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In order to improve the wound repair environment, this research has successfully developed a new multifunc-
tional hydrogel dressing, which has strong adaptability and can accelerate wound healing. Pioneering the
development of metal-ion-controlled hydrogel dressings, this research integrates dopamine and imidazole double
crosslinked networks with metal-ion coordination. The resulting hydrogel dressing exhibits a notable antibac-
terial effect and exceptional mechanical properties, withstanding pressures of up to 12 kPa, tensions of 25 kPa,
and maintaining skin adhesion at 6 kPa. Furthermore, the dressing can self-heal within only 7-8 s post-injection.

Impressively, the hydrogel achieves complete biodegradation within a short timeframe (37 h). Notably, the use
of various metal ions facilitates painless peeling during the degradation period, perfectly aligning with the re-
quirements of an ideal wound dressing. This study has made significant progress in the fields of trauma repair
and materials, providing strong solutions for dealing with harsh post-traumatic environments.

1. Introduction

The Bacterial infections are indeed one of the second leading causes
of death worldwide, with approximately one eighth of deaths in 2019
attributed to such infections [1]. Various factors, including war injuries
[2] and burns [3]. In addition, infection [4], malnutrition [5], diabetes
[6], contribute to increased risks and mortality rates associated with
wound infections. The delay in wound healing poses serious threats to
human health [7], necessitating the development of advanced wound
dressings for timely intervention [8].

In 2018, federal healthcare insurance participants reported 8.2
million cases related to wounds, with estimated medical insurance costs
for acute and chronic wound care ranging from $ 28.1 billion to $ 96.8
billion [9]. These figures underscore the critical importance of infection
prevention and robust wound care practices. Presently, the removal of
traditional dressings can inadvertently cause secondary injuries [10],

amplifying patient discomfort and diminishing treatment efficacy.
Therefore, wound dressings play a pivotal role in reducing treatment
costs and improving efficiency.

The advent of functional hydrogel dressings in practical medical
applications has significantly elevated the quality of wound healing
[11]. Studies indicate a substantial decrease in wound infection inci-
dence from 70.1% to 26.5%, sepsis from 52.7% to 17.3% (Fig. 1A),
functional impairment decreased from 82.3% to 25.1% (11,12), and the
rate of post-treatment deformities from 22.5% to 13.6% (Fig. 1C). These
dressings also lead to a reduction in average preoperative preparation
days from 9.2 to 3.7 (Fig. 1B) and a decrease [12] in average hospital
stay from 35.9 days to 17.2, showcasing their remarkable impact on
critical wound treatment success rates and cost-effectiveness.

In recent years, research in this area has received widespread
attention. Yang et al. [13] successfully synthesized an antibacterial
hydrogel with high adhesion, utilizing the catechol group to impart
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strong adhesion to the hydrogel, to impart strong adhesion to the
hydrogel. Chung et al. [14] demonstrated that a hydrogel comprising
dopamine and hyaluronic acid exhibits excellent adhesion. Meanwhile,
Zheng et al. [15] evaluated the impact of imidazole on the mechanical
strength of hydrogels. However, in current research, most of them lack
controllable changes in the adhesion of such dressings during removal,
which poses a risk of secondary damage. Moreover, the antibacterial
ability has not been optimized, and there has been no in-depth study on
its evaluation of wound repair ability.

The future emphasis in advanced hydrogel dressings research [16]
lies in enhancing the functionality of the dressings to expedite wound
healing [17], bolstering antibacterial safety and efficacy, and refining
the mechanical properties of hydrogels. Thereafter, based on hyaluronic
acid [18,19,20], this study employs a combination of imidazole de-
rivatives [21] & dopamine [22,23] to prepare an advanced functional
hydrogel dressing, utilizing various metal-ions to achieve
metal-ion-control of the dressings. The hydrogel, enriched with imid-
azole derivatives, exhibits robust biological activity, resulting in an
enhanced antibacterial effect [24,25]. Meanwhile, the presence of
catechol group in dopamine-grafted hydrogel amplifies its biomineral-
ization capability, facilitating material-mediated regulation of biolog-
ical organisms. Here, hyaluronic acid-imidazole is defined as HA-Im,
and hyaluronic acid-dopamine is defined as HA-DOPA. The hydrogel
crosslinked by the two is abbreviated as HIDs. These impart self-healing,
injectable, and biocompatible properties to the hydrogels [26]. With the
aim to broaden the market for advanced wound dressings and extend the
realms of theoretical research in chemistry, clinical medicine, and ma-
terials science.
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2. Materials and methods
2.1. Materials

Dopamine hydrochloride (DOPA-HCI): 98% (®), N-hydrox-
ysuccinimide (NHS): 99% (w), 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide = hydrochloride (EDC-HCI): 99% (), N,N-
dimethylformamide (DMF), dichloromethane (DCM), trifluoroacetic
acid (TFA) were purchased from Aladdin (China). Sodium hyaluronate
(HA), imidazole (Im), 1,6-dibromohexane, tert-butyl carbamate, ethyl
acetate were purchased from Rhawn (China). Potassium carbonate
(K2CO3), methanol were purchased from Meilunbio (China).

2.2. Preparation of the hyaluronic acid-imidazole & hyaluronic acid-
dopamine hydrogels

2.2.1. Synthesis of tert-butyl (6-bromohexyl) carbamate

The synthesis of Tert-Butyl (6-bromohexyl) carbamate (N-Boc-BHA)
represents a novel method developed by our project team. In brief, his
process involves stirring an appropriate quantity of tert-Butyl carbamate
and 1,6-Dibromohexane at room temperature. Following a day of stir-
ring, the solution is rotated and evaporated to yield N-Boc-BHA.

2.2.2. Synthesis of imidazole derivatives

To synthesize Boc-protected imidazole derivatives, a mixture of 0.34
g imidazole and 0.83 g K;CO3 were combined with 5 mL of DMF. Sub-
sequently, N-Boc-BHA was added dropwise to a beaker, and the reaction
was carried out at 50 °C (700 r~min’1) for 12 h. Following solvent
evaporation and spin drying, the residue was treated with 15 mL of ethyl
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acetate. The resulting solution underwent three extractions with 10 mL
of ultrapure water, and the organic layer was collected. After drying
overnight with anhydrous NaySO4, the filtrate, now a light-yellow
product, was obtained.

The preceding product was dissolved in 3.6 mL of dichloromethane,
and 1.8 mL of trifluoroacetic acid was added, with stirring for 2 h. The
solvent was then spun dry, and methanol was introduced before
repeating this operation five times to yield a yellow oily product.

2.2.3. Synthesis of hyaluronic acid-dopamine, hyaluronic acid-imidazole
and HIDs

Weigh 0.2 g of HA, put it into a flask, and add 9 mL of high-purity
water. Stir and dissolve the HA at room temperature, adjusting the pH
to 5.5 once fully dissolved. Sequentially, add 0.382 g of catalyst EDC and
0.345 g of NHS, stirring thoroughly to dissolve. Next, introduce the
appropriate amount of DOPA-HCI. Apply nitrogen gas for 15 min, seal
the flask, and continue to vacuum for an additional 15 min to eliminate
air and prevent dopamine oxidation. Simultaneously, incorporate Fe3*.

Activate the reaction in an ice bath at 4 °C for 30 min, then add an
appropriate amount of Im derivative. Allow the reaction to proceed at a
low temperature of 4 °C for 24 h. Following the reaction, transfer the
mixture to dialysis bag (Mw = 8,000 Da) for dialysis in methanol/water
(V/y = 1:1) for 1 day, followed by dialysis in water for 2 days. Complete
the process with freeze drying to ultimately obtain the target hydrogel
(HIDs) product.

2.2.4. Measurements

FT-IR measurements were performed using an FT-IR Spectrometer
(Agilent, USA). Additionally, the elemental analysis was conducted to
characterize the compounds, utilizing an Organic elemental analyzer
vario MACRO cube CHNS (Elementar, Germany). The morphological
distribution of the hydrogel was observed by SEM (Hitachi, Japan). This
approach was employed to provide support and confirmation of the
composition and structure.

2.2.5. Rheological characteristics

For rheological testing, detection, and analysis, the AR-G2 Rheom-
eter (TA Instruments, USA) was used. To characterize the linear and
nonlinear viscoelastic properties of chemically crosslinked hydrogels
[27], all hydrogels were tested separately at 25 °C. Oscillatory shear
measurements under a series of strain amplitudes were conducted. The
initial thickness of the hydrogel samples utilized for frequency sweep,
tensile and compression tests ranged from 5 to 8 mm.

2.2.6. Healing capability and injectable properties

In the optical visualization experiment at room temperature, deli-
cately incise the hydrogel in the middle and reposition the two parts of
the hydrogel together for observation. The self-healing of the hydrogel
was recorded and observed with the DSLR camera (Nikon, Japan).
Concurrently, the injectability of HIDs was tested by injecting a syringe
into molds and inscribing words on a room temperature platform. The
experimental phenomena were recorded in real-time using an action
camera (DJI, China).

2.2.7. Mechanical characterization and metal-ion responsiveness properties

The universal testing apparatus (Shimadzu, Japan) is used to char-
acterize the mechanical properties through tensile testing at a rate of 4
mm min~! and a compression testing at a rate of 1 mm min~! at room
temperature. The adhesion of hydrogels was evaluated by tensile
adhesion test. In this test, a hydrogel sample (20 mm x 20 mm x 2 mm)
was placed between two pigskins, sourced from 7-months old boars. A
weight was applied to the overlapping position of the pigskins for 5 min,
followed by a uniaxial tensile test using a universal testing machine at a
rate of 5 mm min~!. This process was conducted to determine the
adhesion strength of the hydrogel in a skin application. The metal co-
ordination in the hydrogel was confirmed by EDS (Hitachi, Japan)
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detection and analysis.

2.2.8. Evaluation of antibacterial activity and assessment of cytotoxicity

The Oxford Cups were used to conduct antibacterial performance
testing using the inhibition zone method, which is highly intuitive. The
testing procedure involves the following steps: (1) Preparation of test
drug mother liquor. (2) Activation of the culture test strain by scribing
(Escherichia coli & Staphylococcus aureus etc.). (3) Expansion of the
cultivation of test strains in liquid medium under suitable conditions. (4)
Preparation of a plate containing bacteria culture medium (Radius = 30
mm), placement of a sterile Oxford cup, and subsequent injection or
non-injection of hyaluronic acid hydrogel and HIDs hydrogel, respec-
tively. (5) After appropriate cultivation time, analyze the radius (mm) of
the antibacterial band to evaluate its antibacterial ability.

Where the absolute difference between the two independent deter-
mination results obtained under repeated conditions should not exceed
15% of the arithmetic mean, and it can be considered that the anti-
bacterial test conclusion is valid.

After activation, the test strains were inoculated onto nutrient agar
plates and cultured at 36 °C + 1 °C for 24 h until clear colonies
appeared. Take 3 colonies and disperse them in TSB liquid culture me-
dium to prepare a bacterial suspension. Adjust the concentration of the
bacterial suspension to 1.5 x 10® CFU-mL~'. Add HIDs test samples to
TSB liquid culture medium and prepare TSB liquid culture medium with
concentrations of 0.1%, 0.3%, 0.6%, 0.9%, 1.2%, 1.5%, 1.8%, 2.1%, and
2.4%, respectively. Take 30 pL bacterial suspension was inoculated into
TSB medium containing the test sample and placed in a fully automatic
growth curve analyzer (Bioscreen, Finland). The suspension was incu-
bated at 37 °C for 48 h, and the turbidity value was measured every 3 h.
The minimum inhibitory concentration (MIC) is the minimum drug
concentration at which HIDs can completely inhibit bacterial growth.

To determine the cytotoxicity of the relevant hydrogels, sterilized
samples were incubated at 37 °C for 24 h. After removing the hydrogel,
add 200 pL the suspension about clone 929 (L-929 cell) was inoculated
into a 96-well plate and cultured at 37 °C for 1 day. The extract was
removed and 10% was added to MTT solution. Incubate L-929 cells in a
suitable environment (37 °C, 5% CO,) for 4 h. Then dissolve it in
dimethy] sulfoxide. Read the optical density at 568 nm.

Meanwhile, the L-929 cells were inoculated into fresh culture me-
dium under the same inoculation conditions. Calculate the significance
between the means, where a probability value *P < 0.05 is considered
significant (n = 12).

2.2.9. Therapeutic evaluation using a full-thickness injury animal model

The treatment experiment on the full-thickness injury animal model
received approved from the College of Chemistry, Chemical Engineering
and Resource Utilization, Northeast Forestry University (Approval No.
2022082609). To further evaluate the efficacy of the hydrogel dressing
in wound healing, wounds of a similar degree were created on the backs
of mice using a high-temperature soldering iron. Wounds of a similar
degree were created on the backs of mice using a high-temperature
soldering iron. Following the initial treatment of the wound with
physiological saline, the experimental group received treatment with
HIDs, while the control group was treated with medical gauze. Ongoing
observation were made on the physiological and wound healing status of
mice, with records kept. Meanwhile, observations were made on the
organs of the experimental mice to evaluate the potential toxic effects of
the chemicals and determine their toxicity. Use the curve tools in Origin
software to simulate the wound healing process. The wound healing
process was simulated using curve tools in Origin software, and the area
of unhealed wounds was measured using ImageJ software. The wound
healing rate was calculated using a specific equation (1):

Ap-A
Wound closure (%) = OA '

x 100 (€9)]
0
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where the wound areas on day 0 and day t were Ay (ecm?) and A¢ (cm?).
Use Image to calculate the irregular area of the wound.

In addition, on the 12th day, mice from both the experimental and
control groups were euthanized, and tissue samples from the sur-
rounding areas were collected and organ slices. These samples were
fixed in 4% paraformaldehyde for 48 h, embedded in paraffin, sliced,
and stained with Hematoxylin Eosin (H&E) and Masson trichrome for
histological analysis.

2.2.10. Statistical analysis

Employ statistics methods to compare group differences and evaluate
their statistical significance. Utilize mean standard deviation for the
analysis of data collected from distinct parallel surveys. Perform statis-
tical analysis using Office and Origin software. The significance level is
set at *P < 0.05, indicating statistical significance **P < 0.01 denotes
high statistical significance ***P < 0.001 signifies the highest level of
statistical significance.

3. Results
3.1. Structural analysis of HIDs hydrogel

This stepwise polymerization scheme utilizes amide bonds to form
two types of hyperbranched hyaluronic acids: DOPA functionalized
hyperbranched HA and Im functionalized branched HA. Simultaneously,
we employ metal coordination to alter its mechanical strength and
achieve controllable mechanical performance. The detailed internal
chemical structure of the hydrogel dressing is shown in Fig. 2B.

For the hydrogel, HA serves as the foundation. Both Im and Fe" are
incorporated to endow the hydrogel with outstanding antibacterial
properties. Furthermore, the infusion of dopamine-modified HA aug-
ments the mechanical strength and wound healing efficacy of the said
hydrogel.

Regarding the architecture of the hydrogel, we have elected to
employ a double network construction strategy. This involves the
incorporation of HA and Im derivatives to establish a durable, cross-
linked network (HA-Im). The secondary network is realized through
the grafting reaction between DOPA and HA, leading to the formation of
HA-DOPA. These two networks are intertwined through metal
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coordination with Fe>* to create reversible cross-links. Subsequently,
we will delve into the unique function provided by the spray application
of Cu®* - enabling the gel to peel off painlessly. An examination of the
SEM image depicted in Fig. 2C indicates that the HIDs possess a spatial
network structure that is denser compared to the HA found in the un-
processed material. This enhanced structure boosts its swelling capacity,
facilitating the penetration of the corresponding solution through the
network [28].

According to the infrared spectrum, HA-DOPA has a = C-H absorp-
tion frequency around 3100-3000 cm ! on the aromatic ring, in contrast
to HA and HA-Im, showing three weaker peaks. The skeletal stretching
vibration of the C—=C aromatic ring normally has four bands, approxi-
mately 1600, 1580, 1500 and 1450 cm™ L. At the same time, the series of
minor peaks around 2000-1700 em™! s presumed to represent the
overtone peaks of the aromatic C-H bending vibrations of benzene ring
derivatives. It has been demonstrated that DOPA has been successfully
grafted in this condition. At the same time, the characteristic peak of
1601 cm™! in HA-Im is also favorable evidence for the grafting of
imidazole derivatives onto HA. The FTIR spectrum of HIDs hydrogel is
shown in Fig. 2A, revealing distinctive features. Notably, the absorption
peak in the range of 3500 and 3200 em ! is associated with —OH, while
the absorption peak at 1644 cm ™! corresponds C=C, and the peak at
1203 cm ! is linked to C-N. These findings provide evidence that Im
derivatives and dopamine have been grafted onto HA, resulting in the
formation of the observed products.

For CHN analysis, the sample is introduced into the equipment using
a silver crucible, and combustion is facilitated by injecting oxygen using
inert gas [29]. This test uses a standard sample of sulfanilic acid within
the range of 0.15-0.50 mg for calibration (Fig. 2B). Table 1’s compari-
son with HA reveals that DOPA-grafted and Im-grafted hydrogels
possess a higher carbon content. At the same time, both HA-Im and HIDs
showed a significantly higher nitrogen content compared to HA, which
serves as crucial evidence of successful Im grafting. Furthermore, the
successful attachment of DOPA and Im onto HA is confirmed by their
unique C/N ratios. The C/H ratio of HIDs is measured at 8.29%, closely
aligning with the theoretical value of 8.32%. These results affirm the
successful modification of HA through the process of grafting DOPA and
Im into the hydrogel.
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Table 1

The sample data in CHN analysis.
Group Element HA HA-Im HA-DOPA HIDs
Theoretical Value C 44.32% 50.40% 51.36% 50.89%
Actual Value 44.26% 50.43% 51.10% 50.23%
Theoretical Value H 3.69% 6.40% 5.84% 6.11%
Actual Value 3.74% 6.47% 5.79% 6.16%
Theoretical Value o 46.44% 32.00% 37.35% 34.71%
Actual Value 46.78% 32.12% 37.21% 34.62%
Theoretical Value N 5.54% 11.20% 5.45% 8.28%
Actual Value 5.50% 11.15% 5.51% 8.31%
Theoretical Value C/H Ratio 12.01% 4.50% 8.79% 8.32%
Actual Value 12.13% 4.56% 8.82% 8.29%
Theoretical Value C/N Ratio 8.00% 7.86% 5.84% 6.15%
Actual Value 8.04% 7.74% 5.32% 6.49%

3.2. Rheological analysis

The gelation time of HIDS and ha hydrogels was evaluated (Fig. 3A).
Over time, the values of G' and G” for HIDS gradually increased. The sol-
gel transition initiated in 22 s and reached equilibrium within 28 s,
indicating completely crosslinking (Fig. 3C). As the temperature is tested
within the temperature range of the normal environment, the modulus
of gel is almost stable, reflecting that the HIDs hydrogel can maintain the
best lasting mechanical properties compared with other control groups
in clinical application (Fig. 3D). Notably, the gelling time of HIDs was
shorter than that of HA. Subsequently, frequency scanning was carried
out on the hydrogel, revealing stable values of G’ and G” with minimal
fluctuation within the dynamic frequency range (Fig. 3E).

Simultaneously, the hydrogel exhibited a linear viscoelastic zone and
excellent shear resistance within a 0%-100% (Fig. 3F). This observation
indicates the integration of the crosslinked structure of the hydrogel,
forming a stable three-dimensional polymer network structure.

In the angular frequency scanning range of 1-100 rad s, the value
of G is consistently exceeded G" for HIDs, HA, HA-DOPA and HA-Im
hydrogels (Fig. 3E). This indicates the successful formation of elastic
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solid hydrogels [30]. Additionally, due to the change in the chemical
cross-linking network, the modulus of HIDs is significantly greater than
that of the other three hydrogel products.

3.3. Mechanical properties of HIDs

The mechanical properties of the hydrogel were measured by
compression and tensile tests (Fig. 3B). Uniform tensile and compressive
force to the hydrogel samples, and resulting deformations and modulus
were measured modulus (Pa) and strain (%). Tensile stress-strain curves
(Fig. 3F) and compressive stress-strain curves (Fig. 3G) for each group
were obtained. The results show that HIDs hydrogels can withstand up
to 90% strain without cracking (Fig. 3G). This suggests that the addition
of DOPA and Im enhances the crosslink density of the double crosslinked
structure formed by the HIDs hydrogel compared to a single crosslinked
structure. This improvement effectively addresses the issue of weak
mechanical properties in hyaluronic acid hydrogel.

Additionally, the hydrogel exhibits robust adhesion to biological
tissues such as skin and liver, sourced from 7-months old boars (Fig. 4A).
The strong adhesion between wound dressings and skin is particularly
advantageous for widespread application. The primary contributor to
adhesion force is the van der Waals force between the wound dressing
and the skin. In the pig skin adhesion test, we observed that the adhesion
strength of HIDs-Cu®" on the skin can even reach 6 kPa (Fi g. 3H), which
is sufficient to meet their needs for wound treatment. As illustrated in
Fig. 4B, the HIDs hydrogel adheres well to the hand and remains secure
during frequent limb movements. The hydrogel’s strong adhesive force,
coupled with its ability to extend or contract with finger bending, en-
hances its efficacy in wound healing [31]. These observations under-
score the hydrogel dressing’s effectiveness in clinical wound care
applications.

Another crucial aspect of the investigation involves examining the
impact of incorporating various metal ions, on adhesion strength. Cu?*
are an important factor in wound healing, as well as in angiogenesis and
induction of vascular endothelial growth factor. Local release of Cu?*
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has been shown to facilitate wound healing [32]. At the same time, by
adding different metal ions (such as Cu?*, Ca%") to peel off pig skin
(from 7-months old boar) to evaluate the adhesive strength, the changes
caused by hydrogel dressing were visually captured (Fig. 4G) in a long
time. In order to achieve the optimal effect of controllable stripping, as
shown in Fig. 4F, by adding Cu®>" and Ca2" for comparison, the G’ of
HIDs hydrogel caused by Cu®" increases significantly and immediately,
while the modulus change caused by Ca®" is very insignificant, and the
effect of Ca?" is far less than that of Cu>". Meanwhile, through EDS
testing to detect Cu and Fe elements in HIDs-Cu®* (Fig. 4I), we found
that after spraying Cu®", Cu?" quickly competes with Fe** and occupies
most of the coordination sites, which is the main reason for the change in
its adhesive strength. As the concentration of Cu*" sprayed increases,
the adhesion of the hydrogel correspondingly decreases, facilitating
easier and painless peeling. Given that the maximum daily intake of

+ permissible in the human body is 0.5 mg kg~! d~! [33], for an
average human body weight of 50 kg [34], the daily dosage should not
exceed 25 mg. However, this hydrogel achieves the targeted detachment
at a usage of just 5 mg, rendering safety concerns negligible.

As shown in Fig. 4C, in the presence of Fe37, it is observed that the
adhesion strength of HIDs hydrogel is very strong, and it is difficult to
completely peel off. However, after 8 min of Gu?* reaction, the adhesion
strength sharply decreased (Fig. 4H). The hydrogel compounded with
Cu®" could be easily peeled off from pigskin, with the residual amount
being nearly negligible (Fig. 4C). As shown in Fig. 4E, it illustrates that
the HIDs-Fe>' hydrogel, naturally sagging under gravity, could over-
come its own weight and straighten horizontally within 2 min due to the
rapid increase in mechanical strength after Cu?* spraying. We associate
this occurrence with shifts in the composite of metal-ions, in which the
coordination ability of Cu®* exceeds that of Fe>* [35]. This discrepancy
results in alterations to the degree of internal cross-linking.

Consequently, a new hydration layer materializes between the hydrogel
and the wound. This new layer diminishes the intimate contact between
the polymer and the wound surface, thereby nullifying the bidentate
hydrogen bond formed between DOPA and the skin. Consequently, with
the disintegration of the hydrogen bond, the adhesion strength of the
hydrogel dissipates rapidly.

In summary, HIDs hydrogels exhibit excellent rheological and ad-
hesive properties for the skin and demonstrate controllable peeling of
dressings after Cu?* application. Compared to HIDs-Fe**, HIDs-Cu?* has
a reduced adhesive strength, which makes it difficult to replace dress-
ings, reduces pain during the removal process. The HIDs hydrogel will
be changed by complexing metal ions with the water entering (Fig. 4D).
When the new hydration layer is formed, the real contact area between
the hydrogel and the matrix is greatly reduced, which will greatly
weaken the close contact between the adhesive polymer and the tissue
surface, and eliminate the influence of the hydrogen bond between
DOPA and the surface. Thus, achieving painless dissection, avoids sec-
ondary damage, and thus improves debridement efficiency and accel-
erates wound healing speed.

The biodegradability of hydrogel dressings is expected to maintain
its function, especially its mechanical integrity, within the required
service life. The self-degradation [17,36] of HIDs hydrogel (Fig. 5B)
includes (i) hydrogels that disintegrate along the main chain, (ii)
hydrogels with pyrolysis crosslinks, and (iii) hydrogels with degradable
side chains. Hydrogels exhibit various changes in mechanical properties
at different degradation stages.

The natural degradation experiment confirmed that HIDs hydrogel
showed excellent self-degradation rate at normal temperature and
pressure (Fig. 5A). Notably, in vitro, the residual mass of HIDs hydrogel
after 24 h is only approximately 25%. In comparison with other control
groups, this represents a significant improvement in the degradation
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rate. Specifically, the residual mass of HA hydrogel and HA-DOPA
hydrogel at the 24th hour is around 90%, and that of HA-Im hydrogel
is approximately 70% (Fig. 5C). In vivo experiments (Fig. 5D), HIDs have
a faster degradation rate compared to other groups, with only about 4%
remaining after about 36 h, even faster than in vitro degradation. These
experimental findings provide favorable evidence for the effective self-
degradation of HIDs hydrogel dressing in clinical application.

3.4. Self-healing and injectability

As demonstrated in Fig. 6B, the hydrogel can be extruded through a
needle and shaped as required, showcasing its high plasticity and ability
to fill uneven wounds. The adaptability of hydrogel dressings to
complex-shaped wounds is crucial for their efficacy in clinical applica-
tions [37].

To evaluate the adaptability of HIDs hydrogels, injections into molds
of various shapes were performed. After being placed at room temper-
ature and under pressure for 7 s, it reconstructs into a complete hydrogel
similar in shape to animals and humans. In the injection experiment,
HIDs hydrogel was easily injected through a 22 G needle (Fig. 6B) and
could be successfully shaped according to specific requirements,
emphasizing its versatility and applicability in diverse clinical scenarios.

In addition, the self-healing ability of HIDs hydrogels was evaluated
by visual methods [38,39]. When a round HIDs hydrogel is cut into two
halves under normal temperature and pressure, the two pieces of the cut
semi-circular hydrogel demonstrate remarkable self-healing within just
7 s (Fig. 6C), forming a new flawless hydrogel (Fig. 6A). Notably, this

self-healing occurs effortlessly without external force. The recovered
hydrogel dressing still has excellent toughness and elasticity (Fig. 6D).
These findings indicate that HIDs hydrogels have excellent injectability
and self-healing properties due to the good remodeling ability of high
dynamic hydrogel networks.

3.5. Evaluation of antibacterial activity and assessment of cytotoxicity

As is well known, biobased polymers have active functional groups
such as -OH, -NH5, -COOH on the molecular chain, which can form
physical or chemical interactions with antibacterial agents, so that the
prepared hydrogel has antibacterial properties [40]. The antimicrobial
efficacy of the hydrogel is predominantly associated with imidazole. It
selectively inhibits the fungal cytochrome P-450 dependent
14-a-Demethylase [41], leading to the build-up of 14-a-Methyl sterol.
This prevents the synthesis of ergosterol on the cell membrane, effec-
tively altering its permeability. Owing to this, the fungi ultimately perish
due to the depletion of vital intracellular substances.

By using the bacterial growth curve method, the hydrogel’s anti-
bacterial characteristics were further investigated. The results are
depicted in Fig. 7A and B. First of all, the experimental results found that
the control group without hydrogel dressing had almost no antibacterial
effect and almost no antibacterial circle. However, the study found that
there was a slight bacteriostatic zone around the HA hydrogel (Escher-
ichia coli 4.02 + 0.10 mm, Staphylococcus aureus 6.07 + 0.14 mm). Due
to their radii being less than 5 mm and less than 7 mm respectively, they
belong to moderate and low antibacterial properties [42]. On the other
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hand, HIDS hydrogel has a much better inhibitory effect on Escherichia
coli (Fig. 7C) and Staphylococcus aureus (Fig. 7D), both reaching 12.01 +
0.12 mm. Due to their radii being all greater than 10 mm, it proves that
HIDs have extremely strong antibacterial properties [43]. On the other
hand, based on the significant decrease in the number of the two bac-
teria shown in Fig. 7H and I after using HIDs, we can also visually
demonstrate their excellent antibacterial properties. According to the
test results shown in Fig. 7E and F, the minimum inhibitory concen-
trations of HIDs on Escherichia coli are all 2.1%, and the minimum
inhibitory concentrations on Staphylococcus aureus are all 1.8%; When
the concentration of the hydrogel is 2.4%, the antibacterial rate against
Escherichia coli and Staphylococcus aureus is close to 100%.

HIDs hydrogels were evaluated by using hydrogel extracts for NCTC
clone 929 (L-929 cell) culture. As shown in Fig. 7G, compared with the
blank control, the optical density (OD) value at 568 nm of the HIDs
hydrogel is statistically different to some extent (*P < 0.05), but they
still reach 85%. In adherence to the guidelines stipulated for the bio-
logical evaluation of medical devices (ISO 10993-5:2009, IDT) [44],
scenarios requiring a decrease in cell viability exceeding 30% are
deemed to represent cytotoxic effects. This highlights that HA exhibits
no cytotoxicity towards L-929 cells. Furthermore, our results also
confirm that the HIDs hydrogel displayed no signs of cytotoxicity.

3.6. Healing research

The results were compared with those of bacterial infected wounds
bandaged without hydrogel dressing and with HA. The progression of

wound healing in each group on treatment days 2, 6, 8, and 10 is
depicted in Fig. 8B. As shown in Fig. 8A, the wounds of mice were
regularly photographed and monitored within 0-10 days. After healing
the wound for 6 days, the HIDs group gradually outperformed the
control group, and on the 8th day of HIDs, significant epidermal
regeneration was observed compared to other groups. After 10 days of
treatment, compared with the control group and HA group, the HIDs
group showed better wound healing characteristics, almost complete
healing, and new hair growth, while the other groups still showed open
wounds. This directly proves that HIDs exhibits the best wound regen-
eration effect among all groups. Simultaneously, sections of organs
(including heart, liver, spleen, lungs, and kidneys) of mice treated with
HIDs were tested (Fig. 8F). The cells in the tissue slices were intact and
showed no cytotoxicity or tissue damage, proving that HIDs have wound
therapeutic effects while not causing damage to other tissues and organs
in the body.

Given that HA at a trauma site can effectively regulate inflammatory
cells and fibroblast’s movements, trigger pro-inflammatory cytokines
synthesis, and assist in the phagocytosis of invading microorganisms
[45,46], HA plays a crucial role in anti-inflammatory responses. These
processes contribute to the notable absence of inflammation or infection
at the wound site throughout the treatment, as depicted in Fig. 8A and B.

The quantitative analysis of the wound area throughout the entire
skin wound repair process (Fig. 8C) showed that on the 10th day,
compared with other groups, the healing rate using HIDs was 99%
(about 0.02 crnz) (Table 2), showing a significant difference, further
indicating that HIDs are an excellent wound repair platform. In addition,
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the healing rate in the HA group (72%) was also significantly different
from that in the control group (50%), which proved that the presence of
dopamine in HIDs endowed the ability to enhance cell metabolism,
stimulate collagen production, cooperate with imidazole to effectively
resist bacteria, reduce inflammation and actively promote wound
healing.

To further evaluate the therapeutic effect and regenerated skin
quality, histological analysis was used. In H&E staining [47], hema-
toxylin staining solution can dye the chromatin in the nucleus and
nucleic acids in the cytoplasm blue or purple, while eosin staining so-
lution can dye them pink. The classic method in Masson trichrome's
connective tissue staining [48] is the authoritative and classic technique
for collagen fiber staining. The wound tissue on day 2 and day 6 showed
that the multifunctional HIDs hydrogel could reduce the bacterial
induced inflammatory reaction and promote the inflammatory recovery.
After H&E staining, as shown in Fig. 8D, a new layer of epidermis was
observed covering all wound tissues. During the wound healing process,
the thickness of granulation tissue and skin appendages in HIDs was
better than that in the control group, confirming that HIDs has a good
wound repair effect. The results are consistent with the previous Fig. 8A
and C, and are consistent with the Masson trichrome (Fig. 8E) staining
results. In conclusion, HIDs hydrogel is beneficial to repair wound

healing and accelerate skin regeneration.
4. Conclusions

To enhance the efficiency and comfort of clinical wound treatment,
we have successfully manufactured a functional hydrogel with
controllable adhesion. This achievement was made possible through the
incorporation of dopamine and imidazole derivatives, along with the
strategic use of metal ions. This formulation significantly enhances the
antibacterial and adhesive properties of the dressing, contributing to the
overall improvement of wound healing processes. The dressing,
designed to work synergistically with various metal ions, controllably
regulates the adhesion and detachment, optimizing the healing
environment.

The hydroxyl group of dopamine, combined with the interface
adhesion effect achieved through topological entanglement, imparts
strong adhesion capabilities to HIDs hydrogels. The adhesion strength to
pig skin reaches an impressive 6 kPa, ensuring stable adherence to
wound tissue. Furthermore, the imidazole derivatives play a crucial role
in inhibiting the growth and reproduction of diverse bacteria within
wounds, creating a physiologically conducive environment for wound
repair.



Z. Shen et al.

(A)

Sample 2

Sample 3

||||I|IIII|III
o 1

cm

Sample 1: No Hydrogel Dressing

em

|l||l|IlII|TIT
o Fy

Sample 2: + HA

FEEEEErryp e
i J

em

Sample 3: + HIDs

em

©)

Degree of Wound Repair (%)

1004 | M@ Day2 [_Day8
[ pay 6 ] Day 10

Materials Today Bio 26 (2024) 101039

Fig. 8. Testing the effect of HIDs on wound healing. (A) The photographs of wound healing. (B) Schematic diagram of wound healing in mice. (n = 15) (C) Mouse
wound change model and healing data. (D) Remove the surrounding tissue of the defect and evaluate it using H&E staining on days 2, 4, 6, and 10. (n = 3) (E) The
tissue around the defect was excised and Masson trichrome staining was used to evaluate the wound healing of HIDs hydrogel on the 2nd, 4th, 6th and 10th days. (n
= 3) (F) Organs of mice cured by HIDs will be sliced and analyzed histologically. (From left to right are the heart, liver, spleen, lungs, and kidneys in order).

Table 2
The surface area of wound during healing process.
Group Time Area Area Area Area
(em?) (em?) (em?) (em®)
Control Day 0 1.692 1.623 1.687 1.653
Group Day 2 1.557 1.488 1.547 1.527
Day 6 1.523 1.428 1.518 1.504
Day 8 1.308 1.246 1.301 1.268
Day 10 1.169 1.112 1.171 1.150
HA Day 0 1.693 1.634 1.693 1.659
Day 2 1.106 1.059 1.095 1.087
Day 6 1.019 0.998 1.026 0.990
Day 8 0.802 0.766 0.819 0.801
Day 10 0.489 0.452 0.457 0.471
HIDs Day 0 1.640 1.645 1.687 1.699
Day 2 1.002 0.966 0.995 0.982
Day 6 0.764 0.734 0.764 0.742
Day 8 0.478 0.456 0.467 0.478
Day 10 0 0 0.017 0.017

10

In summary, our study demonstrates the practical utility of HIDs
hydrogel dressing in actively promoting the healing of comprehensive
cortical wounds through the utilization of different metal ions. Such
advancements make this dressing highly valuable and marketable in the
realm of wound care.
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