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ABSTRACT: The challenge of healing diabetic skin wounds presents a
significant hurdle in clinical practice and scientific research. In response to this
pressing concern, we have developed a temperature-sensitive, in situ-forming
hydrogel comprising poly(n-isopropylacrylamide; s-co-n-butyl acrylate,) -poly- N
(ethylene glycol) -poly(n-isopropylacrylamide,¢-co-butyl acrylate,) copolymer, P
denoted as PEP, in combination with zinc oxide nanoparticles, forming what we
refer to as PEP-ZnO hydrogel. The antimicrobial properties of the PEP-ZnO
hydrogel against methicillin-resistant Staphylococcus aureus were rigorously
assessed by using the bacteriostatic banding method. In vitro evaluations
encompassed examinations of hemocompatibility and biocompatibility. The
study further employed a diabetic Sprague—Dawley (SD) rat whole-layer
trauma model for comprehensive in vivo analyses. In vivo healing assessments
revealed the potential of the PEP-ZnO hydrogel, characterized by increased

PEP zno

B S s o

s

—2w,

PEP-ZnO Hydrogel

o __ Y

In-vivo diabetic wound model Diabetic wound

Scar

Healed wound

collagen deposition and enhanced vascularization at the trauma site, thus significantly expediting the healing process. Collectively,
these findings endorse the PEP-ZnO hydrogel as a safe and effective dressing for addressing chronic wounds in diabetic patients.
This hydrogel not only holds promise for improving the quality of life for diabetic individuals grappling with chronic wounds but also

represents a noteworthy advancement in wound care.

B INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disorder that
frequently leads to skin complications." Nearly $00 million
individuals worldwide grapple with diabetes, and this number
is expected to surge in the coming years.” Vascular damage
induced by elevated blood glucose plays a pivotal role in severe
diabetic complications.3 Disturbingly, one-third to one-fifth of
people with DM will experience chronic, nonhealing wounds,
like diabetic foot ulcers (DFUs), during their lifetime,
significantly diminishing the quality of life and imposing a
substantial social and economic burden on healthcare
systems.* ™

Despite debridement, wound dressing, lesion decompres-
sion, antimicrobial measures, peripheral vascular disease
management, and conventional glycemic control, treatments
for DFUs remain insufficient for chronic wounds.” Notably,
84% of all lower-limb-amputations caused by diabetes are
DFU-related, resulting in significant psychological distress and
sometimes death.” Consequently, devising superior strategies
for managing diabetic chronic wounds has a central objective

and polymer bandages are ineffective at maintaining a moist
wound environment or preventing bacterial infection."’
Contrast, hydrogels have become more popular due to their
high-water content and three-dimensional (3D) architecture.
To accelerate the healing of damaged skin, wound dressings
may be enriched with antimicrobials, antioxidants, cytokines,
or therapeutic stem cells.'* Thus, designing biomaterials that
effectively regulate cellular biological activities in the wound
microenvironment, especially during tissue remodeling, heal-
ing, and inflammation, is now essential.">'® Such materials can
potentially provide an ideal milieu for long-term skin injury
healing. In situ forming hydrogels have emerged as a viable
material for wound treatment, according to recent develop-
ments.'” An ideal in situ-forming hydrogel wound dressing
should possess antibacterial properties against drug-resistant
bacteria like methicillin-resistant Staphylococcus aureus
(MRSA), and rapid in situ gelation with high stability,
injectability, and safety.'®"’

for both scientific research and clinical practice.'’ Rec?ived: September 19, 2024
Hemostasis, inflammation, proliferation, and remodeling are Revised:  December 1, 2024
the four overlapping phases of the intricate process of healing Acce_}’ted’ December 9, 2024
diabetic chronic wounds.'"'* Many types of wound dressings Published: December 17, 2024
have been developed recently to facilitate this process.
Conventional wound dressings such as gauze, cotton wool,
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Combating infections represents a major clinical challenge in
diabetic wound care.”® Conventional synthetic organic anti-
biotics often demonstrate limited efficacy against MRSA.”!
Thus, nanoparticles with antimicrobial properties, such as zinc
oxide, graphene oxide, and titanium dioxide, have garnered
substantial research interest.”” Zinc oxide (ZnO) nanoparticles
are promising candidates for active components in wound
dressings due to their antibacterial properties and ability to
stimulate angiogenesis and fibroblast proliferation.””** This
work presents an irreversible, temperature-sensitive in situ-
forming hydrogel to create a multifunctional antibacterial
prohealing hydrogel that accelerates the healing of diabetic
chronic wounds.

ZnO nanoparticles are incorporated within this hydrogel and
are well-known for their antibacterial properties. This
irreversible hydrogel forms in situ upon meeting the wound,
providing long-term wound dressing efficacy through its
unique combination of biosafety, antimicrobial activity against
MRSA, and wound-healing stimulation. Based on trials
performed on skin wounds, this hydrogel shows promise for
accelerating the healing of chronic diabetic lesions.

B MATERIALS AND METHODS

Preparation of PEP Copolymers. Briefly, 3.4 g of 2-
bromo-2-methylpropionyl bromide (14.8 mmol), 15.0 g of
PEG (3.75 mmol, 4 kDa), and 1.8 g of triethylamine (17.8
mmol) were added into 150 mL of dichloromethane and
stirred under N, at 0 °C. After 72 h, the macroinitiator (Br-
PEG-Br) was obtained by dialysis against water followed by
freeze-drying.”> PEP copolymers were synthesized by typical
atom transfer radical polymerization as follows: 2.5 g of
NIPAM (22.1 mmol), 0.16 g of nBA (1.2 mmol), 28.6 mg of
CuCl (0.3 mmol), and 0.21 g of macroinitiator (0.05 mmol)
were dissolved in isopropanol/water (95/5 by w/w %). After
deoxygenation, the microsyringe added 80.3 mg of Me6TREN
(0.36 mmol) to the mixed solution. The polymerization was
carried out at room temperature for 72 h. After passing the
reaction mixture through an Al,O; column and precipitating in
cold n-hexane, the final product (conversion 78%), poly(N-
isopropylacrylamide,¢¢-co-n-butyl acrylate,)-poly(ethylene gly-
col)-poly(N-isopropylacrylamide, ¢6-co-n-butyl acrylate,), was
obtained as a white solid.

Preparation of the Composite Hydrogel. Normal saline
(25 wt %) was mixed with PEP copolymer and refrigerated at 4
°C for a full day. ZnO nanoparticles (0.2 wt %) were added to
the PEP polymer solution and heated above 25 °C to create a
PEP-ZnO hybrid hydrogel.

Hydrogel Characterizations. NMR spectra were re-
corded on an Agilent VNMRS600 instrument. A Thermo
Nicolet 67 instrument was used to perform Fourier transform
infrared spectroscopy. The polymers’ absolute molecular
weights and polydispersities were determined using triple
detection (refractive index, multiangle laser-light scattering,
and viscosity) gel permeation chromatography (GPC) (Agilent
PLGPC 50). Using a Zeiss Supra instrument, scanning electron
microscopy (SEM) was conducted. An infrared thermal
imaging system, a 40A Fluke Ti400, was employed. A 20
mm parallel plate arrangement on an Anton Paar MCR302
rheometer was used to record the storage/loss modulus (G'/
G").

Zn** Release. The hydrogel was immersed in a wound
simulation solution (5 mL) and incubated in a shaker at 100
rpm at 37 °C. Released Zn** was quantified at different times

by an atomic absorption spectrophotometer (AA-6800,
Shimadzu, Japan).

CCK-8 Analysis. The biosafety of PEP-ZnO hydrogels was
evaluated by using mouse embryonic cell fibers (NIH-3T3)
and human umbilical vein cells (HUVECs). First, 2500
HUVEC or NIH-3T3 cells were seeded into each well of 96-
well plates. The cells were then incubated for 24 h at 37 °C
with 5% CO,. When the incubation period was over, the
medium was carefully removed and replaced with fresh
medium. The prepared PEP-ZnO hydrogel was added to the
wells, while the blank control wells received the same grade of
PBS buffer. The incubation was continued for 24 h; the old
medium was removed, and each well was carefully washed
three times with PBS buffer to remove any residual medium.
Next, 100 pL of medium and 10 yL of CCK-8 reagent were
added to each well using a pipet gun. The plate was then
incubated for another 2 h at 37 °C and 5% CO,. Finally, the
absorbance (OD) of each well was determined at 450 nm
wavelength by using a spectrometer.

Cell viability was calculated using the following formula:

/

D
cell viability = % X 100%

where OD’ represents the PEP-ZnO hydrogel absorbance and
OD” represents the absorbance of the blank control group.

Hemolytic Analysis. In this study, we utilized rat whole
blood cells to evaluate the hemocompatibility of hydrogel.”®
Specifically, 2 mL of fresh SD rat whole blood was extracted
and centrifuged at 1300 rpm for 15 min. Specifically, 2 mL of
fresh SD rat whole blood was withdrawn and centrifuged at
1300 rpm for 15 min to obtain the RBCs that precipitated into
the lower layer. This process was repeated 2—3 times with
PBS. The pure RBCs were then diluted to 5% with PBS. The
sample was divided into three distinct groups. In each group,
100 pL of PEP-ZnO hydrogel sample solution, 100 uL of 0.9%
NaCl solution, and 100 uL of DI water were added along with
500 uL of the erythrocyte dilution into 2 mL centrifugal tubes.
These served as the experimental group, negative control, and
positive control, respectively. Using a pipet, the sample was
gently mixed and then incubated at 37 °C for 1 h, the samples
were centrifuged at 1300 rpm for 10 min. The supernatant was
carefully aspirated into the centrifuge tube and centrifuged
again for 10 min. The supernatant was carefully aspirated into
a 96-well plate, and the OD was measured at 540 nm. The
hemolysis ratio was calculated as follows:

A—A
——— X 100%
—A

hemolysis ratio =
A///

where A’ represents the OD value of the sample and A” and
A" represent the OD values of the positive and negative
control groups, respectively.

Biochemical and Degradability Analysis. 10 SD rats
(male, 200 + 25 g) were randomly divided into two groups
and injected subcutaneously with saline and PEP-ZnO
hydrogel, respectively. The rats were executed by the cervical
vertebral dissection method after 10 days, and blood was
collected for liver and kidney function analysis. The in vitro
degradation characteristics of PEP-ZnO hydrogels were
determined by placing them in sterile 1X PBS for up to 6
weeks. Before the experiment, the PEP-ZnO hydrogel was
weighed (m,), sterilized under UV light, and placed in a
centrifuge tube with an appropriate amount of sterile PBS. The
tube was then placed in a constant temperature shaking
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Figure 1. Characterization of PEP hydrogel: (a) 'H NMR spectra of PEP. (b) GPC spectra of PEP. (c) FTIR spectra of PEP. (d) SEM image of

porous structures in PEP hydrogel.

chamber at 37 °C (n = 3). The hydrogel was removed at the
present points, rinsed with DI-Water, and dried in a vacuum
drying oven. Once the sample reached a stable quality, it was
weighed (m,). The residual mass percentage of the PEP-ZnO
hydrogel was calculated using the following formula:

m
residual mass percentage = —- X 100%
My

Antimicrobial Activity. MRSA (MuS50) was used to
evaluate the antibacterial effect of the PEP-ZnO hydrogel. 100
uL of a diluted bacterial suspension (106 CFU/mL) was
uniformly applied on LB agar plates. Then, an appropriate
amount of PEP-ZnO hydrogel samples was placed on agar
plates of MRSA. The antibacterial effect of these samples was
evaluated by measuring the diameter of the inhibition zone
after incubation at 37 °C for 24 h and 48 h, and the
experiments were carried out in three groups with the average
values taken.”” The in vivo antimicrobial test was carried out
on SD rats anesthetized by intraperitoneal injection of chloral
hydrate (10%, 0.3 mL per 100 g of body weight). Their backs
were shaved, and two full-thickness circular skin wounds
(approximately 0.8 cm diameter) were created on either side of
the dehaired area on the dorsal surface. To establish an MRSA-
infected wound model, MRSA suspension (100 L, 10° CFU/
mL) was inoculated into the wound. Bacterial samples were
collected from the wound surface with sterilized swabs at 2 h
postinfection (before hydrogel dressing) and 10 days post-
treatment. The collected swabs were placed in 0.5 mL of saline,
and the surviving MRSA load in the diluted bacterial
suspension was preliminarily investigated on LB agar plates
at 37 °C.

51444

Diabetic Rat Model. SD rats (male, 200 + 25 g) were
provided by the SPF Animal Experiment Center of University
of Science and Technology of China. All rats were maintained
in a room with constant temperature (25 °C) and stable
humidity with a 12 h light/dark cycle. Streptozotocin (STZ, SO
mg/kg, Sigma, USA) was dissolved in citric acid-sodium citrate
buffer (pH 4.4) to obtain a 1% STZ solution and then
intraperitoneally injected into SD rats after an 18 h fast to
induce diabetes. Rats with blood glucose over 16.67 mmol/L
one-week postinjection were diagnosed as diabetic. The wound
healing model was established 3 weeks after diabetes onset
post-STZ. Rats were imported, transported, housed, and bred
recommendations for the research on nonhuman primates.
Rats were euthanized via cervical dislocation to prevent
suffering. The Animal Care and Use Committee of Anhui
Medical University approved all procedures involving animals.

Surgical Procedure. 36 diabetic rats were anesthetized
with pentobarbital (35 mg/kg, Sigma, USA) by intraperitoneal
injection 3 weeks after STZ-induced hyperglycemia. Following
anesthesia, the dorsal skin was scraped and disinfected with
75% ethanol. Two symmetrical full-thickness skin wounds of 8
mm diameter were created. Rats were randomly divided into
three groups for each wound: (a) PBS group; (b) PEP
hydrogel group; and (c) PEP-ZnO hydrogel group. Wounds
were covered with different materials before being patched
with sterile dressings and replaced every 4 days. The rats were
housed individually postsurgery. All animal experimental
protocols were approved by the Animal Care and Use
Committee (IACUC) of Anhui Medical University
(LLSC20221240).
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Figure 2. Characterization of PEP-ZnO hydrogel: (a,b) images of PEP and PEP-ZnO aqueous solution taken digitally and infrared thermal imaging
during the heating and cooling process. (c) G'/G” measurements of the PEP and the PEP-ZnO aqueous solution.
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Figure 3. Biocompatibility of PEP-ZnO hydrogels: (a) in vitro degradation rate of PEP-ZnO hydrogel. (b) Tensile strength of PEP-ZnO hydrogels
at different ZnO contents. (C) Adhesion and adaptability of PEP-ZnO hydrogels.

Analysis of Wound Closure Rate. Survival and wound
healing were observed in each group. Changes in the size of
individual diabetic wounds were determined from photographs
taken on postoperative days 0, 4, 8, and 16 and analyzed by
Image] (NIH, USA). The wound areas were calculated and
used to obtain the wound healing rate (WHR) by the following
equation:

SO_SA
WHR = ———= X 100%
0

where S is the area of the wound on day 0 and S, is the area of
the wound on day A.

H&E Staining. The experimental and control rats were
euthanized at the specified time point, and wound tissue was
collected for histological analysis to evaluate the effects of PEP-
ZnO hydrogel on wound healing. Tissue samples were fixed in
10% formalin solution, dehydrated in graded alcohol, and

embedded in paraffin wax. Suitable thickness of slices was cut
using a microtome, stained with hematoxylin and eosin
(H&E), and examined under a light microscope.

Histopathological Assay. For immunohistochemical
(IHC) evaluation, skin wound tissue was also excised on
postoperative days 8 and 16. Immunohistochemistry was used
to detect IL-6, CD31, Collagen-1, and TGF-f to evaluate the
effect of the PEP-ZnO hydrogel on wound healing.

Statistical Analysis. Means, standard deviations, and p-
values were calculated in GraphPad Prism 9.0 and Image].
Experimental data were analyzed using unpaired Student’s t-
test. *p < 0.05 and **p < 0.01. All results are expressed as the
mean. All error bars represent the standard deviation.

B RESULTS AND DISCUSSION

In Situ Formation of PEP-ZnO Hydrogels. We
employed a biocompatible block copolymer, P(NIPAM, 44-co-
nBA,)-PEG-P(NIPAM, ¢-co-nBA,), with a molecular weight,

https://doi.org/10.1021/acsomega.4c08537
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Figure 4. Biocompatibility of PEP-ZnO hydrogels: (a) biocompatibility of PEP-ZnO hydrogel on HUVEC cells and NIH-3T3 cells. (b) Blood
compatibility of PEP-ZnO hydrogel (n = S). (c) Evaluation of liver and kidney function of rats 10 days after the administration of the PEP-ZnO

hydrogel (n = S). (d) Cell viability tests of varying ZnO concentrations.

to fabricate the thermoresponsive polymeric matrix known as
PEP (Mn, GPC: 30,054, PDIL: 1.39), which was utilized in
subsequent experiments (Figure 1b). The '"H NMR spectra
and FTIR are shown in Figure la,c. A scanning electron
microscope view of the typical porous structure of the PEP is
shown in Figure 1d. From these SEM images, the average pore
sizes of PEP were 8.02 #+ 3.15 ym. To provide antimicrobial
activity to the PEP hydrogel, ZnO nanoparticles were
homogeneously dispersed into the aqueous solution of the
PEP polymer. It was tested whether the addition of ZnO
would affect the temperature responsiveness of the PEP
polymer. As shown in Figure 2a,b, PEP and PEP-ZnO hydrogel
transitions from a liquid state at a low temperature (13 °C) to
a gel state at a high temperature (37 °C). Rheological tests
showed that the hydrogels’ storage and loss modulus also
showed significant phase aggregation and separation as the
temperature changed. The storage and loss modulus (G’ and
G”) data curves overlap around 28 °C, indicating a low critical
solvation temperature (LCST) of around 28 °C. PEP-ZnO
copolymers exhibit a typical thermosensitive sol—gel transition
(Figure 2c). When the temperature was increased, the

51446

PNIPAM chains of the hydrogel were broken, and hydro-
phobic substances were formed. This may be because the
hydrogen bond between PNIPAM and water breaks with
increasing temperature. At the same time, the polyethylene
glycol chains act as a bridge to cross-link neighboring
hydrophobic substances. However, it presents an aqueous
state at low temperatures because PNIPAM is hydrophilic at
low temperatures (<LCST), while the aggregation of hydro-
phobic substances may disintegrate. It demonstrates superior
temperature responsiveness. This is significant as the human
body temperature is around 37 °C, which is substantially
higher than the LCST. Wound dressings made of hydrogels
should possess excellent mechanical qualities to meet the needs
of human soft tissue.”® We examined the mechanical properties
of several PEP-ZnO hydrogels with different concentrations of
ZnO nanoparticles. The tensile strength of the composite
hydrogel increases gradually as the ZnO nanoparticle content
rises from 0% to 0.2 wt %, as shown in Figure 3b. The PEP-
ZnO (0.2 wt %) hydrogel has a tensile stress of 164 kPa, which
is 4.5 times greater than the hydrogel made solely of PEP (36.4
kPa). However, the hydrogel’s tensile strength abruptly

https://doi.org/10.1021/acsomega.4c08537
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Figure 5. In vivo and in vitro antimicrobial effect of PEP-ZnO hydrogel: (a) controlled release of ZnO in PEP-ZnO hydrogel. (b) MRSA growth
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secretions on day 8. Scale bar:10 mm.

reduced when the ZnO level reached 1 wt %. The
phenomenon occurs because ZnO nanoparticles are small
and have a large specific surface area. This results in a
significant contact area between ZnO and PEP, leading to tight
coupling between the two materials. Compared to the PEP
monomer, ZnO is uniformly dispersed within the PEP. When
external forces are applied, ZnO can absorb energy, passivate
the cracks, and impede their expansion, thereby resisting
tensile forces. However, as the concentration of the ZnO
nanoparticles increases, agglomeration can occur. This
clustering of nanoparticles generates more defects, which
ultimately reduces the tensile strength of the material.”> Good
adhesion and adaptability are essential for a wound dressing,
and Figure 3c shows that the PEP-ZnO hydrogel has both of
these qualities. The above results indicate that the PEP-ZnO
hydrogel has good potential as a wound dressing.

In Vitro and In Vivo Biocompatible Evaluation. In the
use of medical dressings, the degradation rate of the dressing
plays a role in influencing the release of the drug loaded into
the material to a certain extent. As shown in Figure 3a, the
degradation rate of the hydrogel loaded with ZnO remained
almost unchanged, and about 9% of the original mass was
retained after the sixth week, and the degradation rate of the
two materials remained stable during the degradation process,
with or without the addition of ZnO.

Although ZnO incorporation imparts antimicrobial proper-
ties to PEP, the zinc oxide concentration for wound healing
therapy must be optimized as high doses can be toxic to
neurons or epithelial cells.”’"** In Figure 4d, HUVEC cell
viability started to decrease at zinc oxide nanoparticle
concentrations higher than 100 ug/mL and gradually

decreased with increasing concentration. At 400 pug/mlL, the
cell viability was only 80%.

The CCK-8 assay was utilized to assess the cytotoxicity of
the PEP-ZnO hydrogel. Mouse embryonic fibroblasts (NIH-
3T3) and HUVECs were employed. Figure 4a shows that the
cell survival rates in the PEP-ZnO hydrogel group were (96.65
+ 0.16) and (95.54 + 0.31), respectively.

Hemolysis is the release of hemoglobin into plasma due to
erythrocyte damage, and the hemolysis rate is directly related
to the blood compatibility of the biomaterials. As shown in
Figure 4b, the hydrogel group showed a light-yellow color; like
the negative control PBS group, while the positive control
group showed a red color. According to the hemolysis rate
analysis, the hemolysis rate of PEP-ZnO hydrogel was less than
5%, indicating good blood compatibility and potential for
clinical use. To further investigate the long-term biocompat-
ibility of the PEP-ZnO hydrogel, serum biochemical tests were
performed on rats 10 days after subcutaneous injection. The
main indexes of liver and kidney functions were within the
normal range, suggesting that the composite hydrogel did not
cause any severe damage (Figure 4c).

Antimicrobial Study. The developed nano biomaterials
should maintain their potential to protect microbial species
when used for wound repair and tissue formation. Trace
amounts of Zn promote tissue neovascularization, tissue
healing, and recovery.”> > Additionally, the antibacterial
activity of ZnO expands its applications in the biological
field. The PEP hydrogel is a kind of porous structure, and the
internal porous structure gradually expands or collapses with
the slow degradation of the material; at the same time, the
ZnO loaded in the PEP hydrogel is also released with the
degradation of the material, which is the effect of the release of

https://doi.org/10.1021/acsomega.4c08537
ACS Omega 2024, 9, 51442—-51452


https://pubs.acs.org/doi/10.1021/acsomega.4c08537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08537?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08537?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

o)

a-PBS

b-PEP

e ;;‘/WV !

OdyO 4day !8da’y .O1:6day .
C

c-PEP-ZnO
hydrogel

*
B —_—
0.6 * * %
100
~ X
£ % 80—
2 0.4 -
c ©
e o 60
© £
° ©
3 0.2+ a2 4
- b T
3 S 20-
- C
3
0.0 T T T T 0-
Oday 4day 8day 16day 4day 8day 16day

Figure 6. PEP-ZnO hydrogel promoted wound healing in diabetic rats: (A) photographs taken on days 0, 4, 8, and 16 and wound healing

superimpositions (error bars are standard deviation, n = S). (B) Wound area of each group. (C) Wound healing rate of each group. (**P < 0.5, **P
< 0.01).

PBS PEP-hydrogel PEP-ZnO hydrogel

Figure 7. PEP-ZnO hydrogel promoted wound healing in diabetic rats: (A) H&E staining of wounds at day 8 and day 16. Red circles, green circles,

red squares, black lines, black arrows, and green arrows represent inflammatory cells, collagen fibers, blood vessels, epidermal—dermal demarcation,
epidermis, and skin appendages. Scale bar:100 ym.

drugs loaded in the material. ZnO in the PEP hydrogel was For wound healing, antimicrobials are a priority, especially in
also released with the degradation of the material, which was a chronic wounds, which heal slowly and increase the chances of
slow-release mode of degradation of the outer polymer layer infection. It has been shown that free zinc ions released from
and drug release from the outer surface, followed by a slow- ZnO can accumulate on the surface of cell membranes to form
release mode due to the diffusion of the drug from the inner strong ionic bonds, triggering bacterial death, and it has also
core layer. Benefiting to the porous structure of the PEP been shown that ZnO can induce oxidative stress generated by
hydrogel, as shown in Figure Sa after 96 h, the release rate of ROS, leading to cell death.®® As shown in Figure 5, the PEP-
ZnO reached 60%, which could control the inflammation of ZnO hydrogel exhibits a superior antimicrobial potential. PEP-
the wound more rapidly and achieve the promotion of the ZnO hydrogel inhibits MRSA in a zone that measures about 19
wound healing effect. The sustained release of ZnO nano- mm after 24 h (Figure Sb) and 20 mm after 48 h (Figure Sc).
particles gives the hydrogel an antimicrobial long-term impact. Figure Se,f demonstrates the strong in vivo antibacterial power
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of PEP-ZnO hydrogel. The results of the wound secretion
culture on the eighth day showed that the PEP-ZnO hydrogel
had a good antimicrobial effect.

In Vivo Wound Healing Activity. Diabetic wounds, like
nonhealing wounds, have a complex microenvironment and
require special medical management.”” To evaluate the effect
of PEP-ZnO hydrogel more intuitively in boosting the healing
of entire skin damage in diabetic rats, Figure 6A displays
representative wound healing photos of each group at 0, 4, and
16 days postoperatively together with the wound overlaid
effect graphs. The area and healing rate of diabetic wounds at
days 0, 4, and 16 are displayed in Figure 6B,C, respectively. On
postoperative day 4, no significant differences were observed
between the PEP hydrogel and PBS groups. At day 16, wounds
in the PEP-ZnO hydrogel group were almost completely
healed, with wound healing rates in the PEP hydrogel and PBS
groups being about 70% and 29%, respectively. The results
showed that PEP-ZnO hydrogel could promote the healing of
chronic wounds. The process of wound healing involves tissue
growth and regeneration, which includes hemostasis, inflam-
mation, proliferation, and remodeling.
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Histological Analysis. H&E staining was performed to
assess histologic changes during wound healing. Wound
healing is a complex process involving inflammatory cells,
which produce a variety of substances such as cytokines and
transmitters that play an essential role in wound healing. As
illustrated in Figure 7, on day 8, a considerable number of
inflammatory cells were observed in the control group. In
contrast, the PEP-ZnO hydrogel and PEP groups exhibited a
paucity of inflammatory cells and a modest number of collagen
fibers, accompanied by the emergence of a rudimentary
epithelial structure. However, the dermis was more compact in
the PEP-ZnO hydrogel group. By day 16, inflammatory cells
were still present in the PBS group. In contrast, the PEP-ZnO
hydrogel group showed a significant decrease in inflammatory
cells and an increase in collagen fibers, which were transformed
into a 3D network structure. Notably, appendages such as hair
follicles and a small number of blood vessels also appeared.
Lower levels of IL-6 indicate a less severe infection, while
optimal levels stimulate the inflammatory response and
promote the production of growth factors, thereby promoting
wound healing. In contrast, high levels of IL-6 may hinder
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wound healling.‘zg_40 As shown in Figure 8A, we examined the
results of interleukin-6 (IL-6) immunostaining to assess the
degree of inflammation in each group after different treat-
ments. At 8 and 16 days, IL-6 expression in PEP-ZnO
hydrogel-treated wounds was significantly less than that in the
control group. The positive values on day 16 were 33.45 +
2.37, 15.84 + 2.18, and 12.86 + 2.74. This phenomenon
exhibits a comparable pattern to that observed in the H&E
results. This may be due to the enhanced anti-inflammatory
and antibacterial effects of ZnO. Angiogenesis is essential for
wound healing, CD31 is expressed in the endothelial cells of
the interstitial compartment of blood vessels and plays a crucial
role in the process of angiogenesis, the newly formed vascular
system delivers oxygen and nutrients to the wound site and
promotes the growth of granulation tissue throughout the
process of wound healing vascularization, and the reduction of
generation is a sign of nonhealing of DFUs.*'~* According to
the results shown in Figure 8B, the positive values on day 16
were 9.78 + 2.16, 16.63 + 2.03, and 20.37 + 2.75. At day 16,
there was no statistically significant difference between the PBS
group and PEP-ZnO hydrogel group, probably because of the
complexity of the diabetic wound healing process, the difficulty
of recovery, and the continued vascular damage caused by the
hyperglycemic environment, which does not have a significant
pro-angiogenic capacity in the later stages. Similarly, the
expression of TGF-f was significantly higher in the PEP-ZnO
hydrogel group on the 16th day after treatment, suggesting that
PEP-ZnO hydrogel can promote skin healing and reorganiza-
tion and that these growth factors can promote the synthesis of
fibrinogen and regeneration of skin accessory organs. There-
fore, the expression of collagen-1 was significantly higher in the
PEP-ZnO hydrogel group than that in the PBS group (Figure
8C,D). The elevation of TGF- may be due to the role of M2
macrophages, which produce growth factors (e.g., TGF-f and
VEGF) that stimulate vascular cells, the activation of
fibroblasts, the formation of collagen, and a crucial role in
the remodeling of the extracellular matrix, which is essential for
wound closure.**** The above results show that the PEP-ZnO
hydrogel demonstrated remarkable efficacy in the treatment of
diabetic wounds in animal models. The hydrogel’s ability to
consistently deliver ZnO at the wound site, through the
removal of wound exudate, exerted an antimicrobial effect,
controlled biofilm formation, and facilitated tissue remodelin§,
collectively contributing to the observed beneficial outcomes.™

B CONCLUSIONS

Based on our discoveries, we have concluded that the PEP-
ZnO hydrogel shows tremendous promise as a valuable wound
covering material, especially for the treatment of chronic
diabetic wounds, which present a significant challenge globally.
While this study has demonstrated the material’s impressive
healing potential, the precise mechanisms underlying its
accelerated wound healing properties must be summarized.
We have successfully developed a temperature-sensitive
hydrogel that forms in the body by combining PEP with
ZnO. The aqueous PEP and ZnO can immediately transition
into the hydrogel when the temperature increases by about 28
°C. Skin temperature is higher than this response temperature,
Thus, this PEP- ZnO composite hydrogel can be used as an in
situ forming wound dressing for skin temperature response.
The healing process of diabetic wounds usually shows delayed
and incomplete healing processes, which in turn exposes
patients to a high risk of infection.”” PEP-ZnO hydrogel, when
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used as a diabetic wound dressing, has an excellent slow-release
effect on the loaded zinc oxide, which creates a long-lasting
aseptic environment for wounds, which is beneficial to the
healing of diabetic wounds; second, PEP-ZnO hydrogel has
excellent mechanical properties and temperature responsive-
ness, which can easily cope with irregular diabetic wounds in
the state of aqueous solution and reach the deeper layers of the
wound directly. ZnO hydrogel has excellent mechanical
properties and temperature responsiveness, which can easily
cope with irregular diabetic wounds in the aqueous state, reach
the deeper layers of the wound, and rapidly gel and adhere to
the wound surface under the effect of temperature; in vivo
studies have also found that ZnO has anti-inflammatory,
vasculature-enhancing, collagen-enhancing, and transforming
growth factor-producing effects in the process of wound
healing. In addition, cytotoxicity, biochemical, and in vitro
degradation experiments confirmed the biocompatibility of the
PEP-ZnO hydrogel. The development of the PEP-ZnO
hydrogel signifies a significant advancement in improving the
lives of diabetic patients grappling with chronic wounds. This
innovative covering material not only has the potential to
alleviate suffering but also opens new avenues for advancing
wound care practices in both the clinical and scientific fields.
The histological examinations provide firm evidence support-
ing the biocompatibility and biosafety of the PEP-ZnO
hydrogel. The potential impact of this discovery on addressing
chronic diabetic wounds globally cannot be overstated.
However, there remains a crucial need to delve deeper into
unraveling the precise mechanisms responsible for its
accelerated wound healing properties, thereby enriching our
understanding of future treatment enhancements. This
promising advancement holds significant promise in elevating
the standard of wound care practices across clinical and
scientific domains.
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