes has affected more than 400 million
people worldwide, and the number of patients is expected to be more
than 640 million by 2040 [1,2]. Diabetes complications, particularly
chronic nonhealing wounds, have destructive effects on the quality of
life and markedly increase social health care costs [3-5]. About 70%
amputation limb amputations in worldwide are caused by diabetic foot
ulcer, while continuously effective therapies are still absent in recent
years [6-8]. Refractory nonhealing wounds in diabetes are primarily
due to lower oxygenation, microvascular occlusion, bacterial coloniza-
tion in a high glucose environment and peripheral neuropathy [9-11].
Among them, local wound hypoxia is a significant reason for poor
wound healing [12,13].
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Oxygen is indispensable in human energy production and can
generate adenosine triphosphate through aerobic glycolysis [14,15].
During wound healing, sufficient oxygenation is critical because repar-
ative processes such as collagen synthesis and attacking bacterial and
cell multiplication require abundant energy [16,17]. However, the ox-
ygen supply of diabetic chronic wounds is severely inadequate because
of damaged blood vessels, permeation and high metabolic demands. In
the necrotic area, tissue oxygen is usually less than 10 mmHg (while
transcutaneous oxygen levels of normal tissue are approximately 40
mmHg) [18,19]. Existing methods, whether hyperbaric oxygen therapy
or topical oxygen therapy, have difficulty relieving wound hypoxia [20,
21]. Damaged blood vessels limit blood oxygen diffusion through cir-
culation, and tissue tightness limits gaseous oxygen permeation into
wounds. In these cases, the scheme of topical dissolved oxygen therapy
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was proposed, which aims to partially administer hyperbaric dissolved
oxygen into wet healing wounds, improving oxygen penetration and
absorption in tissues [22,23]. However, to date, this method relies on
hyperbaric oxygen generators, which are inconvenient to use and in-
crease the risk of wound infection [24-26].

Considering that wound dressings are the most frequently used daily
care products for patients with both moist healing and antibacterial
functions, we believe that developing wound dressings to deliver moist
oxygen will be a valuable improvement for chronic wound care. To
achieve this goal, we report a lyophilized nanometre additive that can
dissolve and deliver oxygen. This additive contains perfluorodecalin-
encapsulated albumin nanoparticles (FDC@HSA), called nano-
oxygenated (NOX) powder. As a safe oxygen-carrying material, per-
fluorodecalin is clinically used in vitreoretinal surgery and artificial
blood and commonly studied to deliver oxygen in our previous works
[27-29]. Consecutive nanoemulsifying and free-drying methods were
further developed to make perfluorodecalin stable and easy to use in
dressings.

Next, we mixed the NOX powder into a hyaluronate gel to form a
nano-oxygenated gel (NOX-gel) and tested its synergistic ability with
dressings through controlled experiments. The anti-hypoxia efficacy of
NOX-gel was first confirmed by in vitro assays on hypoxic epithelial cells,
endothelial cells and fibroblasts. Next, the oxygen delivery and healing
ability were evaluated stepwise in a mouse acute wound model, diabetic
chronic wound model and skin flap transplantation model. NOX was
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demonstrated to relieve cell hypoxia, accelerate healing and promote
the survival of transplanted skin flaps. We believe that this invention has
good prospects for transformation and application.

2. Results

Preparation and characterization. FDC@HSA was first prepared
by ultrasound emulsification and high-pressure homogenization and
then lyophilized into NOX powder under the action of protective agents.
NOX-gel was further formed by mixing the lyophilized powder with
clinical gel dressings such as hyaluronate and alginate. After application
to wounds, NOX-gel was expected to deliver and release dissolved ox-
ygen by perfluorodecalin nanoparticles to overcome local hypoxia and
promote tissue regeneration (Fig. 1a).

In the following experiments, we chose the widely used 1% sodium
hyaluronate gel as the matrix of NOX-gel and the experimental control
group. Blank hyaluronate gel (Gel), hyaluronate gel containing only
human serum albumin (Gel + albumin), NOX powder, and NOX-
containing hyaluronate gel (NOX-gel) were separately photographed.
NOX powder dissolved and dispersed well in hyaluronate gel, and NOX-
gel appeared milky white because of the presence of perfluorodecalin
nanodroplets (Fig. 1b). Nanoparticles were observed in NOX-gel under
an electron microscope (Fig. 1c), and the average hydrodynamic
diameter of the NOX-gel measured by dynamic light scattering was
approximately 496.3 nm (Fig. 1d). Additionally, the oxygen

Fig. 1. Schematic diagrams and character-
izations of NOX-gel. a Schematic illustration
of the structure and chronic wound treat-
ment of NOX-gel. 1. Structure and composi-
tion of NOX powder. 2-3. Once added into
clinical wound gel and cover chronic wound,
NOX-gel released the dissolved oxygen from
itself to overcome local lower oxygenation. b
Photographs of different kinds of gel. ¢ TEM
image of NOX-gel. The scale bars are 500
nm. Inset on the top right shows the high
definition TEM results. The scale bars are
200 nm d Hydrodynamic diameter of NOX-
gel.
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concentration in NOX-gel was approximately 330 pmol/L, 360 pmol/L
in FDC@HSA solution and 250 pmol/L in phosphate buffered saline
(PBS), indicating little difference in the oxygen content before and after
lyophilization (Fig. S1). These characterizations confirmed that
FDC@HSA was successfully lyophilized and that the NOX-gel was well
restored in use.

NOX-gel enhances cell migration and angiogenesis in vitro.
Wound healing involves many cell types. Herein, we selected three key
cell lines—keratinocytes, endothelial cells and fibroblasts—and the ef-
fects of NOX-gel on different cell lines were evaluated in vitro. To
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simulate the hypoxic injury environment, an extensively used hypoxia-
mimetic agent, CoCly was used and coincubated with cells to block
degradation, further promoting the accumulation of hypoxia-inducible
factor 1-a (HIF-1a) protein, which is a critical regulator of the cellular
response to hypoxia [30-32]. The relative viability of human skin
fibroblast (HSF) cells incubated with different concentrations of CoCl,
was tested, and 600 pM CoCl; for 24 h was selected to mimic cellular
hypoxia because of the half inhibitory concentration in cells (Fig. 2a).
The expression of HIF-1a« in different groups was then monitored and
quantified. Cells under normoxic conditions showed the lowest HIF-1a
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Fig. 2. Invitro cytotoxicity and therapeutic effect of wound healing using NOX-gel. a Relative cell viability of HSF cells after incubation with different concentration
of CoCl;, for 24 h. Data is shown as mean + SD (n = 6). ***p < 0.001. b, ¢ Western blots and quantitative analysis of HIF-1a protein level in HSF cell supernatant. Data
is shown as mean + SD (n = 3). **p < 0.01. d Relative cell viability of HSF cells using CCK-8 kit after various treatments. e Branching point number of HUVEC cells
tube formation after various treatments. Data is shown as mean + SD (n = 3). **p < 0.01. f Relative wound healing rate of HaCaT cells at different time points after
various treatments. Data is shown as mean + SD (n = 3). **p < 0.01. g The vasculogenic potential of HUVEC cells is determined by endothelial cell tube formation.
The scale bars are 200 pm h The migration capability of HaCaT cells is determined by cell wound healing assay 24 h after wounded. The scale bars are 200 pm.
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expression, hypoxic cells treated with or without Gel both showed the
highest HIF-1la expression, and hypoxic cells treated with NOX-gel
showed intermediate expression (Fig. 2b and c). These results
confirmed that CoCl, (600 pM, 24 h) treatment successfully mimicked
cellular hypoxia and led to high HIF-1a expression. Additionally, NOX-
gel, but not normal gel, protected against hypoxia and downregulated
HIF-1a. Fibroblast proliferation plays an essential role in wound healing.
Next, we evaluated the relative cell viability, which indicated that the
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NOX-gel has notable granulation tissue potential by releasing oxygen,
further reversing cell hypoxia for HSF proliferation (Fig. 2d). The rela-
tive HIF-1a and VEGF mRNA level in HSF cells performed similar trend
in these four groups (Fig. S2a, b).

Angiogenesis is critical to recovering the continuous oxygen supply
in chronic wounds. In this case, tube-formation experiments in human
umbilical vein endothelial cells (HUVECs) were performed to identify
the angiogenic capacity of NOX-gel. Fewer branching points were found
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Fig. 3. NOX-gel promotes wound healing in diabetic mice. a Digital photograph of wounds healed at different time points after various treatments. b Healing fraction
of wound in diabetic mice at different time points after various treatments. ¢ Complete healing time in diabetic mice after various treatments. d Healing rate of
wound in diabetic mice at different time points after various treatments. e H&E and Masson staining of skin tissue sections ten days after wounding. The scale bars are
100 pm f Granulation tissue thickness of skin tissues after various treatments through H&E staining. g Epithelial tissue thickness of skin tissues after various
treatments through Masson staining. h Collagen volume fraction of skin tissues after various treatments through Masson staining. Data is shown as mean + SD (n =

6). *p < 0.05, **p < 0.01 and ***p < 0.001.
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in the hypoxia and hypoxia + Gel groups than in the normoxia group,
illustrating that hypoxia inhibited cell vasculogenic potential (Fig. 2e,
g). Interestingly, the branching point number was increased signifi-
cantly in the hypoxia + NOX-gel group (**p < 0.01), indicating that
enhanced vessel formation likely occurred because of oxygen delivery
from the NOX-gel.

The migration of keratinocytes plays a critical role in re-
epithelialization and wound closure, and the ability of NOX-gel to pro-
mote the migration of hypoxia-induced human immortalized keratino-
cytes (HaCaTs) was investigated using the scratch wound assay. Hypoxic
cells treated with NOX-gel migrated and filled the scratch within 24 h,
control hypoxic cells and hypoxic cells with hyaluronate gel treatment
both failed to complete the migration within 24 h; the wound area was
still present in the hypoxia (29.29% =+ 3.77%) and hypoxia + gel
(22.43% =+ 4.18%) groups, respectively (Fig. 2f, h). Cells treated with
NOX-gel for 24 h exhibited almost no wound area. The scratch wound
assay images of each group at different time points (0, 6, 12, 24 h) are
shown in Fig. S3. Additionally, wound healing assay of normal human
epidermal keratinocytes (NHEK) exhibited the same trend (Fig. S4a, b).
Thus, NOX-gel can support keratinocyte migration and proliferation in a
hypoxic environment.

NOX-gel promotes acute and chronic diabetic wound healing.
To verify whether NOX-gel can enhance cell proliferation and angio-
genesis in vivo, we first evaluated NOX-gel in an acute wound healing
model without diabetes. Superior efficacy of NOX-gel was demon-
strated, and wounds in the NOX-gel group healed faster than those in the
other three groups (Fig. S5a). The wound area in the NOX-gel group was
also significantly smaller 6 and 8 days after treatment (Fig. S5b).
Additionally, increased granulation tissue thickness, affluent neo-
vascularization and more collagen volume were observed following
H&E and Masson staining of skin tissue 10 days after treatment with
NOX-gel (Fig. S5¢).

Next, we monitored the therapeutic effect of NOX-gel in a diabetes
mellitus (DM) wound healing model to simulate chronic wound healing.
A diabetic mouse model was prepared by streptozotocin injection and
high-fat diet feeding. The body weight curves (Fig. S6a) and blood
glucose values (Fig. S6b) in each group at different time points after
wounding indicated the successful establishment of this diabetic model.
The mice were divided into the following 4 groups: normal mice, dia-
betic mice, diabetic mice treated with Gel + albumin and diabetic mice
treated with NOX-Gel.

Daily treatment of wounds with NOX-gel accelerated wound healing
compared with untreated diabetic wounds and treatment with gel
(Fig. 3a). Additionally, wounds in the DM + NOX-gel group healed faster
than untreated wounds without diabetes (Fig. 3b). Furthermore, wounds
required approximately 10.4 days to heal completely in the DM + NOX-
gel group but approximately 18.0 days in the DM group (Fig. 3c).
Compared with the DM group, the diabetic model treated with NOX-gel
exhibited a significantly accelerated wound healing rate 4 days after
treatment (Fig. 3d). Such successful rapid wound closure might be
attributed to NOX-gel, which can transport oxygen to wound tissues,
further alleviating lower oxygenation.

Additionally, H&E and Masson staining procedures were conducted
for histopathological analysis (Fig. 3e). Wounds in the DM + NOX-gel
group closely resembled the normal epidermis of intact skin with a
multilayered epithelium structure. Granulation tissue thickness in the
DM + NOX-gel group (1233.33 + 222.88 pm) was significantly higher
than that in the DM group (546.67 + 86.05 pm) and Gel group (584.02
+ 26.51 pm). Additionally, epithelial tissue thickness exhibited the same
trend as granulation in the four groups (Fig. 3f and g). Furthermore,
wounds treated with NOX-gel generated significantly more collagen
(blue stained) than those treated with other dressings (Fig. 3h). The
above results identified that NOX-gel promoted the granulation, reepi-
thelialization and collagen generation of refractory nonhealing wounds
in diabetes.

NOX-gel attenuates hypoxia and promotes angiogenesis in
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diabetic wounds. To test whether the rapid wound closure of NOX-gel
might be attributed to its delivery of oxygen to wound tissues, further
alleviating lower oxygenation, additional immunohistochemistry (IHC)
analysis with HIF-1a antibodies (brown cells) was performed, further
proving that treatment with NOX-gel could successfully prevent hypoxia
(Fig. 4a). Additionally, the HIF-la-positive cell density in the DM +
NOX-gel group was significantly lower 6 and 12 days after intervention,
confirming that this gel could continuously ameliorate hypoxic condi-
tions in diabetic wounds (Fig. 4b).

The number of microvessels plays a key role in wound healing, likely
explaining why NOX-gel promoted rapid facilitation of refractory non-
healing wounds. CD31 staining (red stars) was further performed to
monitor the neovascularization ability after various treatments during
the wound healing process (Fig. 4c). Many more CD31-positive micro-
vessels were observed in the DM + NOX-gel group (30.41 + 2.52) than
in the DM group (15.23 + 1.53) and gel group (16.37 + 2.08) 12 days
after intervention (Fig. 4d). Additionally, the relative HIF-1a and VEGF
mRNA level also demonstrated that NOX-gel could effectively amelio-
rate hypoxia for promoting angiogenic factors expression in diabetic
wounds (Fig. S7a, b).

In addition to angiogenesis, local inflammation also plays a critical
role in the wound healing process. IHC staining of CD68 (red arrows)
was performed to monitor local inflammation after various treatments
during the wound healing process (Fig. 4e). The CD68-positive macro-
phage density in the DM and gel groups was significantly higher than
that in the DM + NOX-gel group 6 and 12 days after intervention,
indicating that NOX-gel could alleviate local inflammatory reactions
continuously, even in the early and middle stages of the wound healing
process (Fig. 4F). These results indicate that NOX-gel can reduce
inflammation, promote neovascularization and ameliorate hypoxic
conditions, further facilitating refractory nonhealing wounds faster in
diabetes.

Skin flap survival model and treatment. Severe chronic wounds
usually require skin flap transplantation, but hypoxia can lead to a
failure to establish a blood supply of the flap in time, leading to necrosis.
We hypothesized that NOX-gel promoted random skin flap regeneration
in a skin flap survival model. We established this model in a previous
study [33]. Briefly, a 2 cm x 1 cm rectangular skin flap was elevated and
separated from the underneath soft tissue; its connection with any blood
vessel was then cut thoroughly (Fig. S8a-d). Non-diabetic and diabetic
mice without treatment served as the control group; diabetic mice were
also treated with normal gel and NOX-gel.

Next, the skin flap was covered to its primary position, and the
hydrogel was injected on the corresponding skin flap for treatment.
Transparent dressing was finally used to bandage the wound for
continuous treatment. The body weight curves (Fig. S9a) and blood
glucose values (Fig. S9b) in each group at different time points after
moulding indicated the successful establishment of this diabetic model.
The blood flow on the skin flap was monitored using Doppler flowmetry
to identify whether the blood supply of the skin flap could be influenced
by different treatments.

NOX-gel enhances skin flap survival and angiogenesis in dia-
betes. The skin flap survival rates were evaluated by monitoring blood
flow using Doppler flowmetry, and the blood flow intensities were dis-
played in an ascending sequence of blue, green and red (Fig. 5a). The
blood supply of the skin flap disappeared only in the cut-off area (three
sides of the rectangle) at 0 days after modelling. As the day progressed,
the blood supply of the skin flap in the DM and gel groups decreased,
while that in the DM + NOX-gel group gradually recovered. Doppler
imaging revealed that a large part of the skin flap in the DM and gel
groups exhibited faint yellow necrosis, while only a small part of the skin
flap in the control group was necrotic. Interestingly, the skin flap in the
NOX-gel group exhibited a healthy red colour and looked like normal
skin with an adequate blood supply (Fig. S10). Additionally, the average
necrosis rate in the DM + NOX-gel group (4.21% + 2.39%) was signif-
icantly lower than that in the control (27.87% + 4.15%), DM (76.43% =+
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7.54%) and gel groups (74.62% =+ 4.62%) 6 days after treatment
(Fig. 5b). The postoperative incision closure length in the DM + NOX-gel
group grew the fastest, followed by that in the control group. The
postoperative incision closure lengths in the DM and gel groups did not
grow during the 6-day treatment (Fig. 5¢).

H&E and Masson staining procedures were conducted for histo-
pathological analysis (Fig. 5f and g). The granulation tissue thickness in
the DM + NOX-gel group (647.23 + 42.10 pm) was significantly higher
than that in the DM group (422.69 + 73.60 pm) and gel group (496.91 +
11.79 pm) 6 days after treatment. Additionally, wounds treated with
NOX-gel generated significantly more collagen (blue stained) than those
treated with other dressings (Fig. 5e). The above results identified that
NOX-gel promoted granulation and collagen generation, further
increasing the skin flap survival rates in diabetes.

TdT-mediated dUTP nick-end labelling (TUNEL), Caspase-3, HIF-1a
and vascular endothelial growth factor (VEGF) immunofluorescence (IF)
staining of skin flaps was tested at Day 6. TUNEL and Caspase-3 staining
was monitored to detect the apoptosis of transplanted skin flap tissue
(Fig. 6a). The DM group had the most apoptotic skin cells, while NOX-
gel effectively reversed apoptosis and promoted survival (Fig. 6b and
c). The mechanism of VEGF in the healing of diabetic wounds has been
comprehensively studied; in particular, VEGF promotes angiogenic ac-
tions by binding to the endothelial cell membrane [34]. To test our
hypothesis that the delivered oxygen from NOX-gel promoted the

survival of transplanted skin flaps, HIF-la and VEGF staining was
further performed to explore why NOX-gel increased the skin flap sur-
vival rates in diabetes. Consistent with the observations of hypoxia and
angiogenesis in diabetic wound healing, HIF-1a expression in the DM +
NOX-gel group was significantly lower 6 days after intervention,
demonstrating that this gel could continuously transport oxygen to the
diabetic skin flap, further ameliorating hypoxic conditions (Fig. 6d). The
relative VEGF expression in the DM + NOX-gel group (151.61% =+
11.42%) was significantly higher than that in the DM group (39.98% +
14.35%) and gel group (48.21% =+ 10.54%), likely explaining why these
dressings can protect the transplanted skin flap tissues from necrosis
(Fig. 6d). These results indicated that NOX-gel could ameliorate hypoxic
conditions, further promote the capability of neovascularization and
protect skin flap tissues from necrosis, increasing the skin flap survival
rates in diabetes.

3. Discussion

The healing of diabetic wounds is limited by an inadequate local
oxygen supply. Considering that wound dressings are the most
commonly used wound care for patients, we believe that dressings with
an extra oxygen supply capacity can contribute to healing wounds,
preventing gangrene and amputation, and they are more practical for
patients than other oxygen delivery devices, such as chambers.
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Based on our previous studies in perfluorocarbon-based oxygen de-
livery [27-29], we tried to add perfluorodecalin to gel dressings to
prepare oxygenated wound gels. Importantly, perfluorodecalin liquid
was clinically permitted as an eye surgery filler because of its biological
inertness and in artificial blood because of its oxygen capacity [35,36].
Furthermore, we prepared nanoencapsulated perfluorodecalin for better
wound penetration and lyophilized it into NOX powder for long-term
stability. Currently, many oxygen-generating biomaterials have been
reported and reviewed for tissue engineering for regenerative therapy,
such as wound healing [37]. As Lyophilized products, NOX powder
possess superior preservation and transport properties. Therefore, this
invention can be universally mixed into each commercial gel dressing,
showing good practical value for patient care.

Importantly, compared with normal hyaluronic gel, our hyaluronic
gel with NOX (NOX-gel) promote cell migration capability, vasculogenic
potential and cell viability by antagonizing the hypoxic environment in
epithelial cells, endothelial cells and fibroblasts. Additionally, our data
suggest a substantial curative effect on both chronic wound healing and
skin flap survival diabetic mouse models using NOX-gel, which can
reverse chronic wounds into acute healing and prolong the survival time

of transplanted skin flaps. Considering the superior curative effect, we
believe that it has good clinical transformation value to accelerate the
healing of various wounds. Additionally, NOX-gel worked as moist ox-
ygen delivered wound dressings at normal atmospheric pressure. Such
approach could only relieve hypoxic conditions without achieving
excessive oxygen content than normal tissues and causing hyper-
oxygenation damage to the tissue. The in vitro (Fig. S11a-c) and in vivo
(Fig. S12a-c) results also demonstrated the considerations that ROS
generation exhibited no significant difference between control and NOX-
gel conditions.

In summary, the crude material of these NOX additive agents con-
tains perfluorocarbons and human serum albumin, which have
demonstrated excellent biosafety in vivo. Additionally, NOX also effec-
tively overcame the risk of infection with superior preservation and
transportation. Considering the above superior characteristics, our NOX
technique can be used in diverse biomedical and clinical applications,
such as the preservation of transplanted tissue and organs and is not
limited to wound healing.
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Fig. 6. Immunofluorescence results of skin flap sections six days after operation. a TUNEL, Caspase-3, HIF-1a and VEGF immunofluorescence staining of skin flap
sections 6 days after operation. The scale bars are 100 pm b Relative TUNEL expression of each group six days after operation. ¢ Relative Caspase-3 expression of each
group six days after operation. d Relative HIF-1a expression of each group six days after operation. e Relative VEGF expression of each group six days after operation.

Data is shown as mean =+ SD (n = 6). *p < 0.05, **p < 0.01 and ***p < 0.001.

4. Methods

Preparation of Gel and NOX-gel. 10% hyaluronic acid and 4%
human serum albumin (200 mg/mL) were added into phosphate buffer
saline (PBS), and stirred for 24 h at ordinary temperature to get Gel.
FDC@HSA were synthesized according to our previous studies [27-29].
In briefly, 2.5 mL human serum albumin and dithiothreitol were added
into 10 mL deionized water to stir for 10 min, then, added 1 mL alcohol
(ethanol, 99.5%) into the above solution and continued stirring for 3
min. Next, 1.5 mL perfluorodecalin was added into the solution gradu-
ally in ice bath at 300 W ultrasound for 6 min. FDC@HSA were acquired
by centrifugating and resuspended with 10 mL PBS. Finally, 100 mg
hyaluronic acid was added into such solution and stirred for 24 h at
ordinary temperature. The 10 mL NOX-gel was successfully composed
contained 50 mg/mL human serum albumin, 150 pL/mL per-
fluorodecalin and 10 mg/mL hyaluronic acid. The oxygen content in
PBS, FDC@HSA solution (before freeze-drying) and NOX-gel (after
redissolution) were monitored through dissolved oxygen electrode.

Characterization of NOX-gel. FDC@HSA were firstly lyophilized to
acquire NOX powder and then redissolved by PBS. The morphology of
NOX-gel was examined using transmission electron microscopy (TEM,
TECNAI F20, FEI Company, USA). The hydrodynamic diameter of NOX-
gel was measured using dynamic light scattering (DLS, 90 Plus, Broo-
khaven Instruments Corp., USA).

Cells culture. The HSF, HaCaT and HUVEC cells were purchased

from the Shanghai Cell Biology Institute of Chinese Academy of Sci-
ences. The NHEK cells were purchased from PromoCell, Heidelberg,
Germany. Different cells were placed in corresponding medium as sup-
plemented with 10% heat-inactivated fetal bovine serum, 100 U/mL
penicillin and 100 pg/mL streptomycin in 5% CO5 at 37 °C (HSF cells in
DMEM medium, HUVEC and HaCaT cells in RPMI-1640 medium). The
NHEK cells were cultured in Keratinocyte Growth Medium 2
(PromoCell).

Measurement of cell viability. Cell Counting Kit-8 (CCK-8) assay
were purchased form Beyotime Biotechnology to evaluate the cell
viability. HSF cells were seeded at a density of 1 x 10* cells/well into the
lower chamber of 24-well transwell inserts with 8-pm pore-sizedfilters
(Corning, NY, USA) for 24 h. Then, different concentrations of CoCly
(0, 200, 400, 600, 800, 1000 and 1200 pM) were added into the lower
chamber and therapeutic gels were added into the lower chamber for 24
h co-incubation. Next, the cell viability of HSF was detected with CCK-8
kit by microplate reader. The appropriate concentration of CoCly was
selected for subsequent experiments.

Detection of hypoxia condition in HSF cells. The HSF cells were
divided into four groups to treated with Gel or NOX-gel. Whole Cell Lysis
Assay were purchased from Keygen Biotechnology to extract total pro-
teins in HSF cells. The extracted proteins were isolated on a 10% poly-
acrylamide gel and transferred to nitrocellulose membranes using the
wet transfer protocol. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and HIF-la monoclonal antibody obtained from Abcam



Z. Yang et al.

Technology were incubated with membranes overnight at 4 °C. The
bound antibodies with anti-rabbit secondary antibodies obtained from
Santa Cruz Biotechnology were measured and visualized using Pierce
chemiluminescent substrate. Finally, the western blotting results were
photographed using FLICapture and analyzed using ImageJ software. As
for the quantitative real-time polymerase chain reaction (QRT-PCR) re-
sults in vitro, HSF cells were divided into four groups to treated with Gel
or NOX-gel. After various treatments, RNA was extracted through TRIzol
reagent and subjected to reverse transcription using RevertAid First
Strand cDNA Synthesis Kit. The relative HIF-1a and VEGF mRNA level in
HSF cells were then calculated using GAPDH the internal control gene.

Tube-formation experiment. Matrigel® basement membrane ma-
trix was mixed with RPMI-1640 medium in 1:2 ratio. Then, 300 pL
mixture was added in each well and solidified for 30 min at 37 °C.
HUVEC cells were then seeded into the lower chamber of 24-well plates
(4 x 10* cells/well). Then different therapeutic gels were added to the
lower chamber for co-incubation. Subsequently, the scratched area was
photographed using Leica microscope 6 h after co-incubation. The
branching point number of endothelial cell tube formation was calcu-
lated using ImageJ software.

Measurement of cell-migration capability. HaCaT and NHEK cells
were seeded in the lower chamber of 24-well plates (4 x 10* cells/well)
for 24 h. Next, cell surface was scratched along a straight line using 200
pL pipetting barrel to establish wounds in each well and washed by
medium to remove cell debris. Then different therapeutic gels were
added to the lower chamber for 24 h co-incubation. Subsequently, the
scratched area was photographed using Leica microscope at indicated
time points (0, 6, 12 and 24 h after wound). The relative wound healing
rate was calculated using ImageJ software.

Acute wound healing model and treatment. Balb/C male mice
(about 25 g in weight) were purchased from Model Animal Research
Center of Nanjing University. All animal experiments were approved by
the Institutional Animal Care and Use Committee of Nanjing University
and strictly abide by the Guidelines for Care and Use of Laboratory
Animals of Nanjing University. Balb/C mice were first anaesthetized
with sodium pentobarbital, then their back hair was shaved using an
electric clipper and disinfect using 70% ethanol. A round full-thickness
wound with a radius of 1.5 cm was created on mice using ophthalmic
scissors. Mice in the control group were disinfected using 70% ethanol,
dried and then treated using PBS. Mice in Gel, Gel + albumin and NOX-
gel group were disinfected using 70% ethanol, dried and then treated
using 500 pL corresponding gel. To make the gel to deliver oxygen more
efficiently, 3 M™ Tegaderm™ transparent dressing was used to bandage
the wound. The wound area and wound image were monitored and
photographed every 2 days until the wounds were completely healed.
After 10 days, mice were sacrificed and their wound tissues were
collected, washed with PBS for further histopathological analysis.

Chronic wound healing model and treatment. The Balb/C mice
were fasted for 6 h firstly and then intraperitoneally injected concen-
tration of 10 mg/mL streptozotocin ith the indicated dose (100 mg/kg
mice). The diabetes mouse model was successfully established when its
fasting blood glucose value exceeded 16.7 mmol/L for 3 days. Then, the
diabetic mice were first anaesthetized with sodium pentobarbital, then
their back hair was shaved using an electric clipper and disinfect using
70% ethanol. A round full-thickness wound with a radius of 1.5 cm was
created on mice using ophthalmic scissors. Normal mice without dia-
betes were included in the Non-DM group. Diabetic mice were included
in the DM, DM + gel and DM + NOX-gel groups. In the Non-DM and DM
groups, mice were disinfected using 70% ethanol, dried and then treated
using PBS. While, in the DM + gel and DM + NOX-gel groups, mice were
disinfected using 70% ethanol, dried and then treated using 500 pL
corresponding gel and with 3 M™ Tegaderm™ transparent dressing on
the wound. The body weight, blood glucose value, wound area and
wound image were monitored and photographed every 2 days. After 10
days, mice were sacrificed and their wound tissues were collected,
washed with PBS and added into 4% paraformaldehyde fix solution for
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further histopathological and IHC analysis.

Histopathological, ITHC and qRT-PCR analysis. For the histo-
pathological analysis, paraffin sections of 6 and 12 days after treatment
were stained with hematoxylin and eosin staining kit (H&E, Keygen
Biotechnology) and Masson staining kit (Keygen Biotechnology) ac-
cording to the manufacturer description. The histopathological images
were acquired using Leica microscope. The granulation tissue thickness,
epithelial tissue thickness and collagen volume fraction of skin tissues
were analyzed and calculated using ImageJ software. For the IHC
analysis, the slices were incubated with the CD68, CD31 and HIF-1a
monoclonal antibody (Abcam Technology) overnight at 4 °C. Then,
horseradish peroxidase conjugated goat anti-rat secondary antibody was
added according to the manufacturer’s protocol for another 30 min
cocultured at 37 °C. The IHC images of these sections were acquired
using Leica microscope. The CD68-positive macrophages density, CD31-
positive microvessels density and HIF-la-positive cell density were
analyzed and calculated using ImageJ software. The RNA of skin wound
tissues was extracted using TRIzol reagent according to the manufac-
turer’s instructions and subjected to reverse transcription using Rever-
tAid First Strand cDNA Synthesis Kit. The relative HIF-1a and VEGF
mRNA level of skin wound tissues were then calculated using p-actin the
internal control gene.

Skin flap survival model and treatment. The diabetic mice were
anaesthetized and a 2 cm x 1 cm rectangular area in the dorsal side of
mice was marked. Then, the mice were incised three sides of rectangle to
separate the skin flap from the underneath soft tissue clearly, and
completely cut off the connection of such skin flap with any blood vessel.
Subsequently, to cover the skin flap back to its primary position
completely and suture the incision according to its original condition
carefully. In the Non-DM and DM groups, mice were disinfected using
70% ethanol, dried and then treated using PBS. While, in the DM + gel
and DM + NOX-gel groups, mice were disinfected using 70% ethanol,
dried and then treated using 1 mL corresponding gel. The 3 M™ Tega-
derm™ transparent dressing was also used to bandage the wound for
continuously treatment. The blood flow and necrosis on the skin flaps
were monitored using moorVMS-LDF1-HP doppler flowmetry (Moor
instruments). Briefly, the average necrosis rate was calculated as the
ratio of necrotic area (blue as barely blood flow intensity) to total area
(2 cm x 1 cm rectangular area). The body weight, blood glucose value,
flap image and postoperative incision closure length were monitored
and photographed every 2 days. After 6 days, mice were sacrificed and
their treated skin flap tissues were collected, washed with PBS, and
added into 4% paraformaldehyde fix solution for further analysis.

Histopathological and IF analysis. For the histopathological
analysis, paraffin sections were stained with H&E and Masson staining
kit according to the manufacturer description. The histopathological
images were acquired using Leica microscope. The granulation tissue
thickness and collagen volume fraction of skin tissues were analyzed and
calculated using ImageJ software. For the IF analysis, the skin flap tissue
sections were embedded into optimal cutting temperature (OCT) com-
pound further cryo-sectioned into frozen sections with 8-um-thick in
liquid nitrogen. The sections were washed using ice-cold acetone to
remove the OCT wrapped around them, continued washing with PBS
and the unspecific antigens were then blocked with 5% BSA blocking
solution for 1 h. Next, they were incubated with the HIF-1la, VEGF,
TUNEL and Caspase-3 monoclonal antibody (Abcam Technology)
overnight at 4 °C. Then, the FITC-conjugated goat anti-rat secondary
antibody (cwbiotech) was added according to the manufacturer’s pro-
tocol. The IF images of these sections were acquired using Leica confocal
laser scanning microscope (CLSM). The relative HIF-1a, VEGF, TUNEL
and Caspase-3 expression of each group were analyzed and calculated
using ImageJ software.

ROS concentration in cells and chronic wound tissue. We used
DCFH-DA fluorescent probes to evaluate the ROS scavenging ability of
NOX-gel for promoting wound healing in vitro. The control group was
cultured with DMEM, while NOX-gel group was added NOX-gel into the
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upper chamber of 24-well transwell at 37 °C. After 24 h at room tem-
perature, all the above HSF cells incubated with DCFH-DA fluorescent
probes in dark for 30 min, were imaged under a CLSM and quantified
using ImageJ software. As for chronic wound tissue, the skin flap tissue
sections were embedded into OCT compound further cryo-sectioned into
frozen sections with 8-pm-thick in liquid nitrogen. The sections were
washed using ice-cold acetone to remove the OCT wrapped around
them, continued washing with PBS and the unspecific antigens were
then blocked with 5% BSA blocking solution for 1 h. Then, the slices
were incubated with the antibody DCFH-DA at 4 °C overnight, after
washed with PBS for three times, DAPI was used to stain nuclei for 10
min. The sections were imaged with fluorescence microscope and
quantified using ImageJ software. The ROS concentration was detected
through enzyme linked immunosorbent assay (ELISA). Human ROS
ELISA Kit and Mouse ROS ELISA Kit were purchased from Shanghai
Enzyme-linked Biotechnology (Shanghai, China). Briefly, the superna-
tant fraction of HSF cells and chronic wound tissues were collected
performed the immunoassays according to the manufacturer’s in-
structions. All assays were duplicated for three times and each sample
was retested six times for quality control.

Statistical analysis. All statistical analyses were performed using
the GraphPad Prism (version 5.01) software. Data is shown as mean +
standard deviation (SD). Student’s t-test was used between two groups
and one-way ANOVA was used to analyze means more than two groups,
which were followed by the Student-Newman-Keuls tests for multiple
comparisons. The *p < 0.05, **p < 0.01 and ***p < 0.001 were
considered as statistically significant difference.
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