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Abstract

Designing a wound dressing that offers excellent antibacterial properties while providing dual pH/glucose responsiveness for diabetic wound
healing remains a considerable challenge. Herein, a 3D cross-linked native protein hydrogel was constructed through a Schiff base reaction based
on -NH, in paramyosin (PM) and -CHO in oxidized dextran (ODA) under mild conditions. Within the hydrogel, both amikacin and glucose oxidase
were encapsulated during gelation. The resulting hydrogel exhibited favorable rheological properties, featuring self-healing, antibacterial
activity, tissue adhesiveness, and excellent biocompatibility. Notably, the hydrogel demonstrated excellent pH/glucose dual-responsive
properties. In infected wounds, the Schiff base bonds dissociated due to low pH, while in uninfected wounds with high blood glucose levels, the
encapsulated glucose oxidase was functional, which also lowered the local pH level and dissociated the Schiff base bonds. Furthermore, the
hydrogel quickly achieved pH/glucose dual responsiveness, leading to increased amikacin release to reduce bacterial invasion, alleviate oxidative
stress, promote re-epithelialization and collagen deposition, and eventually accelerate diabetic wound healing. Collectively, the constructed
hydrogel offers brand-new viewpoints on glucose-responsive biomaterials for diabetic wound therapy.
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Introduction

Diabetes mellitus, a long-term metabolic disorder, presents a
major global health and economic challenge. A huge percent-
age of patients experience diabetic ulcers in the advanced
stages of the illness!'l. These wounds are particularly difficult to
treat due to long-term inflammationl?, persistent vascular
damagel®), and uncontrolled bacterial invasion™. Research
studies indicated that as much as 25% of diabetics have a
higher risk of developing persistent non-healing injuries
throughout their livesP. The microenvironment of diabetic
wounds is notably harsh, featuring high blood glucose levels
and compromised immunity, which creates favorable condi-
tions for bacterial growth(®71, This, in turn, leads to a decrease in
local pHI8], persistent inflammation, and a rise in excessive reac-
tive oxygen types (ROS)10, The high levels of ROS triggers an
inflammatory response that hinders wound tissue regenera-
tion by destroying cells and maintaining the macrophages in
the M1 phenotypel''12], Therefore, it is important to develop a
material that can effectively clear microbial emigration and
regulate the microenvironment of the injury site to help with
diabetic wound healing.

Current therapeutic strategies aiming at diabetic wounds
treatment mainly include oxygen releasel'3], photothermal
therapy!'¥, honey therapy!”], wound dressing, and engineered
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protein therapies!'®. Among them, hydrogel dressings with an
extracellular matrix-like three-dimensional structures have
great advantages and are widely used in diabetic wound treat-
ment!'718], Hydrogel can not only increase the speed of wound
recovery by absorbing metabolites and supplying a moist
atmosphere, but also serve as a reliable medicine delivery vehi-
cle for dealing with diabetic wounds. Many efforts have been
made to develop multifunctional and environmental-stimulus-
responsive hydrogels for diabetic wound healing. One efficient
way to achieve a sensor-responsive process is to introduce
reversible covalent chemical bonds into hydrogels. Several
types of covalent bonding, including Schiff base, phenyl-
boronate ester bonds, disulfide bonds, metal coordination, and
acylhydrazone bonds, have been extensively utilized to
develop smart hydrogels that can respond to stimulation by
pH, glucose, or hydrogen peroxidel'®-21, thus achieving
controlled drug release. These dynamic reversible covalent
bonds additionally endow the hydrogel with self-healing and
injectable characteristics.

Dextran, a polysaccharide produced by bacteria, is exten-
sively used in biomedical applications for its biocompatibility,
high natural abundance, cost-effectiveness, and ease of modifi-
cation??l, In addition, an oxidized dextran derivative with alde-
hyde functional groups is an ideal building block or crosslinker
to construct hydrogels through the Schiff base reaction, and
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Dual-responsive protein-based hydrogels

the constructed hydrogels often show benign tissue
adhesionl23l, Most importantly, the lactic acid and acetic acid
produced by bacteria in infected wounds result in an acidic
physiological environment (4.5-6.5) locally!2425], In the exis-
tence of O, glucose oxidase could convert glucose into
gluconic acid and H,0,, which possess both hypoglycemic and
antibacterial activity!2627, Additionally, the production of
gluconic acid creates an acidic environment, which can cause
the fragmentation of the imine-bond hydrogel(28], offering the
potential for controlled drug release in biomedical applications.

Hydrogels originating from all-natural polymers have actu-
ally drawn focus owing to their outstanding biocompatibility
and diverse biological function[?9], Protein-based hydrogels not
only maintain the properties of polymer-based materials, but
also possess specific controllable structural functionalities and
inherent biodegradability%. The benefits of these characteris-
tics and their potential applications ranging from drug delivery,
tissue engineering, and re-generative medicine have been well
studiedB™l. A Schiff base is commonly developed via the reac-
tion in between compounds containing aldehyde (or ketone)
teams and amino groups, resulting in the formation of imine
groups (-C=N-). Compared to other covalent linkers, Schiff base
structures exhibit remarkable reversibility in response to pH
changes, as the pH drops, these bonds become less stableB32,
Denatured proteins and amino-modified compounds serve as
common building blocks for constructing hydrogels through
the formation of Schiff bases!33-3%, However, natural protein-
based hydrogels constructed by taking advantage of glucose
sensitivity from glucose oxidase and pH sensitivity from a Schiff
base linkage for diabetic wound healing remains unexplored.

In this research, a naturally derived cross-linked smart
protein hydrogel was developed based on dynamic Schiff base
bonds between -NH, in paramyosin (PM), a natural fibrous
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Fig. 1
wound healing in the diabetic C57BL/6N mouse model.
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protein reported in our previous study¢, and -CHO in oxidized
dextran (ODA) to realize local controlled release in the therapy
of diabetic wounds (Fig. 1). Through the effective encapsula-
tion of glucose oxidase and amikacin, the hydrogel was
endowed with glucose stimulation responsiveness and anti-
bacterial activity, respectively. The physicochemical properties
of the hydrogel were explored, including its rheological proper-
ties, self-healing and injectable behavior, adhesion behavior,
and amikacin stimuli-responsive release under different
pH/glucose conditions. On top of that, the anti-bacterial activ-
ity, in vitro blood biocompatibility, and cytotoxicity of the
hydrogel were also evaluated. Finally, the diabetic wound
model established in mice was developed and the effect of the
hydrogel on promoting wound healing through epithelial
regeneration and collagen deposition was determined. Overall,
the findings indicate that the hydrogels constructed are poten-
tially effective wound dressings for accelerating the healing of
diabetic injuries.

Materials and methods

Materials

Dextran (Mw 70 kDa), glucose oxidase (from Aspergillus),
amikacin, and sodium periodate was purchased from Aladdin
(Shanghai, China). Dialysis membranes (molecular cutoff 3500
Da), hydroxylamine hydrochloride, and cell counting kit8
(CCK8) were obtained from Solarbio (Beijing, China). Fetal
bovine serum (FBS), DMEM, and TGF-$1, a-SMA, TNF-¢, and
GAPDH antibodies were purchased from Sigma-Aldrich (St.
Louis, USA). Chitosan medical hydrogel was bought from
Humanwell Medical care Co., Ltd. (Wuhan, China) and used as a
positive control for the treatment of diabetic injury recovery.

Dual-responsive
hydrogel applying

Diabetic mice

% Glucose oxidase

Schematic illustration of the preparation procedures of the pH/glucose dual-responsive hydrogel dressing for promoting chronic
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Synthesis and characterization of the oxidized
dextran

The production process for oxidized dextran (ODA) followed
a previously published study371, Rapidly, dextran and salt perio-
date were mixed with deionized water and stirred at room
temperature. Subsequently, ethylene glycol was introduced to
terminate the reaction. The ODA solution was subjected to
thorough dialysis against deionized water, followed by
lyophilization to obtain ODA powder. The structure of the
produced ODA powder was analyzed using Fourier-transform
infrared spectroscopy (FTIR) and UV-vis. The oxidation state of
the oxidized dextran was determined by hydroxylamine
hydrochloride titration(38l,

Preparation and characterization of hydrogels

The extraction and purification procedure of paramyosin
(PM) from oysters (Crassostrea gigas) followed our previous
publicationB3¢l, Briefly, the adductor muscular tissue was diced
and homogenized with phosphate buffer (150 mM NaH,PO,
and Na,HPO,, 100 mM KCl, pH 6.5). The homogenized solution
was then centrifuged and the precipitate was washed with 50
mM NaHCO;, followed by another round of centrifugation. The
remaining precipitate was dissolved in deionized water with
stirring for 30 min. After centrifugation, the supernatant was
precipitated with 35% ammonium sulfate. The fully dialyzed
sample was loaded to an ion exchange column and the
purified protein was assessed by SDS-PAGE. Subsequently, the
purified protein was concentrated to 10 mg-mL-', and the
lyophilized oxidized dextran was completely dissolved at a
50 mg/mL concentration in deionized water. The PM and ODA
solutions were mixed uniformly in equal volumes, and glucose
oxidase and amikacin were added to the mixed solution to
obtain different hydrogels within 30 min. The hydrogels encap-
sulating only glucose oxidase, only amikacin, and binary
components (glucose oxidase and amikacin) were named POG,
POK, and POGK, respectively. The final concentrations of
glucose oxidase and amikacin in the hydrogel were 30.5 pM
and 20 mM, respectively. FTIR spectra of the hydrogels was
measured on a Nicolet 670 FTIR (Thermo Fisher Scientific, Inc,
USA) spectrometer using the attenuated total reflectance
model with the wavenumber range over 400—4,000 cm~'. The
morphological structure of these hydrogels was determined
using a cryo-scanning electron microscope. The protein hydro-
gel was placed in the circular hole of the copper sample stage
and frozen using the liquid nitrogen slurry method. Then, the
sample was sublimated at —75 °C for 30 min to prevent the
surface from being covered with ice. Finally, after conductive
spraying, the sample was observed with a HITACHI S-4800
microscope.

Rheology analysis

The rheological properties of hydrogels were assessed using
a rotational rheometer (TA Instruments, USA). During the strain
sweep, the hydrogel was applied onto a parallel plate, and the
strain sweep was conducted to evaluate the linear viscoelastic
properties of the hydrogels. Frequency sweeps of the hydro-
gels were executed over a variety of 0.01-100 Hz at 1% stress.
To evaluate the self-healing properties of the hydrogel, a step
strain sweep was performed, alternating between low stress
(1%, 60 s for each period) to high stress (200%, 60 s for every
interval) for five cycles. The injectability of the hydrogels was
identified making use of a flow test mode with shear rate rang-
ing from 0.01 to 100 57"
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Characterization of injectability and adhesive
performance

To evaluate the injectable residential or commercial proper-
ties of the hydrogel, the POGK hydrogel was filled into a syringe
and after that injected into various letters. The injection
processes were photographed to document the behavior of
the hydrogel. The adhesive capability of the hydrogel was
assessed by positioning the POGK hydrogel, formed into a
cylindrical shape, on materials with different properties. The
samples were then inverted to observe whether the gel
adhered to the materials or fell off.

Swelling capacity analysis

The swelling ratio of the POG and POGK hydrogels was
measured gravimetrically. Briefly, pre-weighed lyophilized
hydrogels were dipped in PBS solution (pH 7.4) for approxi-
mately 8 h. At particular time intervals, the swollen hydrogels
were taken out from the PBS remedy, and free liquid on the
surface was gently removed. Then, the weight of the swollen
hydrogels was taken and recorded as Wt. The swelling ratio was
calculated utilizing the list below equation: Swelling ratio (%) =
(W, — Wo) / Wy X 100%, where, W, and W, represent swollen
and lyophilized hydrogels, respectively.

Drug release analysis

Here, the POGK hydrogel was immersed in PBS solution (pH
7.4 or 5.5), with or without the visibility of sugar (25 mM), at a
consistent temperature level of 37 °C. At specific time intervals,
a certain volume of release solution was removed and an equal
volume of fresh solution was added. The concentration of
amikacin released was determined using the o-phthalaldehyde
methodB9), Briefly, o-phthalaldehyde was dissolved in borate
buffer (200 mM, pH 10.5) with the addition of mercaptoethanol.
The pH was adjusted to 10.5 with a final fixed volume of 100 mL
to obtain the o-phthalaldehyde test solution (PHT). Subse-
quently, 300 puL PHT and 900 plL isopropanol were added to
300 pL of the hydrogel release solution and heated at 60 °C for
15 min. After cooling, the ODj3;5 value of the sample was
measured using a UV-vis spectrophotometer (Varian, USA).

Antibacterial assay

To evaluate the anti-bacterial efficiency of the hydrogels, E.
coli and S. aureus were used in this experiment. First, hydrogel
precursor was added to the center well of a 96-well plate. After
hydrogels formation, bacterial suspension (10* CFU) was added
to the well, and afterwards cultured at 37 °C for 4 h. Subse-
quently, PBS was used to resuspend the microorganisms, and
the bacterial suspension was inoculated on an LB agar plate for
bacterial enumeration. The kill rate was computed by making
use of the formula: Kill rate (%) = (Bacterial count of control
survivors — Bacterial count of hydrogel groups) / Bacterial count
of control survivors x 100%.

Hemolysis test

Mouse blood was centrifuged to separate red blood cells
(RBCs), which were then suspended at a concentration of 2% in
PBS solution (pH 7.4). Next, to act as positive and negative
controls, the RBC solution was diluted with Triton X-100 and
PBS, respectively. The hydrogel samples were mixed with RBC
suspension and incubated at 37 °C. Following incubation, the
RBC solution was centrifuged, and the ODs,, value of the su-
pernatant sample was recorded. The hemolytic ratio (%) was
evaluated as (Asample - Anegative) / (Apositive - Anegative) % 100%.
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Cellular biocompatibility assay

The Cell Counting Kit (CCK-8) reagent was used to evaluate
the cytocompatibility of the hydrogels. HUVECs and NIH 3T3
cells were cultured in a complete DMEM medium at 37 °Cin a
5% CO, environment after being seeded in a 96-well plate.
After incubation, hydrogel samples were added to the medium
in the cell well. Subsequently, CCK-8 solution was used to incu-
bated with cells for another 2 h. The OD,s, value was then
determined using a microplate reader (model 680, Bio-Rad,
USA).

In vivo wound healing assessment

The C57BL/6N mice were purchased from Beijing Vital River
Laboratory Animal Innovation Co., Ltd (Beijing, China). The
animal studies followed the guidelines set by the National
Research Council's Overview for the Care and Use of Labora-
tory Animals and were approved by the Animal Experimental
Ethical Inspection Board of China Agricultural College
(Aw31213202-4-1). Male C57BL/6N mice, aged six weeks, were
administered intraperitoneally with streptozotocin (50 mg-kg~")
for four consecutive days until their fasting blood glucose level
exceeded 16.7 mmol-L-'. The diabetic mice were divided into
four groups (n = 8): control, POG hydrogel, POGK hydrogel, and
positive control. Subsequently, the mice were rendered uncon-
scious with sodium pentobarbital and a full-thickness 8 mm
diameter wound was created. Various hydrogel examples were
put on the injury sites and freshened every two days through-
out the experimental period. On the other hand, injury loca-
tions were photographed and measured using Image J soft-
ware program on days 0, 3, 7, 10, and 14. The wound closure
rate (%) was determined using the following formula: Injury
closure (%) = (Ag — A / Ay X 100%, where, Ay and A, represent
the initial wound location and the wound location at various
time points, respectively.

Histological analysis

On day 14, the mice were euthanized and samples of skin
were gathered from the areas surrounding the diabetic wound
sites. Formaldehyde solution (4%, W/V) was used to fix the
tissue samples. Then, the fixed tissues were embedded and
stained with H&E and Masson's trichrome complying with stan-
dard operating procedures. Collagen deposition of the wound
tissues was determined using ImageJ software.

Western blot assay

Wound tissues were lysed on ice with RIPA buffer, and then
the lysates were centrifuged to obtain the sample super-
natants. The protein separations were performed using a 12%
SDS-PAGE gel. Following the transfer of proteins to the
polyvinylidene fluoride membrane, the membrane was blocked
with skim milk for a duration of 2 h. Subsequently, the mem-
brane was treated with primary antibodies targeting TGF-f,
a-SMA, TNF-¢, and GAPDH overnight at a temperature of 4 °C.
Following the TBST wash, the membrane layers were incu-
bated with secondary antibodies for 2 h at room temperature.
After thoroughly washing with TBST, the protein bands were
detected using an enhanced chemiluminescent reagent
through Tanon 4800 image. The protein expression levels were
determined using the ImageJ software.

Statistical analysis
Every single data point was collected from a minimum of
three iterations and represented as the mean = standard
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deviation. Statistical significance was determined using one-
way analysis of variance (ANOVA), and p < 0.05 was considered
statistically significant.

Results and discussion

Construction and characterization of hydrogels

Paramyosin (PM) was purified from oyster adductor muscle
cells using the treatment outlined in Supplementary Fig. S1a.
SDS-PAGE analysis revealed a solitary band corresponding to a
molecular weight of 99 kDa (Fig. 2a). In addition, the 3D struc-
ture of PM was predicted by TR-Rosetta online website based
on its amino acid sequencel39l. There are approximately 149
free amino groups present on lysine and arginine residues,
which are evenly distributed on the fibrous protein surface,
making it a suitable candidate for Schiff base reaction with
aldehyde polymer (Supplementary Fig. S1b). To obtain an
oxidized dextran (ODA) polymer with aldehyde groups, dextran
was oxidized using sodium periodate. The chemical structure of
ODA was characterized using UV-vis spectrum and FTIR analy-
sis. The UV-vis spectrum of ODA revealed an absorption peak at
237 nm compared to dextran, indicating the visibility of alde-
hyde groups due to dextran oxidation (Supplementary Fig.
S2)1401, Furthermore, FTIR spectroscopy confirmed the success-
ful preparation of the ODA polymer, as evidenced by the new
peak presented at 1,734 cm~', corresponding to the stretching
vibration of the aldehyde group (Fig. 2b)“'l. The oxidation
degree of ODA was determined to be 44.55% using hydro-
xylamine hydrochloride titration (Supplementary Fig. S3).
Taken together, these results demonstrated that the ODA was
successfully synthesized and could be utilized for hydrogel
construction.

Subsequently, equal volumes of PM and ODA solutions were
combined to fabricate hydrogels through a Schiff base reaction.
Glucose oxidase and amikacin, an aminoglycoside antibiotic,
were incorporated into the hydrogel, imparting it with glucose-
responsive and antibacterial properties. The hydrogel formed
after 30 min of incubation. Figure 2c provides a representative
example, showing the appearance before and after gelation.
FTIR spectra was used to examine the chemical structure of
hydrogels encapsulating only glucose oxidase (POG hydrogel)
and both components (POGK hydrogel). As shown in Fig. 2b,
compared with the ODA, the stretching vibration of the alde-
hyde group at 1,734 cm™' disappeared, and the new peak at
1,652 cm~! in both hydrogel spectra was assigned to the
stretching vibration of the imine structure (-C=N-)“2, indicat-
ing the formation of Schiff base bonds. Scanning electron
microscopy (SEM) was used to observe the microstructure of
the hydrogels, revealing that both hydrogels possess uniform
3D porous network structures (Fig. 2¢). In the context of wound
dressing, the porous structure is crucial to facilitate cell migra-
tion, nutrient exchange, and tissue regeneration*%l. Moreover,
the swelling ratio of the POG and POGK hydrogels was evalu-
ated gravimetrically. Both hydrogels showed good swelling
ability, with maximum swelling ratios being reached after 6 h at
672.25% =+ 28.52% for the POG hydrogel and 721.89% + 23.01%
for the POGK hydrogel (Supplementary Fig. S4). These results
demonstrate that the constructed hydrogels have a superb
capacity to absorb wound exudate.
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Fig. 2 Characterization of the hydrogels. (a) SDS-PAGE analysis of the purified paramyosin. (b) FTIR spectra of the DA, ODA, POG, and POGK.
(c) Optical photos of the formation of POG and POGK hydrogels. The inset images were the SEM observations of POG and POGK hydrogels.

Rheological properties and injectable and
adhesive behavior of hydrogels

Rheological experiments were conducted to investigate the
mechanical properties of the hydrogels under varying strain
and frequency. As shown in Fig. 3a, a strain amplitude sweep
was executed to identify the critical strain point for maintain-
ing the hydrogel morphology. The critical strain value of POG
and POGK hydrogels was found to be 193.1% and 217.3%,
respectively. Taking the POGK hydrogel as an example, when
the strain exceeded 217.3%, the loss modulus (G") exceeded
the storage modulus (G'), indicating that the hydrogel was
disrupted and transitioned to a quasi-liquid state. The appro-
priate critical strain value ensures that the hydrogel will flow
smoothly when an external force is applied, making it easy to
inject into the wound site through a syringe or catheter. Addi-
tionally, the frequency sweep demonstrated that both hydro-
gels exhibited frequency-independent behavior and main-
tained the hydrogel elastic network as the frequency changed
(Fig. 3b). Based on dynamic covalent bonding, the mechanical
properties of the hydrogel effectively match the elastic modu-
lus of biological tissues (0.5-500 kPa)3], suggesting that it
could be a prospective candidate for a wearable dressing to
accelerate wound healing. In addition, a step strain measure-
ment at a fixed frequency of 1 Hz was used to describe the self-
healing properties of hydrogels. As shown in Fig. 3c and d,
under a high strain of 300%, the hydrogels were destroyed and
changed into a liquid state characterized by G" greater than G'.
On the other hand, when the strain was changed to 1%, the G'
and G"quickly recovered to their original values and
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reconstructed the intact gel network, demonstrating the excep-
tional self-healing properties of the hydrogels. An optimal
diabetic wound dressing should have favorable injectability to
fill irregularly shaped wounds well, decrease bacterial infection,
and accelerate injury closure. The injectability of the hydrogels
was assessed through viscosity measurements. Both the POG
and POGK hydrogels had high viscosity at low shear rates.
However, as the shear rate boosted, the viscosity of both hydro-
gels decreased (Supplementary Fig. S5). This behavior indi-
cates that both POG and POGK have good shear-thinning abil-
ity and are easily injectable. In addition, as shown in Fig. 3e, the
hydrogels could be easily and constantly squeezed out from
the pinhole syringe without obstructing or breaking. Moreover,
the hydrogel could be used to write letters using the syringe,
indicating the superior injectable behavior of the hydrogel.
These self-healing and injectable properties were attributed to
the dynamic Schiff base bonds between the two-component
polymer#4, Self-adhesion is another exceptional property of
the hydrogel. The free amino and carboxyl groups as well as
hydroxyl groups in the hydrogel system undergo non-covalent
interactions with the substrate surfaces, thus endowing the
beneficial bio-adhesive propertiesisl. As depicted in Fig. 3f, the
hydrogel firmly adheres to a variety of surfaces, including skin,
rubber, glass, plastic, and steel.

pH/glucose dual-responsive release behavior of
hydrogels

Glucose oxidase was embedded in the hydrogel through
encapsulation and dynamic Schiff base bonds with ODA to
perform multiple functions (Fig. 1). Acting as a glucose

Yin et al. Food Innovation and Advances 2024, 3(4): 332—-343
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Characterization of the rheological properties, injection ability, and adhesion behavior of the protein hydrogels. (a) Strain sweep

measurement of POG and POGK hydrogels with a set frequency of 1 Hz. (b) Dynamic frequency-sweep measurements of the POG and POGK
hydrogels. Step-strain measurements of the (c) POG, and (d) POGK over five cycles at different strain. (e) Photos showing the injection of the
POGK hydrogel. The red color of the hydrogel was from the embedded Rhodamine 6G. (f) Photographs of POGK hydrogel adhering to skin,

rubber, glass, plastic, and steel.

scavenger, glucose oxidase can effectively alleviate hyper-
glycemic environmental stress and inhibit bacterial growth[“¢l,
Additionally, the catalytically generated gluconic acid could
create an acidic environment to facilitate the degradation of
the designed Schiff base bonds, thereby achieving the pH and
glucose dual responsiveness of the hydrogels. In this study, the
pH/glucose dual stimuli-responsive drug release properties of
the hydrogels were explored under various conditions. The pH-
responsive release of amikacin was examined by exposing the
POGK hydrogel to different pH environments. As depicted in
Fig. 4a, after 12 h of incubation, the cumulative amikacin
release from the POGK hydrogel under pH 5.5 and pH 7.4
conditions was approximately 45.6% and 15.3%, respectively.
Notably, the release rate of amikacin from the hydrogels was
significantly higher in the acidic environment compared to the
physiological environment. This was attributed to the hydroly-
sis and disruption of the Schiff base structure under acidic
conditions!}, leading to the collapse of the hydrogel, thereby
allowing for a rapid amikacin release. Given the prolonged
inflammatory phase commonly observed in diabetic wounds,
which results in an acidic microenvironment!*8), the pH-respon-
sive hydrogel, with its enhanced drug-release properties at low

Yin et al. Food Innovation and Advances 2024, 3(4): 332—-343

pH, holds promise for applications in diabetic wound healing.
Furthermore, the glucose-responsive amikacin release in 25
mM glucose was investigated in PBS (pH 7.4), with PBS without
glucose used as a control. As shown in Fig. 4b, the amount of
sustained drug release from the POGK hydrogel and the accu-
mulation of amikacin in the glucose environment were approxi-
mately three times those of the control group. After 12 h,
around 40.9% of the amikacin had been released into the
glucose-rich environment. It is worth noting that the hydrogel
without glucose oxidase (POK hydrogel) exhibited a release
behavior similar to that in the PBS buffer, underscoring the
pivotal role of the enzyme in achieving the glucose stimulus
responsiveness of the POGK hydrogel. Recent evidence has
indicated that the engineered bacteria incorporated into the
multifunctional hydrogels can secrete lactic acid to maintain an
acidic environment in the wound, promote the switch of pro-
inflammatory M1 macrophages to anti-inflammatory M2-like
macrophages, and accelerate injury recovery['®l. Additionally,
the glucuronic acid produced by glucose oxidation not only
couples with Schiff base to achieve the glucose responsiveness
of the gel, but also has a pKa value of 3.86, similar to that of
lactic acid, which could also create an acidic environment and
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shift macrophages toward an anti-inflammatory phenotype.
Most previous studies used boronic ester bonds to construct
hydrogels to obtain glucose responsiveness, which required
the introduction of some polymeric compounds, but the
potential non-biodegradability and cytotoxicity may limit their
further application*->1l. However, in this study, Schiff bases
were coupled with enzyme-catalyzed reactions, and dual-
responsive protein hydrogels can be easily and rapidly con-
structed based on natural compounds. Furthermore, another
major advantage of PM gels is their one-step gelation charac-
ter under benign conditions, which is more convenient to
encapsulate unstable molecules. Collectively, the synthesized
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POGK hydrogel possessed unique pH/glucose dual stimuli-
responsive drug release characteristics, positioning it as a
prospective candidate for diabetic wound healing.

Antibacterial ability and biocompatibility of the
hydrogels

In diabetic wounds, the high-glucose microenvironment
increases susceptibility to infection®2. Therefore, an ideal
hydrogel wound dressing should not only have great tissue
adhesion and mechanical properties to prevent secondary
damage from external factors, but also antibacterial properties
to combat invading bacteria, regulate inflammation, and expe-
dite the healing processi®3. In this study, the antibacterial
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In vitro bacterial growth inhibition and cytocompatibility of hydrogels. (a) Photos of making it through bacterial clones on LB plates

after various treatments. (b) Corresponding bacteria-killing effectiveness against E. coli and S. aureus (n = 3). (c) Cell feasibility of NIH 3T3 and
HUVECs after hydrogel treatment for 6 h. (d) Quantitative hemolysis ratio of 0.1% Triton X-100, POG and POGK hydrogels (n = 3). The insert
shows the supernatants of RBCs with different treatments. Different letters in the histograms represent significant differences, p < 0.05.
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efficiency of the hydrogels was evaluated against the Gram-
negative bacterium E. coli and Gram-positive bacterium S.
aureus through the plate-counting method. As depicted in
Fig. 5a and b, compared to the PBS group, the hydrogel encap-
sulating glucose oxidase and amikacin (POGK hydrogel) exhi-
bited notably higher antibacterial activity, with a kill rate
against E. coli and S. aureus of up to 96.1% and 95.5%, respec-
tively. The potent antibacterial effect was attributed to the
release of amikacin, which hinders bacterial protein synthesis
and disrupts bacterial membrane integrity, ultimately resulting
in bacterial demisel>4l. Conversely, the relatively weaker bacte-
riostatic effect of the POG hydrogel may be due to the alde-
hyde groups in oxidized dextran, which can interact with the
amino group of functional proteins on the bacterial surface,
causing protein coagulation and precipitation, thereby impair-
ing their replication ability and achieving bacteriostasis®?. In
summary, these findings demonstrated that POGK hydrogel
exhibited excellent antibacterial activity, effectively preventing
pathogenic bacteria from infecting the wound.

The cytotoxicity of the hydrogels was investigated utilizing
a CCK8 assay with HUVECs and NIH 3T3 cells. As depicted in
Fig. 5¢, the cell viability of both cell lines was unaffected when
incubated with POG or POGK hydrogels, indicating the excel-
lent cytocompatibility of both hydrogels. This desirable cyto-
compatibility is derived from the integral biocompatibility of
all-natural products used in the hydrogels. Additionally, hemo-
lysis evaluation was conducted to assess the blood compati-
bility of the hydrogels. Remarkably, the hemolysis rates of the
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hydrogels were found to be less than 2%, well below the
permissible limit of 5% (Fig. 5d). Furthermore, the RBCs super-
natants treated with the hydrogels were transparent and
colorless compared to the positive control (Fig. 5d insert),
demonstrating their good compatibility.

Diabetic wound healing properties of hydrogels

According to the obtained results, the designed hydrogels
possess the desired attributes of good adhesion, injectability,
excellent antibacterial ability, and good biocompatibility.
These characteristics underscore their potential as effective
candidates for wound dressing applications. To evaluate their
clinical therapeutic effects, a diabetic cutaneous wound model
was established in diabetic mice (Fig. 6a). Based on a well-
established method[%, the diabetic mice (with blood glucose
values higher than 16.7 mmol-L-") were effectively established
through the injection of streptozotocin into C57BL/6J mice
(Supplementary Fig. S6). Mice diabetic wounds with an 8 mm
diameter were induced and then treated with different mate-
rials, including sterile PBS (control), chitosan medical hydrogel
(positive control), POG hydrogel, and POGK hydrogel. Macro-
scopic pictures of the injury healing process in various groups
are shown in Fig. 6b. The remaining wound area in all groups
progressively lowered gradually. In particular, the POGK hydro-
gel showed a superior area closure compared to the other
groups (Fig. 6¢), which could be attributed to the capacity to
inhibit bacterial infection, reduce the inflammatory stage, and
promote wound healing*!,
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Fig.6 Treatment efficiency of the diabetic wound by the hydrogels in diabetic C57BL/6N mouse model. (a) Schematic illustration of a diabetic
wound establishment and therapy schedule. (b) Depictive pictures of the diabetic wound recovery process. Scale bar: 5 mm. (c) Schematic
representation of the wound healing throughout 14 d. (d) Quantification of the wound closure rate. Different letters in the histograms

represent significant differences, p < 0.05.
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The hydrogel-treated groups exhibited a markedly higher
wound closure rate compared to the control group throughout
the treatment period, with the POGK group showing a 59.5%
wound contraction rate after 10 d compared to 31.2% in the
control group (Fig. 6d). By day 14, the wounds in the POGK
group were virtually completely closed, with a closure rate of
92.1%, while the control group displayed a significant unhealed
area. The wound closure rate of the hydrogel treatment groups
resembled that of the positive control group, indicating the
prepared gels’ efficacy in promoting wound healing. Although
there were no significant differences in the wound repair capa-
bilities of POG and POGK, it is important to note that the POGK
gel with excellent antibacterial ability may accelerate the heal-
ing of bacterially infected wounds. Many studies have simu-
lated bacterial infection in diabetic wounds by adding
pathogenic bacteria and the results have actually shown that
the antibacterial properties of hydrogel are crucial for injury
recovery>’-59, The results of this study support the idea that
the POGK hydrogel’'s excellent antibacterial ability may
contribute to accelerated healing in such cases. Overall, this
study underscores the possibility of POGK hydrogels for
diabetic injury recovery due to their combined antibacterial
and stimuli-responsive activity.

Histological analysis and angiogenesis in vivo

To further investigate the quality of the regenerated skin in
the different treatment groups, histological analyses were
conducted. As depicted in Fig. 7a, the results of H&E staining
revealed a continuous and tightly coherent new epidermis in
the hydrogel groups on day 14. In contrast, the injuries in the
control group were not totally shut and the epidermal thick-
ness was 28.62 + 2.34 um, significantly thinner than the epider-
mis of the hydrogel treatment groups (Fig. 7b). These H&E

o

Control

Dual-responsive protein-based hydrogels

staining results aligned with the wound healing phenotype,
indicating that the hydrogel groups exhibited superior healing
efficiency, as evidenced by effective wound epithelialization.

Collagen deposition is essential for restoring the tensile
strength of skin, promoting cell migration, and improving the
healing process!®. Therefore, Masson's staining was performed
to assess collagen deposition on the injured tissue. The results
revealed that all hydrogel groups displayed substantially
greater collagen deposition compared to the control group
after 14 d (Fig. 7a & c). Notably, the POGK hydrogel group
exhibited tight and uniformly distributed collagen deposition
at 51.6%, which is 1.65 times higher than the control group.
Fibroblasts cross-linked with collagen have an effect on wound
contraction throughout the healing process. Hyperglycemia
has been reported to impair the healing process after injury by
decreasing cell proliferation and affecting the synthesis of
collagenl®l. Consequently, the reduced blood sugar levels
achieved through enzyme catalysis may be responsible for the
increased collagen deposition observed in the hydrogel
groups. These histological results demonstrated that the POGK
hydrogel could accelerate the healing of diabetic wounds
by promoting re-epithelialization and enhancing collagen
deposition.

New blood vessel formation is a critical indication of wound
recovery, which impacts the delivery of different materials
important for injury repair, such as oxygen, nutrients, and func-
tional protein factorsl®Z, To evaluate whether the hydrogels
could promote angiogenesis, Western blot experiments were
performed to detect a-smooth muscle actin («-SMA) and trans-
forming growth factor 1 (TGF-$1), which play vital roles in
neovascularization development and extracellular matrix
protein accumulationl®364, As depicted in Fig. 8a—c and
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Supplementary Fig. S7, the expression levels of a-SMA and
TGF-$1 in the wounds of the hydrogel-treated groups were
significantly greater than those in the control group. The results
suggested that the hydrogel groups formed more mature
blood vessels, which could accelerate skin reconstruction by
providing oxygen and nutrients. Additionally, tumor necrosis
factor o (TNF-a) was picked as an index to evaluate the inflam-
matory status of diabetic wounds. The hydrogel treatment
groups displayed a reduced expression of TNF-a contrasted to
the control group (Fig. 8a & d), indicating that the hydrogel
possessed better anti-inflammatory effects, benefiting from its
excellent antibacterial ability. In summary, these results
revealed that the hydrogel can effectively alleviate inflamma-
tion and advertise angiogenesis and neovascularization,
thereby accelerating diabetic wound healing.

Conclusions

The administration of chronic wounds in patients with
diabetes mellitus represents a significant clinical challenge, due
to the increased susceptibility of these wounds to bacterial
infection, persistent inflammation, and excessive reactive
oxygen species. To address this issue, functional hydrogels
were developed by cross-linking native, linear PM, and ODA
polymers through the Schiff base reaction. The constructed
hydrogels displayed an interconnected porous structure, excel-
lent mechanical strength, and good tissue adhesion properties.
Importantly, by encapsulating both amikacin and glucose
oxidase during the hydrogel preparation, hydrogels with
remarkable antibacterial activity and pH/glucose dual-respon-
siveness were produced, which is desirable for controlling drug
release in the wound. Crucially, the animal studies demon-
strated that these newly constructed hydrogels remarkably

Yin et al. Food Innovation and Advances 2024, 3(4): 332—-343

accelerated the healing of diabetic wounds by promoting re-
epithelialization and collagen deposition. These findings indi-
cate that the developed hydrogels have great promise for the
repair of diabetic wounds and the regeneration of skin tissue.
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