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Background: The skin regulates body processes. When damaged, it is prone to breeding bacteria, causing inflammation and impeding
wound healing. There is an urgent need for new dressings that can combat bacteria to aid in infectious wound repair.

Methods: In this study, a curcumin-loaded nanocomposite hydrogel dressing (GeIMA/AHA-Gel@Cur) with antibacterial properties
and strong toughness was synthesized, designed to combine the modified gelatin-based hydrogel (GelMA/AHA) with curcumin-coated
gelatin (Gel@Cur) nanoparticles to promote the healing of bacterial infection wounds. Under UV irradiation, methylacrylylated gelatin
(GelMA) and aldehyaluronic acid (AHA) formed a composite network hydrogel through radical polymerization and Schiff base
reaction. Meanwhile, the residual aldehyde group on the molecular chain of AHA securely locked Gel@Cur nanoparticles in the
hydrogel network through Schiff base reaction.

Results: The addition of Gel@Cur nanoparticles not only enhanced the hydrogel’s mechanical strength but also facilitated a sustained, gradual
release of curcumin, endowing the composite hydrogel with robust antimicrobial capabilities. In an animal model of infected wounds, the
composite hydrogel significantly improved wound closure, healing, and vascularization compared to the control group. Hemocompatibility
tests confirmed the hydrogel’s safety, with a hemolysis ratio of just 0.45%. Histological evaluation following treatment with the composite
hydrogel showed improved tissue architecture, increased collagen deposition, and regeneration of dermal gland structures.

Conclusion: The GeIMA/AHA-Gel@Cur composite hydrogel exhibits excellent mechanical properties, potent antimicrobial activity,
and controlled drug release, along with superior cell and hemocompatibility. These characteristics make it a promising material for
infected wound repair and a potential candidate for clinical skin regeneration applications.

Keywords: Nanocomposite hydrogel dressings, infected wound repair, antibacterial properties, drug delivery

Introduction

The skin is the main protective barrier of the body against harmful invaders like bacteria and viruses, and it also plays a key part in
controlling the body’s metabolic functions.' However, when the skin is compromised due to factors like surgery, burns, or
chronic conditions like diabetic foot ulcers, it becomes susceptible to infections.* ® Apart from the risk of infection, the spread of
infections can lead to escalated treatment expenses, treatment inefficacy, and potentially life-threatening situations. Although
traditional treatments like topical medications, gauze dressings, and autologous skin grafts offer temporary relief, they have
limitations in terms of treatment duration, pain management, and scar formation. In cases of extensive or deep burns,

conventional therapies often fall short in fully restoring skin function and appearance to a satisfactory level.””
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In the field of skin repair, particularly in the context of infected wounds, researchers are focused on developing novel
materials with antimicrobial properties to enhance repair. Hydrogels have gained attention for their ability to mimic the
extracellular matrix (ECM), creating a moist environment crucial for wound healing. They shield new cells from external
harm, promote cell growth and movement, and reduce scar formation.'®"'? Gelatin (Gel) stands out among hydrogel
materials for skin repair due to its biocompatibility and biodegradability. For instance, Lu'® employed a Schiff base
reaction to combine a complex formed by iron ions and 2,3,4-trihydroxybenzaldehyde with a gelatin hydrogel, thereby
creating a composite hydrogel with antibacterial and anti-inflammatory properties. Xu'* demonstrated that methacryloy-
lated gelatin can be combined with filipin proteins to create a composite hydrogel with accelerated acute wound healing
properties under UV light. Gel not only supports cell growth but also breaks down in a way that is easily metabolized by
the body, minimizing long-term implantation risks.'>"'” Although gel hydrogels have advantages in promoting cell
adhesion and proliferation, their antibacterial effects, especially in infected wounds, are still limited.

Topical antimicrobials have been shown to be effective in treating infected wounds. However, inappropriate use of
antibiotics has also caused the development of bacterial resistance and the evolution of bacterial strains, despite the
effectiveness of antibiotics in inhibiting bacteria. It is therefore important to find safer antimicrobial drugs with fewer
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side effects. Curcumin (Cur) is a natural antibacterial with a superior safety profile and fewer side effects than
conventional antibiotics. The structural features and antioxidant products produced by curcumin are able to inhibit
bacterial growth with significant effect. However, curcumin has low water solubility and short plasma half-life,'® and due
to its rapid metabolism, which hinders its use in the repair of chronically infected wounds.

In order to solve the problem of poor water solubility and short plasma half-life of curcumin, experts and scholars
have designed many pharmaceutical preparations to solve this problem. For example, Mohammed S. Alqahtani'® used
curcumin combined with lignin nanoparticles for wound tissue repair; Wu?® used copper nanoparticles loaded with
curcumin and modified the particles with hyaluronic acid to promote diabetic wound repair; The acid instability of
micelles for curcumin delivery using octenylsuccinic anhydride (OSA) and cysteamine double modification has been
Long used.?' These nanoparticles can prolong the metabolism time of curcumin in the body through sustained release of
curcumin, but they also bring new problems, such as lignin nanoparticles cannot be completely degraded after use; The
biocompatibility of gold nanoparticles is weak, and there are risks during use. Although dextrin-based micelles have
a certain degree of stability, the preparation process is complex and the preparation cost is high. Therefore, there is an
urgent need for a biodegradable, biocompatible and simple preparation of nanoparticles that can be used to carry
curcumin. Gelatin nanoparticles meet the above requirements, but also have good dispersibility and a large number of
amino groups. After the gelatin nanoparticles were combined with the hydrogel material, the 3D structure of the hydrogel
further improved the sustained drug release ability of the nanoparticles. At the same time, the nanoparticles were
anchored in the hydrogel through hydrogen bonding interaction, making the drug release process more stable.

In this study, we prepared a curcumin-loaded nanocomposite hydrogel dressing (GelMA/AHA-Gel@Cur) with
antimicrobial and slow-release drug properties to promote the healing of bacterially infected wounds using a modified
gelatin-based hydrogel (GeIMA/AHA) that combines the unique advantages of Cur and gelatin nanoparticles. The
aggregation of gelatin molecular chains, driven by van der Waals and hydrophobic forces, encapsulated Cur to form
Gel@Cur nanoparticles. Aldehyde-acylated hyaluronic acid (AHA) was used to immobilise the Gel@Cur nanoparticles
in the network structure of the GeIMA hydrogel by Schiff base reaction. Meanwhile, methacrylated gelatin (GelMA) and
AHA were used to form a composite network hydrogel by radical polymerisation and Schiff base reaction (Figure 1). The
resulting composite hydrogel not only showed significant antimicrobial effects, but also excellent haemocompatibility
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Figure | Preparation and application of Gel[MA/AHA-Gel@Cur composite hydrogels.
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and biocompatibility. Furthermore, the Schiff base structure is susceptible to breakdown in the presence of acidic
conditions, particularly when the wound is infected, resulting in a reduction in pH. The nanocomposite hydrogel,
however, exhibits intelligent responsiveness, accelerating the release of nanomedicines in a controlled and precise
manner. This approach offers a promising avenue for the treatment of infected wounds, with the potential to significantly
accelerate the healing process. The properties of this hydrogel provide a valuable and innovative solution for the
management of infected wounds.

Experimental and Methods

Materials

The hyaluronic acid (HA, Mw=1.5x10° Da), sodium periodate (SP), and gelatin (Gel) were obtained from Shanghai
Macklin Biochemical Technology Co. The curcumin (Cur) and methacrylic anhydride (MA) were provided by Aladin
Reagent (Shanghai) Co. Tianjin Damao Chemical Reagent Factory provided the photoinitiator 12959. The remaining
analytical grade chemical reagents were used as received, requiring no further processing.

Preparation of AHA, GelMA and Gel@Cur

AHA was originally synthesised in accordance with the literature,”* ** by dissolving HA (Mw = 1.5x10° Da, 2.0 g) in
200 mL of phosphate buffered saline (PBS) at pH 5.0. Next, the mixture was supplemented with 1.0 g of sodium
periodate and placed in darkness at 25 °C for 5 h. The reaction was stopped by the addition of 2 mL of ethylene glycol,
after which the combined solution was dialyzed for 5 days and then lyophilized to obtain AHA. The resulting products
were characterised using Fourier transform infrared spectroscopy (FTIR) and proton nuclear magnetic resonance
spectroscopy ('H-NMR).

The synthesis of GelMA was conducted in accordance with a modified version of the previously reported method.?> 2’
Initially, 10 g of gelatin was solubilized in 100 mL of carbonate buffer solution (pH=9) for 1 h at 25 °C. The solution was
then heated to 60 °C and stirred until complete dissolution. Throughout the agitating procedure, gelatin (0.8 mL) was slowly
introduced in drops, flowing at a pace of 1 mL/min, over a span of 3 h at 50 °C. The reaction was then terminated by the
addition of 400 mL of deionised water at a temperature of 50 °C. Subsequently, the sample was dialysed in a 10 kD
molecular weight cut-off dialysis bag for a period of one week, with four water changes per day, in order to eliminate any
unreacted MA. The dialysate was 5000 rpm for 5 min, and the supernatant was frozen at —80 °C. The frozen samples were
subsequently lyophilised to obtain GeIMA samples, which were stored in a drying cabinet. The synthesized products were
characterized using FTIR and "H-NMR.

The synthesis of Gel@Cur nanoparticles was achieved through the modification of a previously reported method, as
detailed in references.”® >° Gelatin (1.0 g) was solubilized in 100 mL of ultrapure water and heated to 45 °C with stirring
for 10 min. The pH was fixed at 12.0 with 4 mol/L. NaOH, after which 0.1 g of curcumin was added and the mixture was
stirred continuously for 30 min. Subsequently, 1 mol/L hydrochloric acid was employed to neutralise the pH to 7.0,
thereby producing Gel/Cur nanoparticles. Subsequently, the solution was subjected to centrifugation at 1375 xg for
30 min, after which the supernatant was collected and subsequently lyophilised. The morphology of the Gel@Cur
nanoparticles was examined using a scanning electron microscope (SEM, SU9000).

The synthesis steps of the GeIMA/AHA-Gel@Cur hydrogel were conducted by weighing GelMA (15 wt%) and AHA (1
wt%) solids, adding an appropriate amount of deionised water, and then dissolving the mixture at 50 °C before cooling it to
room temperature. Subsequently, Gel@Cur (0.1 wt%) nanoparticles and photoinitiator 129529 (0.25 wt%) were incorporated
after thorough mixing. The GelMA/AHA-Gel@Cur hydrogel was then obtained through UV illumination for 5 min.

Mechanical Properties Testing of Hydrogels
The physical characteristics of the hydrogels were analyzed using a universal tensile testing apparatus (Instron, Norwood,
MA, USA) with a 100 N load cell at a temperature of 25 °C. Tensile experiments were carried out on hydrogel specimens

that were 40 mm long, 4 mm wide, and 7 mm tall, subjected to a tensile rate of 50 mm/min. Compression tests were
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conducted on hydrogel samples with a diameter of 10 mm and a height of 20 mm to determine the maximum
compressive strength required to break the samples.

Rheological Properties of Hydrogels

The characterization of the rheological properties was carried out using a rheometer (DHR-1, TA Instruments, New
Castle, DE, USA) equipped with a UV cross-linking device. Time scans were first performed at a constant strain rate of
1.0% and a corner frequency of 10.0 rad/s on the viscous hydrogel precursor under 10 mW/m? UV irradiation. Frequency
scan tests at a fixed strain of 0.5% and a cut-off frequency of 10.0 rad/s were then performed in the linear viscoelastic
region of the hydrogel system. Finally, at a fixed angular frequency of 10.0 rad/s, strain amplitude scanning tests were
performed. A temperature of 37°C was used for all tests.

In vitro Antimicrobial Evaluation

The antibacterial properties of the materials were assessed by exposing hydrogels to Escherichia coli (E. coli, BeNa
Culture Collection, China) and Staphylococcus aureus (S. aureus, BeNa Culture Collection, China).>'* The hydrogels
were immersed in PBS and then placed it in Luria-Bertani (LB) medium with bacterial suspensions at a concentration of
10° CFU/mL. Each sample was incubated on a shaker at 37 °C for varying durations of 2, 4, 6, 8, 21, and 30 h. After
incubation, the bacterial suspensions were collected and analyzed using turbidimetric analysis with an enzyme marker
(Biotek Synergy H1) at 620 nm. The experiment was conducted with three parallel replicates.

Swelling and Drug Release Tests

In the present study, the swelling behavior of the hydrogel was investigated by gravimetric analysis. The initial weight
(Wy) of the hydrogel was determined, and then it was immersed in PBS. The hydrogel was removed and replaced with
new PBS every 12 h, and the gel weight was measured using an electronic balance (Li Chen, Ningbo Huifeng Instrument
Factory, China), and the W is denoted as the sample mass at different time periods. The specific swelling ratio was then

determined using Eq. (1).>*3¢

Swelling ratio(%)= Ws x100% @)
Wa
To study the in vitro drug release behavior of nanoparticles and composite hydrogels, the nanoparticles and the composite
hydrogel based on equal mass nanoparticles were immersed in PBS (0.1 M) at an extraction ratio of 0.8 mg/mL, placed at
37 °C, and the nanoparticles were extracted at a concentration of 0.8 mg/mL. 4 mL of the extract was taken at 3, 6, 9, 12,
24, 48, 72, and 96 h, and the absorbance of the extract at 424 nm was measured with a UV spectrophotometer (L5S,
INESA Shanghai Instrument and Equipment, China).
To further explain the release mechanism of Cur within the composite hydrogel, we performed a kinetic evaluation of
the in vitro release data. The composite hydrogel drug release data were fitted to four common kinetic models, namely
zero order (Eq. (2)), first order (Eq. (3)), Korsmeyer-Peppas (Eq. (4)) and Higuchi (Eq. (5)) models:*"~®

Q =kot ()
LnQ = LnQ, — kit 3)
LnQ = nLnz + Lnkp 4)
Q = kyt ()

where O, ko, ki, n and ki are the cumulative Cur release percentages and the Cur release rate constants for the zero
order, first order, Korsmeyer-Peppas and Higuchi models respectively.
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In vitro Cell Testing

Cytocompatibility Evaluation

The cytocompatibility of the material was evaluated by exposing human umbilical vein endothelial cells (HUVECs,
Provided by Wuhan Shane Biological Co., LTD., China) to hydrogel extracts. Hydrogel cylinders with a diameter of
7 mm and a thickness of 1 mm were prepared, freeze-dried, exposed to UV irradiation for 24 h, and then immersed in
DMEM medium for an additional 24 h. HUVECs were in vitro cultured at a density of 1.5x10* cells/well in 48-well
plates (Gibco) containing DMEM medium. The cells were cultivated under 5% CO, at 37 °C for 5 days, with three
replicates per hydrogel sample. Cytotoxicity was evaluated by quantifying the absorbance at 450 nm using a CCK-8
(Wuhan Optics Valley Biomedical Co., China). The viability of the cells was assessed by staining them with acridine
orange/ethidium bromide (AO/EB) and observing them under an inverted fluorescence microscope.> !

Scratch Evaluation

The experiment began with cells being seeded in 6-well culture plates, each well containing a density of 5x10° cells.
Once the cells had formed a monolayer, meticulous scraping was performed using pipette tips to create a uniform scratch
on the cell surface. Subsequently, the cells were carefully washed with PBS to remove any cellular debris resulting from
the scraping process. Following the washing step, the cells were exposed to a culture medium, specifically DMEM,
which contained the material extract under investigation. The progression of scratch closure was closely monitored using
an inverted microscope, with observations recorded at the initial time point (0 h) and after 24 h. To quantify the extent of
scratch closure, image analysis software was employed to measure the area of the scratch at both time intervals. The ratio
of cell migration, indicating the ability of the cells to move and cover the scratched area, was calculated using a specific
Eq. (6).343

Ry —R
Migration Rate(%) = % x 100% (6)

where R, represents the initial scratch area and R; represents the remaining scratch area at time ¢.

Cell Proliferation and Adhesion

HUVECs were plated in 96-well plates at a concentration of 1x10° cells/mL and cultured in DEME medium at 37 °C for
5 days. After incubation, the cells were rinsed with PBS and fixed with 4% paraformaldehyde. Following fixation, the
cells were permeabilized with 0.1% Triton X-100 and blocked with 1% BSA. Subsequently, staining for the cytoskeleton
was performed using rhodamine-labelled ghost pen cyclopeptide, while the nucleus was stained with DAPI solution, both
under light-avoidance conditions. Visualization of cell proliferation and adhesion status was conducted using laser
scanning confocal microscopy with excitation/emission wavelengths set at 405/552 nm.***!

Angiogenesis

Initially, 10 pL of matrix gel was uniformly distributed across all wells of a 96-well plate and left to incubate at 37 °C for
30 min to create a gel layer. Subsequently, human umbilical vein endothelial cells (HUVECs, 5000 cells/well) were
seeded onto the gel layer and allowed to adhere for 2 h. Following a 6-hour incubation period, the HUVECsS started to
develop tubular structures, indicating the initiation of the angiogenic process.

Haemocompatibility and Wound Healing Tests

Haemocompatibility

Samples were immersed in 2 mL of a 2.5% wt/vol plasma suspension from SD rats (Guangdong Experimental Animal
Centre), which had been diluted with saline solution (medicine), and 1 h was allowed for incubation at 37 °C with
a shaking speed of 120 rpm. Positive and negative controls were prepared by diluting plasma (2.5% by weight) with
2 mL of water and Saline solution (medicine), respectively. After the erythrocyte solution had been incubated, it was
collected and subjected to centrifugation at 3000 rpm for 5 min. Subsequently, 100 pL of the supernatant was deposited
into a 96-well plate and the absorbance was recorded at 540 nm. These values were recorded as Ag, Ay, and Ap,
respectively. The haemolysis rate was then calculated using Eq. (7):*?

10484 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Fu et al

. As — A
Hemolysisrate(%) = 5 N 100% 7
Ap — AN
where Ag represents the absorbance value of the sample supernatant, and 4p and Ay are the absorbance values of the
supernatant of the positive and negative control groups, respectively.

In vivo Infected Wound Repair Evaluation

All animal treatments were authorized by the Experimental Animal Ethics Committee of Guangdong Pharmaceutical
University (serial number: gdpulacspf2022431) and conducted in accordance with the university’s Guidelines for Care
and Use of Laboratory Animals. This research involved the use of 12 SD rats (250-300 g) procured from the Guangdong
Experimental Animal Centre to explore the healing properties of hydrogels. Sodium pentobarbital (25 mg/kg) was used
to induce unconsciousness in the rats, after which three circular wounds of 7 mm in diameter were carefully made on
their dorsal area using a 7 mm puncture device. A sterilized cotton swab soaked in Staphylococcus aureus solution (10°
CFU/mL) was applied to the wounds on the mice. One wound remained untreated as a control, while the other two
wounds received treatment with nanoparticles and hydrogel dressings. The hydrogel was administered to the wounds and
secured in place using Vaseline gauze and an elastic bandage. The application of the hydrogel was fixed onto the wound
location with Vaseline gauze and an elastic bandage. The progress of wound closure was observed and documented using
a digital camera on days 0, 3, 5, 7, 9, and 14, and the rate of wound healing was calculated. Six rats were randomly
euthanized on days 7 and 14 post-wound recovery. Tissue specimens from the wound site and neighboring regions were
obtained, preserved in 10% paraformaldehyde solution, enclosed in paraffin, and then evaluated using Hematoxylin and
Eosin (H&E) and Masson staining to evaluate tissue structure, regeneration, and collagen accumulation.***
Immunohistochemistry

To better understand the process of neovascularization during wound healing, this study employed immunohistochem-
istry methods to detect specific markers in tissue sections on the seventh day. The tissue samples were incubated with
primary antibodies targeting CD31 or a-SMA at 4 °C overnight. Fluorescently labeled secondary antibodies were used
for detection: rhodamine-labeled goat anti-rabbit for CD31 and FITC-labeled goat anti-mouse for a-SMA. The nuclei
were counterstained with DAPI to facilitate observation. Confocal laser scanning microscopy (CLSM, Leica TCS SPS,
Leica Microsystems, Germany) was utilized to analyze immunofluorescence-labeled sections and assess the expression
of CD31 and a-SMA. Quantitative fluorescence image analysis obtained via CLSM was conducted using Image
J software, providing data on CD31 and a-SMA expression.

Statistical Analysis

The statistical analysis involved utilizing means and conducting various statistical tests, including paired t-tests and one-way
ANOVA, on data that had been normalized using SPSS software. Significance levels were indicated as: * for p <0.05, ** for
p <0.01, and *** for p <0.001.

Results and Discussion
Characterization and Analysis of AHA, GelMA and Gel@Cur

As the gelatin solution transitions from alkaline to neutral, the reduction in charge repulsion between gelatin molecules
allows intermolecular hydrogen bonding and van der Waals forces to become predominant, facilitating interactions
between gelatin molecules and the formation of nanoparticles. The scanning electron microscope (SEM) images of these
nanoparticles are depicted in Figure 2a. The particle size distribution was analyzed using ImageJ, and the statistical
findings are presented in Figure 2b. The comprehensive map and particle size distribution plot demonstrate that the
gelatin nanoparticles prepared exhibit a relatively uniform size distribution, with an average particle diameter of
0.181 pum.

AHA was synthesized through an oxidation reaction between HA and NalO,, and its synthesis was confirmed using
FTIR and 'H-NMR analysis (Figure 2c and d). The emergence of new peaks at 1731 cm ' and 6= 5.0, 5.11, and 5.19
ppm in the AHA sample indicated the presence of aldehyde groups in the HA structure. This observation aligns with
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Figure 2 (a) SEM pattern of Gel@Cur nanoparticles. (b) Particle size distribution of Gel@Cur nanoparticles. (c) FTIR pattern of AHA and (d) 'H-NMR pattern of AHA.
(e) FTIR pattern of GelMA and (f) 'H-NMR pattern of GelMA.

existing literature and confirms the successful preparation of AHA samples with aldehyde groups.*® Similarly, GeMA, as
shown in Figure 2¢ and f; still exhibited characteristic bands of the gel backbone, such as amide (I), amide (II), and amide
(I1I), in comparison to gel. The peaks at 6= 1.86, 3.66, 5.32, and 5.64 ppm were attributed to the introduction of a new
functional groups in the gel, consistent with literature reports,*’ signifying the successful preparation of GelMA samples.

Mechanical and Rheological Analysis of Hydrogels

In accordance with the experimental protocol, GeIMA, GelMA/AHA and GelMA/AHA-Gel@Cur hydrogel samples
were prepared and subjected to mechanical testing in compression and tension. Concurrently, the rheological properties
of the three groups of hydrogels with identical dimensions were evaluated, and the results of the tests are presented in
Figure 3. The results of the compressive mechanical tests were presented in Figure 3a—c, indicating that the three groups
of hydrogels exhibit similar compressive stress-strain curves. However, Figure 3d—f showed that the hydrogel group with
the addition of Gel@Cur nanoparticles displayed superior tensile properties. To gain a clearer understanding of how the
nanoparticles affect the hydrogel’s mechanical behavior, we calculated the compressive and tensile elastic moduli for
each group of hydrogels, as illustrated in Figure S1. The addition of Gel@Cur nanoparticles resulted in a decrease in both
the compressive and tensile elastic moduli of the composite hydrogel. This decrease is due to the steric hindrance effect
of the Gel@Cur nanoparticles, which disrupts the chemical cross-linking within the hydrogel, leading to a reduction in
the cross-linking density. As depicted in Figure 3g, the storage modulus (G”) consistently exceeded the loss modulus (G")
for the hydrogels in each group, signifying that the hydrogels predominantly displayed elastic behavior across the tested
frequency range. The stability of the dynamic modulus for the hydrogels in each group over a broad frequency spectrum
indicates that the cross-linked system of the hydrogels established a stable network structure. The time scanning
experiment, presented in Figure 3h, demonstrated that the incorporation of AHA and Gel@Cur did not influence the
gelation time of the system, with the hydrogels in each group reaching gelation in approximately 150 s. Figure 3i presents
the strain scan test outcomes for the hydrogels. It is evident that the storage modulus of the GeIMA/AHA hydrogel
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Figure 3 (a). Compressive stress-strain curves of hydrogels. (b). Compressive strength and strain at break of hydrogels. (c). Compression test images of hydrogels. (d).
Tensile stress-strain curves of hydrogels. (e). Tensile strength and elongation at break of hydrogels. (f). Tensile test images of hydrogels. (g). Frequency scanning rheological
test of the hydrogels. (h). Time scanning rheological test of hydrogels. (i). Strain scan rheological test on hydrogels.

surpasses that of the GeIMA hydrogel alone. This enhancement is attributed to the formation of an additional chemical
cross-linking structure through a Schiff base reaction within the GeIMA/AHA hydrogel, which effectively boosts the
storage modulus (G') of the system. Furthermore, the storage modulus (G') of the GeIMA/AHA-Gel@Cur hydrogel is
higher than that of the GeIMA/AHA hydrogel. This increase can be ascribed to Gel@Cur nanoparticles can form non-
covalent interactions, such as hydrogen bonds, with the hydrogel network.'® These hydrogen bonds contribute to an
elevated storage modulus (G’) due to their energy dissipation effect.

In vitro Antimicrobial Evaluation

It is crucial to acknowledge the significance of in vitro antimicrobial activity for materials utilized in skin repair. The
antibacterial properties of various hydrogels were evaluated in this study using S. aureus and E. coli. The results are
presented in Figure 4a, GeIMA hydrogel and GeIMA/AHA hydrogel showed higher bacterial survival compared to the
control. The elevated bacterial survival ratio and reduced antibacterial activity observed with GeIMA and GelMA/AHA,
as compared to the control, can be attributed to the fact that both GelMA and AHA are derived from modifications of
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Figure 4 (a). Images of E. coli and S. aureus colonies after 6 h of co-culture with hydrogels. (b). Relative bacterial survival of S. aureus and E. coli after 6 h of co-culture with
hydrogels. (c). Growth curve of E. coli co-cultured with hydrogels. (d). Growth curves of S. aureus co-cultured with hydrogels. * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

gelatin and hyaluronic acid, respectively. Gelatin and hyaluronic acid, which are important components of the extra-
cellular matrix, do not possess antibacterial properties but are biocompatible, and the incubation of bacteria with them
provides additional nutrients for bacterial growth and reproduction. Therefore, the survival rate of bacteria in the GeIMA
and GeIMA/AHA groups was higher than that in the control group, while the antibacterial effect was lower than that in
the control group. Nevertheless, the number of bacterial colonies within the GeIMA/AHA-Gel@Cur hydrogel was found
to be lower than that of the control group, likely due to the presence of nanoparticles containing curcumin. This trend was
also reflected in the quantitative analysis illustrated in Figure 4b, demonstrating that GeIMA/AHA-Gel@Cur hydrogel
displayed significant antibacterial efficacy. This effect was primarily attributed to the curcumin-loaded nanoparticles,
which possess remarkable antimicrobial properties. Figure 4c and d show the bacterial growth curves obtained by
incubating the three hydrogel extracts with two bacteria for 30 h. The data in the figure show that the bacterial density of
the GeIMA/AHA-Gel@Cur hydrogel was lower than that of the control group after 30 h. This phenomenon is due to the
fact that structurally, the drug loaded with nanoparticles of GeIMA/AHA-Gel@Cur was riveted inside the hydrogel,
which makes the hydrogel have the ability of slow release of drugs, which is reflected in the performance of the hydrogel.
GelMA/AHA-Gel@Cur hydrogel has in vitro antibacterial effect.

Swelling of Hydrogels and Drug Release in vitro

The gravimetric analysis was employed to examine the swelling behaviour of the hydrogels. Figure 5a demonstrates that
the swelling rate of the GeIMA/AHA-Gel@Cur hydrogel reached 150%, indicating its exceptional capacity for water
absorption and storage. It was observed that the swelling ratio of the GeIMA/AHA-Gel@Cur hydrogel is greater than that
of the GeIMA and GelMA/AHA hydrogels. This suggests that the presence of curcumin-containing nanoparticles led to
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Figure 5 (a). Swelling rate of each group of hydrogels. (b). Curcumin release profile of hydrogels and nanoparticles in vitro over 96 h. (c). In vitro release of composite
hydrogels. Zero level release simulation, (d). First step release simulation, (e). Korsmeyer-Peppas model simulation. (f). Higuchi model simulation.

an enhanced pore structure in the hydrogel. This observation aligns with the structural characteristics revealed by the
material’s mechanical properties.

To understand the release of curcumin from the hydrogel, the body fluid environment was simulated with PBS at
37°C and the absorbance of the liquid was tested at 424 nm using a UV spectrophotometer (LSS, INESA Shanghai
Instrument and Equipment, China). Figure 5b shows the test results. The nanoparticles encapsulated in the hydrogel can
release curcumin for more than 96 h. This ability to maintain drug concentration in the wound for an extended period of
time is beneficial to the repair and treatment of infectious wounds. To further investigate the drug release mechanism of
GelMA/AHA-Gel@Cur hydrogel, four commonly used drug release models were used to fit the drug release of GeIMA/
AHA-Gel@Cur hydrogel. Figure Sc—f shows that the release pattern of the drug in the hydrogel is more consistent with
the Higuchi model (R? = 0.94), indicating that the drug release is mainly controlled by the diffusion of the drug in the
medium, which belongs to non-Fick diffusion.

To gain more insight into the drug release mechanism of the composite gel, the drug release time was extended to
240h. Four drug release models were used to fit the release process. As shown in Figure S2 a—e. It can be seen from the
data in the figure that there was drug burst release behavior in the hydrogel attachment at 120 h, and the model fitting
results showed that the drug release behavior of the hydrogel was more consistent with the Korsmeyer-Peppas model
(R?=0.9809). Notably, with a model coefficient n value of 0.5855 (greater than 0.45), the drug release mechanism is
identified as non-Fick diffusion and skeleton lysis mechanisms operate concomitantly.*®

In vitro Analysis of Cell Viability, Migration and Tube Formation

Ensuring that wound healing materials possess excellent cytocompatibility is crucial. In order to assess the cytocompat-
ibility of the composite hydrogel, human umbilical vein endothelial cells (HUVEC) were cultured using DEME-
impregnated hydrogel with prepared medium. Cell viability was assessed on days 1, 3 and 5 using the CCK-8 kit. As
illustrated in Figure 6a and b, cells cultured with GeIMA/AHA-Gel@Cur infusion showed significantly higher prolif-
erative activity over time compared to both the control group and Gel@Cur. This increased activity is attributed to the
introduction of GelMA, which is derived from gelatin modification, and AHA, a derivative of hyaluronic acid. Gelatin
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Figure 6 (a) Live/dead staining image assay of cells cultured with hydrogel extracts for |, 3 and 5 days. (b) Quantitative assay of cell viability. (c) Micrographs of HUVECs
migration. (d) Quantitative assay of HUVECs migration. (e) Laser confocal photographs of HUVECs cytoskeleton. (f) Statistical results of HUVECs spreading ratio. (g)
HUVECs tube formation images. (h) Statistical results of HUVECs tube formation. * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

and hyaluronic acid are important components of the extracellular matrix and have excellent biocompatibility, promoting
cell growth and reproduction. Consequently, human umbilical vein endothelial cells (HUVECs) demonstrated strong

adhesion and progressively formed cell colonies.
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The hydrogels’ ability to support cell migration was assessed by observing the movement of HUVECs in vitro, as
depicted in Figure 6¢ and d. The findings from the experiment showed that, in relation to cell migration, the cells grown
in the GeIMA/AHA-Gel@Cur hydrogel blend displayed a notably quicker migration pace, achieving a migration ratio of
50.31% of cells within 24 h, significantly surpassing the rates of the other test groups. This phenomenon is partly due to
the presence of more gelatin molecules in the composite gels, and the cells are able to recognize the unique RGD (Arg-
Gly-Aspartic acid) sequence of gelatin molecules for signaling, adhesion and proliferation.*” On the other hand, the slow
release of curcumin can reduce the oxygen stress effect among cells to promote better cell growth.'® To gain further
insight into the impact of material groups on the spreading of HUVECs cells, actin and cell nuclei were stained using
ghost pen cyclic peptide (red) and DAPI (blue) solutions, respectively. The results obtained are presented in Figure 6e
and f. The images demonstrate that GelMA/AHA-Gel@Cur exhibits a greater abundance of filamentous actin, indicating
that the incorporation of GeIMA and AHA into the nanoparticles enhances their cytocompatibility.

The effect of the hydrogel on HUVEC angiogenesis was analysed using the images and data shown in Figure 6g
and h. The results demonstrated that after 6 h of incubation, the GeIMA/AHA-Gel@Cur group exhibited the greatest
blood vessel length and the highest tube number, which were significantly different from those observed in the other
groups. This indicated that the hydrogel had more prominent effects on promoting angiogenesis. This phenomenon is
achieved by the introduction of GelMA and AHA, which improve the biocompatibility of the nanoparticles.
Furthermore, the nanoparticle-loaded hydrogel possessed the ability to continuously slow release of curcumin,
which helped to create an anti-inflammatory environment, improve cell survival, and protect the cells from oxidative
stress through the antioxidant properties of curcumin, damaged the extracellular matrix, thus accelerating the skin’s
repair process.

Evaluation of Haemocompatibility and Wound Healing

The hemocompatibility of a local wound dressing is crucial for its safety and effectiveness. Figure 7a demonstrates that
Gel@Cur nanoparticles had a high level of hemocompatibility. When GelMA and AHA are added, the resulting GeIMA/
AHA-Gel@Cur hydrogel shows a hemolysis ratio of only 0.45%, well below the accepted safety threshold of 5%. This
indicates excellent hemocompatibility of the GelMA/AHA-Gel@Cur hydrogel. The inclusion of GeIMA and AHA
improves the hydrogel’s hydrophilicity, reducing red blood cell adhesion and minimizing cell damage.

To further investigate the impact of hydrogel on infected skin wound repair, the wound healing efficacy of
hydrogel was assessed using a rat back skin wound infection model. Results depicted in Figure 7b demonstrate that
both the Gel@Cur and GelMA/AHA-Gel@Cur groups exhibited accelerated wound healing rates compared to the
blank control group. This enhancement was noticeable from the third day and became more prominent by the
fourteenth day, owing to the antimicrobial properties of curcumin that aid in wound healing. Quantitative analysis
presented in Figure 7c highlights distinctions between the Gel@Cur and GeIMA/AHA-Gel@Cur groups, attributed to
the hydrogel’s capacity to efficiently seal wounds, foster cell proliferation, gradually release curcumin, and resist
bacterial infiltration.

In order to gain further insight into the healing of the skin wound, histological examination was conducted. The H&E
staining of tissue sections in Figure 7d revealed that at day fourteen of wound healing, there was a marked reduction in
the number of blood vessels and the extent of epithelialisation in the Gel@Cur group compared to the composite
hydrogel group. Furthermore, there was a lack of substantial regeneration of mature dermal glandular cavities and
persistent inflammation at the wound site in the Gel@Cur group. Conversely, the periwound tissue in the GelMA/AHA-
Gel@Cur hydrogel group displayed aligned morphology and exhibited notable regeneration of dermal glandular cavities.
The incorporation of nanoparticles in the hydrogel, on the one hand, increases the time and concentration of the drug
staying on the infected wound, and on the other hand, the unique 3D structure of the gel material itself, which can
effectively block bacteria, maintain the moist environment of the affected area, and promote the repair of infected
wounds. The duration and concentration of the drug applied to the infected wound also influenced the observed
outcomes., which was reflected in the Masson-stained images (Figure 7e¢). These images exhibited an increase in
collagen accumulation in all groups, with relatively sparse collagen accumulation in the control group and tightly
aligned and organised collagen accumulation in the Gel@Cur and GelMA/AHA-Gel@Cur groups. Notably, the GeIMA/
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AHA-Gel@Cur composite hydrogel appeared to have significantly regenerated mature dermal glandular lumens com-
pared to the Gel@Cur group. Collectively, these findings suggest that the GeIMA/AHA-Gel@Cur composite hydrogel
possesses the ability to promote infected wound healing.

Immunohistochemistry

Immunohistochemical manipulations were conducted on the seventh day of treatment to analyze the infected wound tissues.
a-SMA was utilized to identify myofibroblasts in the wound tissues, while CD31 was used to identify endothelial cells.
Figure 8a displays the experimental results, showing that the GeIMA/AHA-Gel@Cur group exhibited stronger fluorescence
signals for a-SMA and CD31 compared to the blank group and the Gel@Cur group. This suggests that the hydrogel group
had a superior ability to repair infected wounds. The hydrogel group showed enhanced infected wound healing capabilities,
with increased presence of myofibroblasts and endothelial cells on the seventh day of treatment. The quantitative analysis of
the experimental data was performed using ImageJ, and the results are presented in Figure 8b and c. The repaired wound
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Figure 8 (a) Immunofluorescence staining images of infected wound tissue after 7 days treatment with different infected wound repair materials. CD31 (red), a-SMA
(green) and DAPI (blue). (b). Relative fluorescence intensity of CD31 protein. (c) Relative fluorescence intensity of a-SMA protein. * for p < 0.05, ** for p < 0.01, and *** for
p < 0.001.
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tissues in the hydrogel group had a significantly higher number of myofibroblasts and endothelial cells on the seventh day
compared to other groups. Overall, these results support the conclusion that the GeIMA/AHA-Gel@Cur composite
hydrogel is highly effective in repairing infected wounds, suggesting its potential for clinical use.

Conclusions

In this study, hydrogels were prepared by using GeIMA and AHA through Schiff base and covalent bonding, and the
residual aldehyde group of AHA was used to interact with the amino group of Gel@Cur nanoparticles, which success-
fully overcame the disadvantage of Gel@Cur nanoparticles’ susceptibility to agglomeration and at the same time
endowed the composite hydrogels with more excellent properties. Due to the nano-toughening effect, the introduction
of Gel@Cur nanoparticles led to an increase in the mechanical strength of the hydrogel. In addition, the encapsulation of
the nanoparticles with the hydrogel backbone allowed the slow release of curcumin, resulting in the formation of
a GelMA/AHA-Gel@Cur composite hydrogel with significant antimicrobial and pro-infective wound repair capabilities.
Through in vitro drug release simulation experiments, we found that the drug release mechanism of the hydrogel was
a combination of drug diffusion and backbone dissolution. The composite hydrogel also had good cytocompatibility and
haemocompatibility, and HUVECs cells cultured with its extracts proliferated rapidly and had good morphology. The
haemocompatibility test showed that the haemolysis rate of the hydrogel was 0.45%. In conclusion, GeIMA/AHA-Gel
@Cur composite hydrogel has good mechanical properties, antimicrobial properties and drug slow-release ability, as well
as excellent cytocompatibility and haemocompatibility, which can promote the repair of infected wounds, and it is a very
promising wound repair material, which is expected to be applied to the clinical treatment of skin infected wounds.
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