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Background: Wound healing has always been a focal point in clinical work. Bacterial infections and immune microenvironment
disorders can both hinder normal wound healing. Current wound dressings only serve a covering function. Developing wound
dressings with antibacterial and immunomodulatory functions is crucial for aiding wound healing. To address this issue, we have
developed a hydrogel with antibacterial and immunomodulatory functions for managing infected wounds.

Methods: The present study describes a photo-crosslinked antibacterial hydrogel composed of curcumin, silver nanoparticles-loaded
reduced graphene oxide, and silk fibroin methacryloyl for the treatment of infected wounds. The study assessed its antibacterial
properties and its capacity to induce macrophage M2 polarization through in vitro and in vivo experiments.

Results: The hydrogel demonstrates robust antibacterial properties and enhances macrophage M2 polarization in both in vitro and
in vivo settings. Moreover, it accelerates the healing of infected wounds in vivo by stimulating collagen deposition and angiogenesis.
Conclusion: Overall, this hydrogel shows great potential in managing wound infections.

Keywords: infected wound healing, silk fibroin methacryloyl, curcumin, silver nanoparticles-reduced graphene oxide,
immunomodulation, antibacterial

Introduction

Wound healing is a critical process of self-repair in the human body that involves multiple stages, including inflamma-
tion, cell proliferation, and matrix remodeling.! However, wound infection often hinders this process, leading to impaired
healing, prolonged healing time, or scar formation. Therefore, exploring strategies to more effectively deal with wound
infection and accelerate wound healing is urgent in modern medicine.”

Traditionally, the treatment of skin defects mainly relies on coverings such as gauze to protect the wound surface.
However, this method only prevents foreign bodies from entering the wound and thus no longer meets the requirements
of modern wound healing. As a new type of wound repair material, hydrogels form a unique three-dimensional (3D)
network structure through physical/chemical cross-linking. They have attracted considerable attention in the field of
tissue engineering owing to their excellent biocompatibility, tissue fluid absorption ability, and drug-loading capacity. For
instance, type II collagen/chondroitin sulfate/hyaluronic acid hydrogel can effectively repair cartilage defects,” while
glycosaminoglycan/methacrylated gelatin hydrogel can promote skin defect healing.* These studies demonstrate the good
potential of hydrogels for tissue regeneration.

Silk fibroin (SF) — a natural biomaterial derived from silkworms — has attracted colossal attention due to its
excellent biocompatibility, controllable biodegradability, and superior mechanical properties.” SF has been approved by
the US Food and Drug Administration (FDA) as a safe biomaterial and is widely applied in the biomedical field. After
modification by methacrylation of glycerol methacrylate, SF can be quickly dissolved in water and form an hydrogel
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under ultraviolet (UV) light irradiation in the presence of a photoinitiator, unfolding new possibilities for its application
in biomedical engineering and demonstrating its potential as an advanced biomaterial.®

Bacterial invasion can lead to wound infection and further affect wound healing. The classical method applies
antibiotics locally or systemically in the treatment of wound infection. However, the widespread use of antibiotics often
leads to the emergence of bacterial resistance. Therefore, identifying new treatment methods is urgent.” Silver (Ag)
nanoparticles are a type of high-performance antibacterial agent, and their antibacterial effect is not only targeted towards
common pathogens but also exhibits significant inhibitory effects against multidrug-resistant bacterial pathogens.®
Nonetheless, excessively high concentrations of Ag ions have certain cytotoxicity. Graphene, a 2D nanosheet composed
of sp2-carbon atoms, exhibits excellent biocompatibility and is widely used in biological field.” Graphene also has
antibacterial properties,'® and its introduction as a carrier of Ag nanoparticles can not only improve the antibacterial
effect but also significantly reduce the cytotoxicity of Ag ions.!' Meanwhile, introducing graphene into the hydrogel can
also significantly improve the mechanical properties of the material.'? This Ag nanoparticle/graphene composite material
provides a possibility for solving the problem of bacterial resistance as a new approach to treating wound infection.

As the main bioactive component of turmeric, curcumin has a wide range of pharmacological activities, including
anti-inflammatory, antioxidant, anti-tumor, and reducing scar formation.'® Several studies have shown that curcumin can
regulate macrophage polarization, steering them toward the M2 type (anti-inflammatory and reparative).'* M2 macro-
phages facilitate wound healing by releasing various growth factors, recruiting cells, and promoting cell proliferation and
differentiation, thus providing robust support for angiogenesis, wound healing, and tissue remodeling."” Inducing
macrophage polarization toward the M2 phenotype represents a novel approach to enhance wound healing. However,
the clinical application of curcumin is limited by various factors, such as poor water solubility and low bioavailability.
Oral administration of curcumin showed that the concentration of this drug in plasma was very low.'® Therefore,
developing new strategies to effectively utilize curcumin is essential. The application of hydrogels as carriers can
effectively eradicate factors limiting curcumin, providing a new approach for its wide application in medical treatment.

Simple hydrogels as dressings mostly serve only to cover wounds. Adding bioactive substances that can regulate the
healing process into the hydrogels can play a positive role in wound repair. Amir et al developed a Chitosan-PVA
hydrogel crosslinked with vanillin and enhanced with CuO-Ag nanoparticles to improve its antibacterial properties. This
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hydrogel was demonstrated to effectively promote wound healing through its antibacterial activity.'” Zhou et al devel-
oped a double-network hydrogel biomaterial composed of snail glycosaminoglycan (AFG) and methacrylated gelatin
(GelMA), which can inhibit inflammatory factors and promote macrophage polarization to the M2 phenotype, promoted
the healing of chronic diabetic wounds.* These studies indicate that imparting hydrogels with antibacterial and immune-
regulating functions plays a positive role in inflammation and tissue remodeling during the wound healing process.
Herein, we developed a new hydrogel (Cur/rGO@snp/SiIMA) with SF methacrylate as the matrix, loaded Ag
nanoparticle-reduced graphene oxide and curcumin, to create a superior wound healing platform. This hydrogel not
only has the advantages of convenience and moldability but also shows multi-functionality. It can effectively promote
wound healing by releasing the carried curcumin and Ag ions and has the dual effects of immune regulation and
antibiosis. This novel multifunctional hydrogel presents new treatment prospects to the field of wound healing and
provides useful insights into the development of innovative therapeutic strategies in the future. Through further in-depth
research and clinical practice, we believe that this hydrogel will play a pivotal role in the field of wound healing.

Materials and Methods

Methacrylated silk fibroin (SilMA) was obtained from (Engineering for Life, Suzhou, China). Reduced graphene loaded
with Ag nanoparticles (rGO@snp) was purchased from (Kaifa New Materials, Suzhou, China). Curcumin was obtained
from (Sigma-Aldrich, St. Louis, USA). All cell culture media components, including DMEM, PS, FBS, and PBS were
purchased from (Thermo Fisher Scientific, Beijing, China). Cell Counting Kit 8 (CCKS8) reagent was purchased from
(Soleba Beijing, China), and CD206 and F4/80 antibodies were purchased from (Bioss, Beijing, China).

Preparation and Characterization of Hydrogels

Preparation of Composite Hydrogel and Hydrogel Extracts

Firstly, A 0.25% (w/v) initiator standard solution was prepared by dissolving 0.05 g of lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) in 20 mL of PBS using a brown vial. Subsequently, the vial was placed in a 40-50°C water
bath and heated for 15 minutes with intermittent shaking for dissolution of LAP. The prepared LAP standard solution was
stored at 4°C in the dark. For the preparation of a 10% (w/v) SiIMA solution, 0.2 g of SiIMA was weighed using
a precision balance and placed in a centrifuge tube. Then, 2 mL of the prepared initiator standard solution was gradually
added to the centrifuge tube, followed by stirring or shaking several times at room temperature for 0.5—1 hour to ensure
complete dissolution, avoiding vigorous ultrasound, high temperatures, and strong shear. Finally, The SilMA solution
was filter-sterilized using a 0.22 um sterile syringe filter to ensure sterility. To form the SiIMA hydrogel, the SiIMA
solution was irradiated with 405 nm ultraviolet light for 30 seconds. Next, curcumin solving in DMSO (10mM) was
added to the pure SiIMA solution (10%w/v) at a final concentration of 20 uM, followed by photo-polymerization to
generate Cur/SiIMA. Likewise, rtGO@snp was added to the pure SilMA solution at a final concentration of 5 pg/mL,
followed by photo-polymerization, to generate rGO@snp/SiIMA. In the same manner, Cur/rfGO@snp/SiIMA was
prepared with same concentration ratios: Curcumin (20 uM), rGO@snp (5 pg/mL). 5 mL of hydrogel was immersed
in 20 mL of serum-free DMEM medium and then incubated at 37°C with 5% CO2 for 72 hours. Subsequently, the
supernatant was harvested and subjected to sterilization using a 0.22 pm filter to acquire the extract, which was stored at
—20°C in a light-protected environment.

Fourier Transform Infrared Spectroscopy (FTIR)

Equal amounts (2 mg) of each hydrogel (SiIMA, Cur/SiIMA, rGO@snp/SiIMA, and Cur/rGO@snp/SilMA) were mixed
individually with 100 mg of potassium bromide and ground uniformly. The mixture was pressed into a 20 MPa pellet and
analyzed by a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, USA) at 4004000 cm™! with a 4 cm™!
resolution, 50000:1 signal-to-noise ratio, and 32 scans. Resulting spectra were compared to standard FTIR spectra to
identify components in each sample.

International Journal of Nanomedicine 2024:19 hetps: 816l
Dove:


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

Han et al Dove

Scanning Electron Microscopy (SEM)
Freeze-dried hydrogels were cut into flat sections and sputter-coated with gold for SEM imaging (Hitachi S-4800, Japan).
The morphology of the cross-sections and the elemental composition of the materials were then analyzed using EDS.

Compressive Modulus Measurement

Before the compression test, the initial dimensions (length, width, and thickness) of the hydrogel samples were measured
and recorded. Samples were then placed in a compression testing instrument (MTS Criterion, USA). A uniform load was
applied to the samples to avoid stress concentration. The compression process was monitored and recorded, and data such
as pressure, displacement, and strain were collected. The compressive modulus was calculated from the stress-strain
curve. The instrument has a capacity of 0—10 kN and an accuracy of 1-100% of the load value.

Water Absorption Rate
Different dried hydrogels (M0) were immersed in PBS at 37°C. At specific time intervals, samples were retrieved, and
excess surface water was gently removed using filter paper, after which their weights were measured again (M1). Each
experiment was repeated three times. The water absorption rate was calculated using the following formula:

Water absorption rate (%) = (M1 — M0)/M0 x 100%

Degradation Analysis
Various hydrogels were submerged in phosphate-buffered saline (PBS) until fully swollen, and their initial masses were
documented as W0. Subsequently, the hydrogels were placed in a PBS solution enriched with protease (0.1 mg mL—1) at
37°C, with agitation on a shaker. At defined time points, the hydrogels were extracted from the solution and reweighed
(W1). The degradation rate was determined using the formula:

Degradation rate (%) = (W0 — W1)/W0 x 100%

Drug Release Analysis

Cut the Cur/rGO@snp/SilIMA hydrogel into uniformly sized pieces, immerse them in 2 mL PBS, and shake them on
a constant-temperature shaker at 37°C. At predetermined time intervals, withdraw a specified volume of PBS from the test
tube. After each sampling, replenish with an equal volume of fresh PBS. Measure the absorbance of the sample solution at
425 nm using a enzyme-labeled instrument and calculate the concentration of curcumin using a standard curve.

Rheological Properties

The four hydrogels were placed on the stage of a rheometer (MCR92, Anton Paar, Austria). A parallel plate rotor (50 mm
diameter) with a gap of | mm was used. The test temperature was set to 25°C. The frequency sweep was performed from
0.1 to 100 rad/s, with 25 logarithmic points and a strain of 1%.

In vitro Experiments

Cytotoxicity Assay

The CCK-8 assay and live/dead staining were used to evaluate the effect of hydrogels with different compositions on the
viability of NIH-3T3 cells.

NIH-3T3 cells were incubated in 100 pL of culture medium for 24 hours. Subsequently, SiIMA, Cur/SilMA,
rGO@snp/SiIMA, and Cur/rGO@snp/SiIMA hydrogels were added to fresh culture medium, and the cells were
incubated for another 72 hours, with untreated cells serving as the control group.

For the CCK-8 assay, after a further 72 hours of incubation, CCK-8 solution was added to each well, and the cells
were incubated at 37 °C for an additional 4 hours. The absorbance was then measured at 450 nm.

For live/dead staining, after an additional 72 hours of incubation, calcein AM/PI working solution was added to each
well. The cells were incubated in the dark for 30 minutes. The staining results were examined using a fluorescence
microscope. Calcein had a maximum excitation wavelength of 494 nm and an emission peak at 517 nm. The PI-DNA
complex exhibited an excitation peak at 535 nm and an emission peak at 617 nm.
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Antibacterial Activity

To investigate the antibacterial activity of Cur/rGO@snp/SilMA, the extracts of hydrogels with different compositions
were co-cultured with S. aureus and E. coli. The bacterial culture was extracted and diluted 1000-fold. Subsequently, 100
pL of the diluted bacterial solution was uniformly spread on Luria-Bertani (LB) plates using a cell spreader. Optical
images were captured following the incubation period at 37°C for the designated duration.

RAW 264.7 Polarization Assay

Immunofluorescence staining, real-time quantitative PCR (RT-qgPCR), and flow cytometry were used to evaluate the expression
of M2 macrophage markers. RAW264.7 cells were seeded at a density of 2 x 10”5 cells/well into 6-well plates and cultured
overnight. Subsequently, these cells were incubated with various hydrogels for 24 hours. For immunofluorescence staining,
cells were incubated with CD206 antibody at 4°C overnight, and images were obtained using CLSM (Olympus, Tokyo, Japan).
For RT-qPCR, all kits from (Takara, Tokyo, Japan). Primer sequences in Table 1. The results were analyzed using the 2AACt
method, and GAPDH was used as a reference. For flow cytometry, flow cytometer from (Beckman, NY, USA).

In vivo Experiments

Animal Model of Infected Skin Defect

This study was conducted with the ethical approval of the Tianjin Stomatological Hospital Ethics Committee (PA2024-
B-017). We followed the guidelines for the welfare of laboratory animals as specified in Guidelines for Ethical Review of
Laboratory Animal Welfare (GB/T35892-2018). Full-thickness wounds with a diameter of 8 mm were created on the
backs of male C57BL/6 mice using scissors. Next, 50 uL of S. aureus suspension (10° CFU/mL ") was applied to the
surgical area. After 2 hours, different composite hydrogels were applied. Wound sites were photographed on days 0, 7,
and 14 post-surgery to monitor healing progress.

Antibacterial Activity
The day after wound creation, bacterial samples were obtained from the wound site using a sterile cotton swab, then
diluted with PBS and evenly spread on LB plates. Following a 24-hour incubation at 37°C, photographs were captured
for recording purposes.

Histological Analysis

At days 7 and 14 post-surgery, mice were euthanized, and their skin tissues were collected for histological analysis. The
collected tissues were then stained with hematoxylin and eosin (H&E) and Masson’s trichrome staining kits (Baso,
Wuhan, China) to evaluate tissue morphology and collagen deposition, respectively. Images of the stained tissues were
acquired using a positive fluorescence microscope (Olympus, Tokyo, Japan).

Evaluation of M2 Macrophage Polarization and Angiogenesis Ability

Immunofluorescence staining was performed to evaluate macrophage polarization and angiogenesis status at the wound
site. On day 7, the skin wound tissue was incubated with antibodies against F4/80 and CD206 for immunofluorescence
staining. Immunohistochemical staining was performed using CD31. Images were acquired using a positive fluorescence
microscope (Olympus, Japan).

Table | Primer Sequences

Gene Primer Sequences Forward Primer Sequences Reverse
GAPDH | 5-GAAGGTGAAGGTCGGAGT-3’ 5-GAAGATGGTGATGGGATTTC-3’
Argl 5’-CAGAAGAATGGAAGAGTCAG-3’ | 5-CAGATATGCAGGGAGTCACC-3

CD206 | 5-CAGGTGTGGGCTCAGGTAGT-3’' | 5-TGTGGTGAGCTGAAAGGTGA-3’
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Statistical Analysis
All experiments were performed in triplicate or more, and the data were presented as mean + standard deviation (SD).
Statistical significance was assessed using the #-test, with a significance level set at p < 0.05 (*).

Results and Discussion

Preparation and Characterization of the Hydrogel

Cur/rGO@snp/SiIMA was synthesized by combining SiIMA, rGO@snp, and curcumin using chemical and physical
cross-linking interactions followed by UV irradiation. Figure 1A shows a macroscopic view of the Cur/rGO@snp/SiIMA
hydrogel. The microstructure of the hydrogel is depicted in Figure 1B, revealing a uniform and interconnected 3D porous
morphology. The elemental analysis revealed a well-distributed presence of elements C, O, N, and Ag in the hydrogel
(Figure 1C). Furthermore, FTIR confirmed composition and various interactions in Cur/rGO@snp/SiIMA (Figure 2A).
The spectral analysis identified characteristic vibrations such as O-H stretching, methyl C-H stretching, amide I, II, and
III, C-O stretching, and C-H out-of-plane bending vibrations, consistent with the structure of SiIMA. A comparison
between the infrared spectra of Cur/SiIMA and SiIMA groups showed significant changes in absorption peaks at 1013
and 951 cm ', indicating chemical adsorption and successful loading of curcumin onto SilMA through chemical
interactions. However, no new absorption peak or disappearance of existing peaks was observed in the infrared spectrum
of the rGO@snp group compared with the SiIMA group. The position and peak shape of the absorption peak remained
unchanged, suggesting that reduced graphene oxide is physically adsorbed onto SiIMA. The infrared spectrum of the
Cur/rGO@snp/SiIMA group was similar to that of the Cur/SiIMA group, indicating that curcumin is chemically adsorbed
onto SiIMA when added with reduced graphene oxide. Moreover, reduced graphene oxide is physically adsorbed onto
SiIMA among proteins.

Swelling, Rheological, and Mechanical Properties of the Hydrogel

Wound healing is a complex biological process that involves a series of cellular and molecular events. In the early stages
of wound healing, a blood clot forms to stop bleeding and provide a scaffold for subsequent healing. Over the next few
days, the wound forms new granulation tissue, which gradually fills the wound. In the final stages, the wound forms new
epithelium and regains skin integrity.'® In the process of wound healing, dressings need to play a certain mechanical
support role to help wound healing.'® The stress-strain curves of the four hydrogels are shown in Figure 2B. The
compressive strength of all four hydrogels increased gradually with increasing compressive strain. The compressive
properties of the hydrogels were further measured and quantified. As shown in Figure 2C, the compressive strength of
rGO@snp/SiIMA and Cur/rGO@snp/SilMA hydrogels at 50% strain was 130 kPa and 140 kPa, respectively, which was
similar to that of normal physiological soft tissue (100200 kPa)*® and significantly higher than that of pure SilMA
hydrogel (20 kPa). It has been well documented that the addition of reduced graphene oxide can effectively improve the
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Figure | Morphology of hydrogels. (A) Photographs of the Cur/rGO@snp/SilMA hydrogel. (B) SEM images of various dry hydrogels. (C) Elemental composition of the Cur/
rGO@snp/SilMA hydrogel. Scale bar: 50 pm.
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Figure 2 Characterization of hydrogels. (A) FTIR analysis of various hydrogels. (B) Stress—strain response under compression for different hydrogels. (C) Compressive
stress of hydrogels at 50% strain (n = 3). (D) Swelling ratio of various dry hydrogels (n=3). (E) Degradation rate of different hydrogels (n = 3). (F) Rheological property of
various hydrogels (n = 3). (G) The release rate of curcumin in Cur/rGO@snp/Gel (n = 3). **p < 0.01, ***p < 0.001.

mechanical properties of hydrogels.”'** Interestingly, the addition of curcumin alone also led to an increase in the
compressive strength of the SiIMA hydrogel (60 kPa). To the best of our knowledge, there is no report on the
phenomenon that curcumin can improve the compressive strength of hydrogels. This phenomenon may be due to the
chemical cross-linking of curcumin with methacrylated silk fibroin, which affects the internal structure of the hydrogel.

Additionally, Hydrogels were immersed in PBS for 1 days to assess their water absorption capacity, and the swelling
ratio was measured based on mass increments. The results revealed rapid swelling (>250%) within the first 4 hours
(Figure 2D), attributed to water molecules penetrating the gel and interacting with its hydrophilic groups, such as -OH,
thereby forming a hydration layer.”®> SilMA exhibited the highest swelling ratio. The swelling ratio of Cur/SiIMA was
slightly lower than that of SiIMA, which might be attributed to the chemical interactions between curcumin and
methacrylated silk fibroin. Similarly, the incorporation of rGO@snp also reduced the swelling ratio of the hydrogel,
possibly due to the increased cross-linking density of the system by the introduction of AgNPs, which could affect the
water uptake ability. Additionally, the introduction of rGO, which is inherently hydrophobic, also contributed to the
reduced swelling ratio.”® Although the addition of curcumin and silver nanoparticles affected the swelling behavior of the
hydrogels, the swelling ratio of Cur/rGO@snp/SilMA was still within the range reported to be suitable for wound healing
applications.**
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The degradation characteristics of the hydrogel play a pivotal role in wound healing. Increased support is essential
during the initial stages to shield the newly formed tissue, whereas gradual degradation of the hydrogel in the later stages is
necessary to facilitate the infiltration of new tissue into the wound site.”> The hydrogel was immersed in PBS containing
protease to evaluate its degradation rate. Upon the introduction of rtGO@snp to the hydrogel, there was a deceleration in the
degradation rate, possibly attributed to the diminished presence of SilMA, the primary degrading component. Throughout
the 20-day experimental duration, all hydrogels exhibited degradation of at least 85% (Figure 2E), allowing ample time for
diabetic wound recovery. The drug release profile within the hydrogel is also a significant property to consider. The release
of Cur showcased an initial rapid increase in concentration over the first 2 days, followed by a gradual decrease, ultimately
stabilizing by the 5th day (Figure 2G). Consequently, the Cur/rGO@snp/SiIMA hydrogel demonstrates the capability to
achieve a consistent and controlled release of Cur, ensuring sustained delivery effectiveness.

Rheological testing revealed that the storage modulus (G”) of all hydrogels exceeded the loss modulus (G”), as shown
in Figure 2F. This behavior indicates their elasticity. Further analysis revealed that G’ slightly increased with increasing
strain, and G’ was always greater than G” during the whole process, indicating that the hydrogels could resist the shear of
external force and maintain their state. Both the addition of curcumin and (rGO@snp) had an impact on the rheological

behavior of the hydrogels.

In vitro Evaluation of Biocompatibility of the Hydrogel

Biocompatibility is a crucial factor in assessing the potential of hydrogels as biomaterials.>® The biocompatibility of
different hydrogel compositions was evaluated using the CCK8 method and live/dead staining. Different hydrogel
extraction solution were incubated with NIH-3T3 cells for 72 hours, respectively. There was no statistically significant
difference in OD values among the four groups, which showed that the hydrogel exhibited no cytotoxicity (Figure 3A).
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Figure 3 Evaluation of cytocompatibility and antibacterial activity of SiIMA hydrogels with varying compositions. (A) Assessment of NIH-3T3 cells viability following 72-hour
incubation with various hydrogels. (n = 3). (B) Live/Dead staining assessed the viability of NIH-3T3 cells cultured with various hydrogels for 72 hours. Scale bar: 500 pm (n
= 3). (C) Evaluation of the antibacterial effects of different hydrogels against E. coli and S. aureus after 24 hours of incubation. (D) Quantitative analysis of colony forming units
(n = 3). ns = no significant, **¥p < 0.0001.
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Meanwhile, Live/dead staining revealed minimal cell death all of groups, It was also confirmed that the various
components of the hydrogel caused no cell death, corroborating the aforementioned findings (Figure 3B). These results
collectively affirm the excellent biocompatibility of Cur/rGO@snp/SiIMA hydrogel.

In vitro Evaluation of Antibacterial Properties of the Hydrogel

The skin serves as the body’s primary defense against external bacterial infections. When the skin is compromised due to
trauma or other factors, bacteria can enter the body through wounds, leading to infection and hindering the healing
process.”” Bacteria can also adhere to the surface of hydrogels, and potentially cause wound infections.® Therefore,
incorporating antibacterial raw materials into hydrogels is crucial for promoting wound healing. S. aureus and E. coli are
key bacteria responsible for wound infections.?’ Silver nanoparticles (AgNPs) exhibit broad-spectrum antibacterial
properties by interacting with bacterial cell membranes, damaging bacterial structures, and inducing oxidative stress.*
Curcumin — another effective antibacterial substance — disrupts cell membranes, inhibits biofilm formation, and blocks
bacterial division.’’ Some studies suggest that combining curcumin with other substances can enhance antibacterial
effects.®? Testing the antibacterial properties of Cur/rtGO@snp/SilMA involved soaking the hydrogel in S. aureus and
E. coli culture fluids for contact sterilization experiments. As shown in Figure 3C and D, both curcumin and rGO@snp,
suggesting a bactericidal effect on E. coli and S. aureus. The bactericidal effect of rGO@snp surpassed that of curcumin,
aligning with previous research findings. Moreover, Cur/tGO@snp/SiIMA exhibited stronger antibacterial activity
compared to Cur/SiIMA and rGO@snp/SilMA, indicating that both curcumin and rGO@snp exerted their respective
antibacterial effects in the Cur/rGO@snp/SilMA group. Curcumin exhibits its antibacterial properties by inhibiting the
assembly dynamics of filamentous temperature-sensitive protein Z (FtsZ), thereby preventing bacterial division and
proliferation.®* Silver nanoparticles have multiple antibacterial mechanisms. They effectively inhibit and kill bacteria
through various pathways, including disrupting the cell membrane, generating reactive oxygen species (ROS), inhibiting
protein functions, and damaging DNA.** Curcumin exhibits its antibacterial properties by disrupting bacterial mem-
branes and inhibiting the shikimate pathway in bacteria. Experimental results indicate that Cur/rGO@snp/SiIMA
effectively sterilizes bacteria in vitro.

In vitro Evaluation of the Hydrogel Effect on Promoting M2 Polarization of
Macrophages

Macrophages participates in wound healing process, particularly M2-type macrophages, which secrete anti-inflammatory
cytokines, such as IL-4, IL-10, TGF-B, to reduce inflammation and facilitate healing.’>*® Wound dressings with
chemotherapeutic properties are essential for restoring immune balance during wound healing.’

First, the polarization of macrophages to the M2 phenotype by Cur/rGO@snp/SiIMA was evaluated in vitro. Previous
studies noted that M2 macrophages exhibit a more elongated morphology.*® Key regulators of M2-type polarization
include CD206 and interleukin-10 (IL-10). After 24 hours of incubation with hydrogels containing different components,
RAW 264.7 cells displayed elongated morphological features in the curcumin-containing group (Figure 4A), as indicated
by immunofluorescence staining for CD206. Gene expression analysis using RT-qPCR further confirmed M2 polarization
of macrophages (Figure 4B), with the curcumin-added group showing significant upregulation of M2 macrophage
markers such as CD206 and IL-10 (p < 0.05). Flow cytometry analysis of CD206 protein expression in RAW264.7
cells cultured on different hydrogels (Figure 4C and D) revealed that the Cur/SiIMA and Cur/rGO@snp/SilMA groups
(23.6 + 0.65%, 22.6 £ 0.97%) exhibited significantly higher expression than the SiIMA and rGO@snp/SiIMA groups
(12.0 + 0.81%, 13.1 + 1.04%), suggesting enhanced M2 polarization. Our research aligns with the conclusions of others,
indicating that curcumin can regulate macrophage M2 polarization. This effect may be achieved by modulating 1L-4/IL-
13 levels."*** However, Hydrogels containing rGO@snp did not impact M2 macrophage polarization. This may be
because the rGO@snp did not come into direct contact with RAW264.7 cells, so their regulatory effects on the cells were
not observed.
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Figure 4 The effects of different hydrogels on RAW 264.7 cells morphology and M2 polarization. (A) Hydrogels compared for their effect on RAW 264.7 cells using
immunofluorescent staining after 24-hour culture. (green: CD206; blue: cell nuclear), Scale bar: 40 um. (B) RT-qPCR analysis of CD206 and Argl mRNA expression in
macrophages. (n = 3). (C) Flow cytometry analysis utilized CD206-FITC staining. (D) Statistical analysis of CD206-positive cells (n = 3). ns = no significant, *p < 0.01, **p <
0.001 and **p < 0.0001.

In vivo Analysis of the Hydrogel Effect on Skin Healing in Mice

A mouse skin defect model was established using C57BL/6 mice to assess the wound-healing properties of the hydrogel.
Full-thickness skin wounds with an 8-mm diameter were created on the backs of the mice using scissors, and S. aureus
bacteria liquid was applied to mimic wound infection. The wounds were monitored on days 0, 7, and 14, with wound
tissues collected on days 7 and 14. The hydrogels were categorized into four groups based on their components (SiIMA,
Cur/SiIMA, rGO@snp/SiIMA, and Cur/rGO@snp/SilMA). As shown in Figure 5SA and B), initial wound sizes were
similar across all groups on day 1. However, on day 7, the SiIMA group showing the highest unhealed area (40.67
+3.54%). The Cur/rGO@snp/SiIMA group exhibited the most effective healing (15.23+£2.07%). The Cur/rGO@snp/
SiIMA group showed nearly complete healing on day 14 (0.67 = 0.23%), while the SiIMA alone group still had partial
healing remaining (23.67 + 4.74%). Bacterial infection significantly impacted wound healing, with AgNPs aiding in
acceleration through their antibacterial properties. Previous studies also demonstrated that curcumin released from
hydrogels at wound sites enhanced wound healing.*® Taken together, these findings suggest that the combined effects
of Cur and rGO@snp in the hydrogel enhance the healing of infected wounds.

Histopathological Evaluation

The wound healing process was assessed using H&E and Masson’s trichrome staining. As illustrated in Figure 5C, the
granulation tissue thickness was greater on day 7 in the Cur/rGO@snp/SilMA group than in other groups. Additionally,
increased capillary growth and skin appendage recovery were observed on day 14, indicating accelerated healing effects
in the Cur/rtGO@snp/SilMA group. Collagen, a key component of the dermis, plays a crucial role in wound healing.*'
Collagen deposition serves as a marker for wound healing progress.*> Masson’s trichrome staining was performed across
different groups to assess collagen deposition, and the results revealed a larger area of wound collagen deposition and
denser collagen fibers in the Cur/rGO@snp/SiIMA group (Figure 6A and B). The Cur/rGO@snp/SiIMA group exhibited
the largest area of collagen deposition (71.81 £+ 9.72%), with dense and mature collagen fibers. The SiIMA group had the
least amount of newly formed collagen (28.16 = 7.40%), while the Cur/SilMA and rGO@snp/SiIMA groups had
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Figure 5 Comparison of hydrogel effectiveness in promoting infected wound healing. (A) Visual representation of the wound at days 0, 7, and 14: photographs and
schematics. Internal diameter:8 mm. (B) Analysis of wound closure rate using quantitative methods. (n = 5). (C) Histological analysis of wound tissue sections treated with
various hydrogels at days 7 and 14 using H&E staining. Scale bar: 400 um. (D and E) Visual images and quantitative data showing bacterial colonies at the wound site on
the second day following various treatments. **p < 0.001.

intermediate amounts of newly formed collagen. The Cur/SiIMA group had more newly formed collagen than the
rGO@snp/SiIMA group (59.85 + 7.92% vs 46.41 £ 9.51%). Curcumin can effectively promote collagen synthesis, and
the combination of silver nanoparticles can effectively eliminate bacteria, reduce the impact of bacteria on collagen
synthesis, and accelerate the wound healing process. It can also enhance the migration of neutrophils, macrophages, and
keratinocytes to the wound site, thereby promoting the regeneration of damaged skin tissue.*?

Evaluation of Antibacterial Properties in vivo

To assess the in vivo antibacterial efficacy of the hydrogel, bacterial samples were retrieved from the skin surface two
days after its application and quantitatively analyzed using the plate counting method. As illustrated in Figure 5D and E),
Cur/rGO@snp/SiIMA showed the most significant antibacterial effect, consistent with the findings from the in vitro
antibacterial studies, emphasizing the outstanding antibacterial performance of Cur/rGO@snp/SiIMA in vivo.
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Figure 6 Evaluation of various hydrogels on collagen deposition, macrophage polarization and blood vessel formation in infected wounds. (A and B) Masson’s trichrome
staining was performed on day 14 (n = 5). Scale bar: 400pm. Quantitative analysis of collagen content in wound area (n = 5). (C) Wound tissue sections were co-stained with
F4/80 and CD206 on day 7 for immunofluorescence analysis. Scalebar: 50 um; and CD3| was visualized in wound tissue using immunofluorescence staining on day |4. Scale
bar:200um. (D) Three random fields per samples about ratios of the CD206-positive areas were imaged. (n = 5). (E) Immunohistochemical images of CD31 on the |4th day.
(F) Quantitative analysis of CD3|-positive areas (n = 5) Scale bar: 400um. *p < 0.05; **p < 0.001, ***p < 0.0001.

Regulation of Macrophage Polarization in vivo
Macrophages exhibit two distinct phenotypes: pro-inflammatory (M1) and anti-inflammatory (M2). Transitioning macrophages
towards the M2 phenotype is considered a promising strategy for managing inflammation and promoting wound healing Our
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in vitro experiments showed that the use of curcumin-containing Cur/rGO@snp/SiIMA effectively promoted the polarization of
macrophages towards the M2 phenotype. Subsequently, we investigated the impact of the hydrogel on M2 macrophage
polarization in the context of wound healing in mice. Skin samples were collected from the mice on day 7 and immunofiuores-
cence staining was conducted for the M2 macrophage marker protein (CD206, F4/80). It was found that the CD206 positive rate
was significantly higher in the curcumin-containing group (26.68+4.22%, 24.67+3.29%) than in the curcumin-free hydrogel
group (11.83+1.39%, 8.21%1.53%) (Figure 6C and D), consistent with findings from other studies. Altogether, these findings
suggest that curcumin-containing hydrogel effectively modulates macrophage polarization towards the M2 phenotype during the
wound healing process. In vitro experiments showed that the Cur/rGO@snp/SilMA and Cur/SilMA groups had significantly
higher M2 polarization of macrophages than the other two groups, which was consistent with the results of immunofluorescence
(Figure 4). Interestingly, the in vivo results showed that the rGO@snp/SiIMA group had a higher CD206 positive rate than the
SilMA group alone. This may be due to the fact that bacterial infection can affect the M2 polarization of macrophages,* and snp
has bactericidal effects, which reduces the influence of bacteria on macrophages. The specific mechanism needs further study.

Regulation of Blood Vessel Formation in vivo

Angiogenesis is crucial not only for providing nutrition and managing waste during skin healing, but also for influencing
cell behavior, signaling, and remodeling tissue structure.** When evaluating the therapeutic potential of biomaterials for
treating skin defects in mice, it is essential to assess their ability to promote vascularization. Through CD31 immuno-
histochemistry, the degree of neovascularization can be comprehensively assessed, allowing for the analysis of blood
vessel density in the skin defect area. The results showed that curcumin and silver-loaded reduced graphene oxide
(rGO@snp) could effectively promote neovascularization compared with SilMA. Although the histological healing effect
of the curcumin group was better than that of the rtGO@snp group (Figure 6C), the rGO@snp group had a better effect on
neovascularization than the curcumin group (9.02 + 2.44% and 12.34 + 2.85%). The Cur/rtGO@snp/SilMA group showed
the highest neovascularization rate (13.50 + 2.14%) (Figure 6E and F), which also supported the results of HE staining in
Figure 5C, suggesting that the two have a synergistic effect in promoting neovascularization. The results were similar to
the previous HE staining results. Curcumin can promote macrophage M2 polarization, and M2 macrophages can promote
neovascularization, which may be the mechanism by which curcumin promotes neovascularization.* As for the
rGO@snp group, many studies have shown that graphene can promote neovascularization.*> The synergistic effects of
multiple components in the Cur/rGO@snp/SilMA hydrogel can better promote angiogenesis and tissue regeneration.

In vivo Evaluation of Biocompatibility of the Hydrogel

Analysis of blood parameters in mice after the application of biomaterials is a critical step in evaluating the safety, immune
response, and biocompatibility of biomaterials. It is of great significance for the research and development and clinical application
of biomaterials. Changes in white blood cells, hemoglobin, and platelets can be used as indicators to evaluate the overall health and
safety of biomaterials in mice.*® On day 14, the levels of white blood cells, hemoglobin, and platelets in the blood of C57BL/6
mice with skin defects treated with different hydrogels were detected throughout the treatment period to evaluate the biocompat-
ibility of the composite hydrogels in C57BL/6 mice. The results are shown in Figure 7A. There was no significant difference in the
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Figure 7 In vivo biocompatibility of different hydrogels. (A) Blood biochemical analysis and (B) Histological analysis of major organs using H&E staining at day 14. ns = no
significant. Scale bar: 100 um.
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levels of white blood cells, hemoglobin, and platelets among the different hydrogel groups at each time point. The heart, liver,
spleen, lung, and kidney are the main components of the body’s metabolism, excretion, and immune system. They are important
reference value for the evaluation of biocompatibility and toxicity of biomaterials. HE staining of the major organs of C57BL/6
mice did not reveal any obvious inflammatory manifestations or pathological changes. The above results show the composite
hydrogel did not cause significant toxicity/verification reactions in vivo, and had good in vivo biocompatibility.

Conclusion

In conclusion, we have developed an innovative composite hydrogel termed Cur/rGO@snp/SilMA, which is formulated
with curcumin, rGO@snp, and SiIMA, exhibiting antibacterial and immunomodulatory properties. This hydrogel shows
inhibitory activity against S. aureus and E. coli and efficiently promotes macrophages to the M2 phenotype, thus
mitigating inflammatory reactions. Moreover, in vivo experiments with an infected mouse skin defect model, confirmed
the hydrogel’s effectiveness in enhancing the healing of infected wounds. It promoted collagen deposition and acceler-
ated angiogenesis, thereby improving wound healing outcomes. Hence, this hydrogel emerges as a promising and ideal
therapeutic agent for advancing wound healing. In summary, the present study demonstrates that Cur/rGO@snp/SilMA
accelerates infected wound healing by promoting M2 macrophage polarization, inhibiting inflammation, and promoting
tissue regeneration.
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Cur, Curcumin; rGO@snp, silver nanoparticles-loaded reduced graphene oxide; SiIMA, silk fibroin methacryloyl; XRD,
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