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a b s t r a c t

Diabetic wound healing is often complicated due to bacterial infections that intensify inflammation. Em-

ploying hydrogel dressings with inherent antibacterial properties can significantly reduce reliance on an-

tibiotics for treating infected wounds in diabetics. Traditional hydrogels typically rely on the infiltration

of bacteria into their porous structure to manifest antibacterial effects. However, this infiltration process

is not only prolonged but can also exacerbate inflammation, further delaying the healing of the wound.

Thus, promptly capturing and eliminating bacteria is crucial for enhancing the antibacterial efficiency of

the hydrogel. In this context, we present a multifunctional hydrogel dressing, termed SIP, designed to

tackle drug-resistant bacterial infections in diabetic wounds. This dressing integrates ionic liquid func-

tional groups into a sericin-based matrix: phenylboronic acid for the immobilization of bacteria and im-

idazole for their subsequent annihilation. Expectedly, the SIP system demonstrates potent antibacterial

activity against methicillin-resistant Staphylococcus aureus, verified through in vitro and in vivo experi-

ments. As a result, SIP emerges as a promising candidate in the realm of hydrogel dressings with innate

antibacterial properties, showcasing considerable potential for addressing diabetic wounds plagued by

drug-resistant bacterial infections.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetes mellitus poses a significant threat to public health,

resulting in substantial productivity losses and financial burdens,

with healthcare costs in the United States surpassing $327 billion

each year [1]. These expenses are projected to escalate by 1 bil-

lion annually, contributing to an increase in the number of years

individuals live with disabilities. In the United States, around 30

million individuals are affected by diabetes, and a significant com-

plication they encounter includes diabetic foot ulcers [2]. These ul-

cers are prevalent in 15% to 25% of individuals with diabetes and

can lead to amputations if not treated properly [3]. Although there

are established protocols for wound care management, challenges

persist due to the multifactorial nature of the condition, specific

patient circumstances, stringent regulatory and market entry barri-
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ers, the integration of new biologics-based therapies, and ensuring

adequate access to medical care [4,5]. The onset of infection fur-

ther complicates the management of diabetic wounds, negatively

impacting the patient’s overall health status [6]. For instance, the

likelihood of lower limb amputation in patients with infected dia-

betic foot ulcers (DFUs) is 50% higher compared to those with non-

infected ulcers [7,8]. Considering these various challenges, there is

a pressing need to identify and develop therapeutic alternatives

that are safer, more effective, and more cost-efficient for handling

infected diabetic wounds [9,10].

Currently, antibiotics are the primary approach for address-

ing bacterial infections in the healing process of diabetic wounds

[11,12]. However, the widespread and prolonged use of antibiotics

has contributed to a rise in bacterial resistance, leading to the de-

velopment of antibiotic-resistant variants like methicillin-resistant

Staphylococcus aureus (MRSA) [13]. Due to MRSA’s robust nature,

there is a requirement for higher and more potent antibiotic doses,

increasing the risk of negative drug reactions [14,15]. As a re-
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sult, conventional antibiotic methods are becoming less effective

against MRSA-related diabetic wound infections, highlighting the

critical need for alternative treatments in the medical field [16,17].

A substantial amount of research has been dedicated to developing

dressings capable of combating MRSA-infected diabetic wound in-

fections effectively. Among various dressing options, hydrogels are

particularly notable due to their inherent antibacterial properties,

extensive bactericidal capacities, adjustable physical features, and

excellent biocompatibility [18,19]. The moisture-laden composition

of hydrogels helps maintain optimal hydration levels in the wound,

reducing the likelihood of scar tissue formation [20]. In addition,

hydrogels are proficient at absorbing wound exudate and provide

a robust barrier against microbial penetration [21,22]. These char-

acteristics make hydrogel-based dressings a promising option for

treating diabetic wounds compromised by infection.

Sericin (Ser), a hydrophilic protein derived from silkworm co-

coons, has recently garnered substantial attention for its poten-

tial in hydrogel wound dressing fabrication. This is attributed to

its biocompatibility, biodegradability, and properties that include

anti-aging, anti-coagulation, and anti-tyrosinase effects. Ser is par-

ticularly notable for its ability to promote the growth and pro-

liferation of fibroblasts and keratinocytes. When modified with

methacrylic anhydride (MA), Ser transforms into methacrylic an-

hydride sericin (SerMA), exhibiting remarkable properties such as

injectability, adhesion, and biocompatibility. These characteristics

highlight the potential of SerMA in facilitating wound healing. Nev-

ertheless, conventional SerMA hydrogels face limitations in treating

wounds with bacterial infections, primarily due to their ineffective-

ness in capturing and neutralizing bacteria. This is because SerMA

lacks potent bacterial trapping and killing sites, making it difficult

for bacteria to access and penetrate the hydrogel’s porous matrix

[23]. To enhance the antibacterial efficiency of SerMA hydrogel, en-

suring efficient bacterial capture and elimination becomes impera-

tive. In a novel approach, the introduction of phenylboronic acid

groups has shown potential in creating reversible covalent bonds

with cis-diol molecules commonly found in glycoproteins on bac-

terial surfaces. This mechanism is progressively becoming a popu-

lar choice for bacterial detection. Furthermore, the addition of pos-

itively charged imidazole groups provides the means to interact

electrostatically with the negatively charged bacterial membranes.

This interaction disrupts the bacterial membranes’ permeability

and hydrodynamics, resulting in an antibacterial effect. Therefore,

we suggest that by integrating phenylboronic acid groups for bac-

terial trapping and imidazole groups for bacterial destruction into

SerMA hydrogel dressings, we could establish a promising strategy

for attaining robust antibacterial activity.

In this study, we investigate an innovative strategy to treat bac-

terially infected diabetic wounds by integrating functional groups

into a SerMA hydrogel matrix that can entrap (using phenylboronic

acid) and annihilate bacteria (using imidazole). As depicted in

Scheme 1, a protective hydrogel barrier named SIP forms over the

wound site via a straightforward local injection followed by subse-

quent photoinitiation. The SIP barrier efficiently captures and erad-

icates bacteria, contributing to decreased inflammation and aiding

the wound’s transition from an inflammatory state to a prolifer-

ative phase. We carried out a thorough evaluation of the SIP hy-

drogel system in its injectable form, including assessments both in

vitro and in vivo. For in vitro evaluations, we explored a variety of

physicochemical characteristics such as swelling behavior, capacity

to retain water, structural morphology, and biocompatibility, along

with the ability to capture bacteria and exhibit antibacterial prop-

erties. Diabetic rat models served for in vivo evaluations of wound

healing capabilities, with a focus on wounds situated on the back

and feet. In conclusion, our results pave the way for new methods

in the management and treatment of bacterial infections in dia-

betic patients.

Scheme 1. Formulation and application of SIP hydrogel for hastening wound heal-

ing in diabetic rats infected with drug-resistant bacteria. (A) SIP hydrogel synthe-

sis pathway. (B) Methods through which SIP hydrogel promotes recovery in wound

healing.

The samples’ functional property changes were examined us-

ing proton nuclear magnetic resonance (1H NMR) and Fourier

transform infrared (FT-IR) techniques. In the 1H NMR spectrum of

imidazole-phenylboronic acid (IL-PBA), the resonance peaks of the

carbon-carbon double bond, characteristic of IL, were prominent at

7.33, 6.00, and 5.43ppm. Additionally, three distinct peaks at 7.97,

8.26, and 9.70ppm aligned with IL’s characteristic peaks. The PBA’s

characteristic peaks corresponded at 8.09ppm (–OH) and 5.50ppm

(–CH2), along with benzene ring peaks at 7.43 and 7.84ppm. The

detection of characteristic groups from both IL and PBA suggests

the successful creation of IL-PBA, as depicted in Figs. 1A and B.

To examine the changes in functional groups after modifying

Ser, the study utilized both NMR and FT-IR spectroscopic tech-

niques. A significant shift was noted in the NMR spectra when

Ser and its modified counterpart, SerMA, were compared. The 1H

NMR spectrum of SerMA displayed distinct resonance peaks in-

dicative of carbon-carbon double bonds at 5.57 and 5.97ppm (Fig.

1C). This evidence supports the effective integration of glycidyl

methacrylate into Ser. Moreover, the appearance of a methyl group

signal at 1.76ppm further confirms the successful formation of

SerMA.

FT-IR spectroscopy was employed to analyze the chemical com-

position of SIP hydrogels, as illustrated in Fig. 1D. The FT-IR spec-

tra revealed distinct Ser peaks corresponding to amide I, II, and

III at 1649, 1514, and 1231 cm−1. These characteristic peaks were

similarly identified in the FT-IR analyses of both SIP0 and SIP2 hy-

drogels, suggesting that Ser’s secondary structure in these hydro-

gels was an unordered conformation. PBA’s primary characteris-

tic peaks at 1350 cm−1 (B–O), 1407 cm−1 (C–B), and 1613 cm−1

were identified as aromatic ring skeleton vibration peaks. In the

case of IL, stretching vibrations of imidazolium rings were noted at

960 cm−1 (=C–H), 1502 cm−1 (C–N), and 1651 cm−1 (C=N). Each

of these characteristic peaks, including those of IL-PBA, showed a

discernible shift. Collectively, these findings validate the successful

synthesis of the SIP hydrogels.

Next, the formation of SIP hydrogels was observed on a macro-

scopic scale, as illustrated in Fig. 1E. Following this, scanning elec-

tron microscopy (SEM) was employed to investigate the surface

morphology and microscale porosity of the lyophilized SIP hydro-

gels (Figs. 1F and G) [24]. SIP0 (devoid of IL-PBA) and SIP2 (with

0.6mg/mL IL-PBA) hydrogels displayed a porous, three-dimensional

lattice configuration conducive to the absorption of wound exu-

date and the growth of cells [25]. Furthermore, the integration of

IL-PBA into the SerMA hydrogel led to a decrease in the average

pore diameter to 35.7±6μm (Fig. 1F), a contrast to the SIP0’s pore

dimension of 44.9±7μm (Fig. 1G). This reduction in pore size is
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Fig. 1. Physicochemical traits of SIP hydrogels. (A) Schematic representing IL-PBA synthesis. (B) 1H NMR spectral presentation in DMSO for IL-PBA. (C) 1H NMR spectral

profiles of SerMA and Ser. (D) IL-PBA, Ser, SIP0, and SIP2 FT-IR spectral analysis. (E) Macroscopic observation of SIP hydrogel formation. (F) Rheological analysis over time,

focusing on the photo-induced mechanical strengthening of SIP hydrogels. (G) Study of SIP hydrogels’ rheological behavior dependent on frequency at a 1% strain. (H) Analysis

of changes in SIP hydrogels’ rheological properties with varying strains at a frequency of 0.1Hz. (I) Outcomes of step-strain testing on SIP hydrogels, contrasting the effects of

1% and 400% strains at a steady 0.1Hz frequency. (J, K) Assessments of SIP hydrogels’ swelling (J) and moisture retention abilities (K). Error bars denote the mean ± standard

deviation (SD) (n=3).

attributed to enhance cross-linking brought about by the introduc-

tion of ionic monomers [26].

Subsequently, the SIP hydrogels’ rheological characteristics were

thoroughly assessed. Hydrogel dressings typically need to show ro-

bust mechanical strength and flexibility to conform to the dynamic,

intricate wound microenvironments. As shown in Fig. 1F, exposure

to ultraviolet light significantly bolstered the gel’s mechanical at-

tributes, notably increasing the G′ roughly tenfold, from 102Pa to

1013Pa. Then, oscillatory frequency tests between 0.1Hz and 10Hz

were conducted to explore the hydrogels’ rheological behaviors

dependent on frequency, as illustrated in Fig. 1G. Throughout these

frequency ranges, the hydrogels displayed a consistently higher G′
compared to G′′, indicating their primarily elastic characteristics.

Additionally, strain scan tests were performed to determine the

hydrogels’ linear viscoelastic range (Fig. 1H). Specifically, the SIP2

hydrogel showed a transition point near 70% strain, suggesting

a colloidal transition beyond this threshold. Dynamic amplitude

assessments were also carried out to examine the hydrogels’ self-

healing ability. Fig. 1I illustrates the application of a significant

400% strain amplitude aimed at disrupting the hydrogel network,

succeeded by a minimal 1% strain to evaluate the recovery effi-

ciency of the SIP. At 400% strain, the G’ demonstrated a smaller
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Fig. 2. Cellular in vitro studies conducted on SIP hydrogels. Examination of SIP hy-

drogels’ cytotoxic effects on RS1 macrophages, utilizing CCK-8 (A) and calcein-AM/PI

(B) methods (scale bar: 50 μm). (C) Tracking HUVEC cell migration over 0 and 24h

post-scratch assay (scale bar: 300μm). (D) Images showing vascular formation in

HUVECs treated with various samples (scale bar: 50 μm). Error bars denote the

mean ± SD (n=3).

reduction compared to the G′′, hinting at hydrogel fracturing [27].

However, when the strain was reduced back to 1%, both moduli re-

turned to their original states, indicating the hydrogel’s rapid self-

recovery. This cyclical deterioration and restoration process high-

lighted the hydrogel’s exceptional self-healing qualities [28,29].

Thereafter, we evaluated the hydrogel dressings’ swelling and

deswelling behavior. The swelling curves in Fig. 1J revealed that

both SIP0 and SIP2 hydrogels exhibited comparable water absorp-

tion dynamics. An initial rapid swell was observed in the first

5 min, subsequently leading to a slow attainment of equilibrium

over 240min. At equilibrium, SIP0 showed a water absorption rate

of 16.86%, marginally surpassing SIP2’s 15.41%. This suggests that

IL-PBA incorporation improves hydrogel cross-linking. Regarding

their capacity to retain water, the hydrogels underwent drying in

a 37 °C environment until reaching a stable weight. In these cir-

cumstances, as demonstrated in Fig. 1K, SIP2 was superior to SIP0

in water retention. The gathered data affirm that the developed

SIP hydrogels have remarkable abilities for water absorption and

retention, beneficial for quickly soaking up wound exudate while

maintaining a conducive moisture level for wound healing [30].

For the utilization of hydrogels as multifunctional dressings in

tissue engineering and wound care, ensuring biosafety is crucial

[31,32]. Initially, a concise evaluation of the biosafety at varying

concentrations of IL-PBA was conducted. It was observed that cell

viability remained above 85% when concentrations were between

0 and 600 μg/mL. However, as the concentration increased, a cor-

responding decline in cell viability was noted (Fig. S1 in Support-

ing information). Based on these findings, a concentration of 600

μg/mL was chosen as the upper limit for IL-PBA in our experi-

ments. Next, our evaluation focused on the cytocompatibility of

the developed SIP hydrogels, as shown in Figs. 2A and B. To as-

sess cell viability, the cell counting kit-8 (CCK-8) method was em-

ployed following the co-cultivation of RS1 cell macrophages with

SIP leachate over periods of 1, 3, and 5 days. Fig. 2A illustrates that

the cell viability in both the SIP0 and SIP2 surpassed 80%, indicat-

ing low toxicity in the SIP hydrogels. After a 3-day culture period,

the RS1 cells underwent staining with a calcein-AM/propidium io-

dide (PI) kit. Calcein-AM stained living cells green, while dead

cells were marked red by PI [11]. The SIP hydrogel group exhib-

ited green fluorescence at levels comparable to the control group,

with scarcely any dead cells observed in the SIP hydrogel group, as

evident in Fig. 2B.

After that, the SIP hydrogels’ hemocompatibility was evaluated

through a hemolysis assay. Fig. S2 (Supporting information) shows

that the positive control group with DDW medium displayed a

vivid red hue, signifying substantial rupture of red blood cells and

hemoglobin release. Conversely, the groups containing phosphate

buffered saline (PBS) and SIP hydrogels showed no color alter-

ation, suggesting minimal hemolysis. The hemolysis rates for these

groups stayed below 5%, reflecting superior hemocompatibility. The

results indicate the SIP hydrogel’s biocompatibility, with no hemol-

ysis occurrence.

Subsequently, cell scratch tests were utilized to assess the in-

fluence of SIP hydrogels on cellular migratory characteristics (Fig.

2C) [9]. Human umbilical vein endothelial cells (HUVEC) cells were

placed in a plate whose bottom was then scratched using a pipette

tip. Following this, hydrogels were introduced, and variations in

the scratched region were observed at 24h of incubation. In the

control group, cells exhibited typical migration and proliferation

patterns with increasing culture time, markedly diminishing the

traversed distance post 24h (Fig. 2C). Comparatively, SIP hydrogels

exhibited migration rates similar to those of the control group (Fig.

S3 in Supporting information), suggesting that the synthesized hy-

drogel did not impair HUVEC cells’ migration efficiency.

Moreover, HUVEC cells were used to assess the effects of the

newly created SIP hydrogels on angiogenesis, as depicted in Fig.

2D. These cells were distributed over Matrigel and incubated. Our

observations revealed that they started forming either polygonal or

circular structures on Matrigel’s surface. After prolonging the cul-

ture period to 12h, HUVEC cells in the control set connected, cre-

ating a tubular network featuring an increased number of blood

vessels and enhanced structural integrity [4]. In contrast, cells in

the SIP hydrogel group remained closely packed and were able to

develop a tubular network, suggesting that the SIP hydrogels effec-

tively preserved the angiogenic capability of HUVCE cells.

Infections frequently interfere with the full recovery of wounds

[11]. Our research explores a novel method for combating bacte-

rial infections in diabetic wounds by incorporating active groups

into a SerMA hydrogel matrix. This matrix is designed to trap bac-

teria using phenylboronic acid and destroy them with imidazole.

Initially, SEM was employed to examine the efficiency of bacterial

entrapment in SIP hydrogels (Fig. 3A). The findings demonstrated a

significant enhancement in bacterial entrapment correlating with

increased IL-PBA levels, especially in SIP0 (pure SerMA), SIP1 (with

0.3% IL-PBA), and SIP2 (with 0.6% IL-PBA).

Subsequently, the antibacterial effectiveness of the SIP hydro-

gels was assessed (Fig. 3B). A statistical evaluation indicated a

4.96% decrease in MRSA for the SIP0 hydrogel group and an im-

pressive 68.06% reduction for the SIP1 group, whereas in the SIP2

group, MRSA was nearly entirely eradicated (Fig. S4 in Supporting

information). Following this, a live/dead bacterial staining test was

conducted to examine the anti-MRSA mechanisms of SIP hydro-

gels. Similar to the control group, the SIP0 group exhibited min-

imal red fluorescence, signifying an absence of bactericidal activ-

ity. In stark contrast, the SIP2 group showed intense red fluores-

cence, attributed to the penetration of propidium iodide through

damaged bacterial membranes, causing a red tint in the bacteria

[33]. Further statistical analysis revealed bacterial survival rates of

37.62% and 0% for the SIP1 and SIP2 groups (Figs. S5 and S6 in

Supporting information), respectively, relative to the control.

To confirm the antibacterial effectiveness of SIP hydrogels, the

structure of MRSA trapped within the hydrogels was scrutinized
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Fig. 3. Evaluation of SIP hydrogels’ antibacterial effects. (A) Demonstrating SIP hy-

drogels’ ability to capture MRSA, depicted through SEM images showing bacterial

capture at 2 and 4h (scale bar: 2 μm). (B) Investigating the anti-MRSA efficacy of

SIP hydrogels using methods including agar plate analysis, live/dead staining (scale

bar: 50 μm), SEM (scale bar: 500nm), and crystal violet staining. (C) Illustration of

SIP hydrogels disrupting established MRSA biofilms, shown through 3D live/dead

bacterial imagery (scale bar: 100μm).

using SEM. SEM images depicted a densely packed MRSA popula-

tion on the SIP0, with no significant changes in bacterial surface

structure. In contrast, the SIP1 hydrogel, while not greatly reduc-

ing MRSA numbers, showed significant wrinkling of the bacterial

cell walls and membranes. With the SIP2 hydrogel, there was a

discernible decrease in MRSA levels, along with extensive damage

to the cell walls and membranes of many bacteria. This damage is

likely due to the electrostatic attraction of the positively charged

hydrogel, impacting bacterial membrane potential and hindering

metabolic functions. In summary, the SIP2 hydrogel exhibits con-

siderable effectiveness against MRSA, making it a promising candi-

date for wound dressing applications.

Furthermore, the crystal violet staining method was utilized to

assess MRSA biofilm formation under various conditions. These

methods yielded results similar to those observed for MRSA

biofilms, where the SIP2 hydrogel significantly disrupted the

biofilm structure. Further statistical examination showed a reduc-

tion in MRSA biofilm mass to 29.19% (Fig. S7 in Supporting infor-

mation).

Next, investigations using three-dimensional (3D) confocal laser

scanning microscopy (CLSM) yielded consistent results. Fig. 3C

shows that the SIP2 hydrogel led to a reduction in biofilm build-up,

likely due to the biofilm being disrupted by the hydrogel’s three-

dimensional structure. The SIP2 hydrogel, on the other hand, ex-

hibited a substantial inhibitory effect, resulting in a notably sparse

and fragmented biofilm. There was a marked decrease in biofilm

signal intensity with higher IL-PBA content in the SIP hydrogels.

This suggests that incorporating both capturing and killing agents

into the SerMA matrix significantly enhances the system’s ability

to combat biofilm. In summary, the SIP2 hydrogel stands out as an

effective solution for preventing biofilm formation.

Previous in vitro tests confirmed that SIP hydrogels possess

excellent physicochemical properties, antimicrobial capabilities,

and biocompatibility, making them suitable for treating bacteria-

infected wounds. We then tested the wound healing efficacy of SIP

hydrogel using a rat model. The SIPs’ bleeding control was first ex-

amined using a rat tail amputation and a liver hemorrhage model.

Fig. S8 (Supporting information) illustrates significant bleeding in

the control group and the liver section covered in gauze, while

the application of SIP2 hydrogel noticeably reduced blood loss.

The blood loss amounts for the PBS, gauze, and SIP2 groups were

209, 146.67, and 41.67mg, respectively (Fig. S8). Similar results

emerged from the rat tail amputation test, where the SIP2 group

showed considerably less bleeding than both the control and the

gauze-covered tail. Blood loss measurements were 156.67, 128, and

32.67mg for the PBS, gauze, and SIP2 groups, respectively (Fig.

S9 in Supporting information). In conclusion, the SIP2 hydrogel

shows a substantial hemostatic effect, promising for the therapy

of chronic skin wounds.

Full-thickness skin defect models of diabetic rats were estab-

lished to test the effect of each material on wound healing. Ani-

mal experiments have been approved by the Institutional Animal

Care and Use Committee’s regulations and guidelines at Wenzhou

Medical University (approval number Wydw7019–0134). Evalua-

tion of the healing effectiveness of the developed SIP hydrogel

commenced with dorsal skin wounds in diabetic rats, depicted

in Fig. 4A. PBS was used for treating the control group, whereas

the positive control group underwent treatment with 3M hydro-

gel. SIP0 and SIP2 hydrogels were applied to the experimental

groups. Wound healing progress was meticulously recorded and

photographed on the 0, 3rd, 7th, and 14th days following treat-

ment (Fig. S10 in Supporting information). Notably, within just

three days, both the SIP0 and SIP2 groups showed a significant

decrease in wound size compared to the PBS and 3M hydrogel

groups. After one week, the SIP2 group demonstrated a remarkable

reduction in wound size to just 19.34%, outperforming the other

groups (Fig. S11 in Supporting information). By the 14th day, the

PBS and 3M groups still exhibited larger wound areas, with 33.18%

and 25.2% of the wounds remaining, respectively. The SIP0 group

showed improved wound healing, decreasing the wound area to

only 21.28%. Most impressively, the SIP2 group achieved the great-

est healing success, reducing the wound area to a mere 10.69%.

Bacterial samples were also collected from the wound sites and

quantified through an agar plate method, as shown in Fig. S12

(Supporting information). Aligning with previous results, visible

bacterial colonies were present in both the PBS and 3M groups.

Conversely, such colonies showed a reduction in the SIP0 group

and were nearly absent in the SIP2 group.

Fourteen days post-surgery, both wounds and nearby skin tis-

sues underwent collection for histological examination, offering

an enhanced understanding of the hydrogel’s role in healing.

Hematoxylin-eosin staining (H&E) staining showed that wounds

treated with SIP2 displayed a fully restored epidermis and densely

formed granulation tissue (Fig. 4C) [34]. In contrast, crust forma-

tion and infiltration by inflammatory cells were evident in both the

PBS and 3M groups. Collagen fibers in the SIP2 group, as revealed

by Masson’s staining, were aligned parallel to hair follicles, indicat-

ing highly organized and uniform collagen deposition (Fig. 4D) [8].

Partially mature granulation tissue and an incomplete epidermal

layer characterized wounds treated solely with SIP0. Furthermore,

5
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Fig. 4. Assessment of rat dorsal skin and DFU wound healing treated with SIP hy-

drogels. (A) Photographs of skin wounds in PBS, 3M, SIP0, and SIP2 groups, taken on

days 0, 3, 7, and 14. (B) Photographic documentation of skin wounds treated with

PBS, 3M, SIP0, and SIP2 at days 0, 3, 7, 14 and 21. Microscopic analysis of rat skin

tissues in wounded regions using H&E (C), Masson (D) stains (scale bar: 50 μm). (E,

F) Microscopic analysis of rat skin tissues at DFU wound locations using H&E (E,

scale bar: 25μm) and Masson (F, scale bar: 20 μm) stains.

the wound sites underwent evaluation for tumor necrosis factor-

alpha (TNF-α) levels, a key cytokine in immune response (Fig. S13

in Supporting information) [35]. The PBS group exhibited the high-

est TNF-α levels, whereas the 3M, SIP0, and SIP2 groups had pro-

gressively lower levels, indicating reduced inflammation (Fig. S14

in Supporting information). Next, CD31 staining, used to identify

vascular endothelial cells, indicated minimal CD31 expression in

the PBS group [36]. In contrast, higher expression was observed

in the SIP0 group and the highest in the SIP2 group, suggesting

increased angiogenesis in the regenerating tissue (Figs. S13–S15 in

Supporting information).

We then directed our attention to assessing the healing im-

pact of the developed SIP hydrogel on DFUs in diabetic rats. For

the study, a 5mm diameter circular skin lesion was created on

the rat’s foot back using a biopsy punch (Fig. 4B). Various mate-

rials, each with a weight of 50mg, were applied to these wound

sites. Throughout the treatment, the progression of DFUs’ healing

was monitored and recorded through photographs on days 3, 7,

14, and 21. As shown in Fig. S16 (Supporting information), varying

healing speeds were observed across different treatment groups.

Rats receiving SIP0 and SIP2 hydrogel treatments exhibited quicker

healing compared to those treated with PBS or 3M hydrogels, as

shown in Fig. S17 (Supporting information). Significantly, at one

week post-treatment, wounds treated with 3M continued to ex-

hibit substantial open regions (accounting for 31.46% of the origi-

nal wound size), similar to the PBS group (44.23% of the original

size). This underscored the limited effectiveness of 3M hydrogel in

promoting healing in the presence of bacterial infection. However,

the wounds in the SIP0 group had significantly reduced, showing

a 13.83% reduction in size by the 21st day, indicating the hydro-

gel’s potential for expedited healing. Impressively, the SIP2 group

exhibited almost complete wound closure by day 21, with only an

average of 5.44% of the original wound size remaining unhealed.

Additionally, bacterial samples were collected from the wound ar-

eas and quantified utilizing an agar plate method (Fig. S18 in Sup-

porting information). In line with our previous observations, the

PBS and 3M groups exhibited noticeable bacterial colonies. How-

ever, these colonies were less prevalent in the SIP0 group and vir-

tually absent in the SIP2 group.

Twenty-one days after surgery, both the wounds and adjacent

tissues were removed for histological examination aimed at further

assessing the hydrogel’s influence on wound healing. H&E staining

(Fig. 4E) showed that wounds treated with SIP2 exhibited more

complete healing, characterized by dense granulation tissue and

a fully restored epidermis [37]. Contrastingly, groups treated with

PBS and 3M exhibited crust formation and the presence of infil-

trating inflammatory cells. The SIP groups’ granulation tissue ap-

peared less mature, and the epidermis was incompletely formed.

Collagen, vital for cell growth, differentiation, and wound healing,

was also examined [38]. Masson staining (Fig. 4F) indicated that

collagen fibers in the SIP2 group aligned neatly and consistently

parallel to the hair follicles [39]. Besides, the PBS group showed

the highest TNF-α expression. Conversely, a progressive decline in

TNF-α expression was observed in the 3M, SIP0, and SIP2 groups,

indicating that the SIP2 treatment reduced inflammation in the

wound (Figs. S18–S20 in Supporting information). Furthermore, in

the negative control group, CD31 expression was faint, whereas it

was more pronounced in the SIP0-treated group and strongest in

the SIP2 group at the wound site, suggesting increased angiogene-

sis in the regenerated skin tissues (Figs. S18–S21 in Supporting in-

formation) [40]. This evidence implies that the SIP0 hydrogel, par-

ticularly when combined with IL-PBA, can promote epithelial re-

generation and reduce inflammation, offering a novel approach to

diabetic wound treatment.

In the final analysis, our specifically engineered SIP hydrogel

dressings underwent a biosafety evaluation. Fig. S22 (Supporting

information) reveals that, in rats treated with these dressings com-

pared to the control group, there were no considerable changes

across all measured parameters, indicating unaffected kidney and

liver functionality. Moreover, examination of the key organs in rats

from each group disclosed no notable pathological anomalies or

damage (Fig. S23 in Supporting information) [23]. The gathered

data reliably confirm the outstanding biological safety of SIP hydro-

gels, highlighting their significant promise for clinical application.

In summary, we have effectively engineered and constructed a

cutting-edge antibacterial platform named SIP, particularly aimed

at curing wounds in diabetics suffering from MRSA infections. Ini-

tially, we synthesized phenylboronic acid with double bonds to

capture bacteria effectively and utilized imidazole for their elimi-

nation. These components were seamlessly integrated into a Ser-

matrix using a straightforward one-pot hybrid copolymerization

process. Functionally, the SIP hydrogel dressing has proven to be

extremely efficient in both capturing and killing bacteria, proving

itself as a broad-spectrum, eco-friendly, and highly effective an-

tibacterial treatment. Notably, the SIP platform showcased an im-

pressive eradication rate against MRSA (99.5%) in vitro settings, as

well as demonstrating strong bactericidal effects in animal models.

This pioneering research provides valuable insights for the devel-

opment of hydrogel wound dressings, marking a significant break-

through in the domain of protein-based material sciences for an-

tibacterial applications.
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