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Purpose: This study aims to develop a therapeutic agent that accelerates the healing of chronic diabetic wounds by harnessing the
highly efficient enzyme-mimicking activity of platinum nanozymes, and to elucidate its underlying mechanisms, thereby offering new
insights for the treatment of diabetic wounds.

Methods: SHA-PtNPs were synthesized using sodium hyaluronate (SHA) as the carrier, and their structural features were character-
ized by XRD, TEM, XPS and FTIR. The composite was then applied to evaluate wound-healing efficacy in diabetic mice.
Furthermore, H&E staining, immunofluorescence staining, and other analyses were employed to investigate its underlying mechanisms
in promoting wound repair.

Results: The results revealed that SHA-PtNPs significantly accelerated wound closure through multiple mechanisms: (1) effective
suppression of inflammatory responses and related cytokine production; (2) promotion of TGF-f1 secretion and upregulation of CD31
and a-SMA expression, thereby enhancing angiogenesis and tissue contraction; and (3) induction of macrophage polarization from the
pro-inflammatory M1 phenotype to the pro-healing M2 phenotype.

Conclusion: These findings suggest that SHA-PtNPs, as a nanozyme-based material, hold great potential as an efficient therapeutic
agent for diabetic wound healing, demonstrating a synergistic mechanism that integrates ROS regulation with immune microenviron-
ment modulation.
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Introduction

Diabetes mellitus is a common endocrine disorder characterized by chronic hyperglycemia.' Prolonged high blood
glucose levels can cause vascular endothelial damage, leading to both microvascular and macrovascular complications,
thereby reducing blood supply to wound sites and impairing the delivery of oxygen, nutrients, and immune cells. In
addition, hyperglycemia often induces peripheral neuropathy, resulting in sensory impairment that may cause patients to
neglect wounds and increase the risk of infection.” Glucose also serves as a favorable nutrient source for microorgan-
isms, and the hyperglycemic environment facilitates the proliferation of bacteria (such as Staphylococcus aureus and
Pseudomonas aeruginosa) and fungi. These pathogens can easily form biofilms on wound surfaces, resisting antibiotics
and immune clearance.* ® Consequently, diabetic complications are among the major causes of mortality in diabetic

patients. Among these complications, chronic diabetic wounds are characterized by persistent inflammation, nutritional
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deficiency, and hypoxia. Sustained inflammation can trigger excessive oxidative stress, during which overproduction of
reactive oxygen species (ROS), particularly superoxide anions and hydrogen peroxide-leads to lipid peroxidation, DNA
oxidation, and protein damage. These processes severely inhibit cell proliferation and migration, ultimately delaying
wound healing. Therefore, the development of effective therapies for non-healing diabetic wounds is of great importance.
Antioxidant therapy represents a promising strategy, as introducing antioxidant materials to eliminate excess ROS can
alleviate inflammation and accelerate wound repair.” '® For example, Zhang et al reported an SSD-PG-PVA/KGM fibrous
membrane that effectively scavenged ROS through the intrinsic antioxidant properties of PG, promoting diabetic wound
healing.!' Although various wound-healing materials, such as functional dressings based on natural antioxidants (eg,
polyphenols and vitamins) and drug-loaded hydrogels, have been developed for diabetic wound treatment, they still
exhibit certain limitations.'*'® Natural antioxidants are prone to degradation and inactivation under pathological
conditions, and their release rates often fail to maintain effective concentrations over time.'*!> Some metal ions or
metal oxides possess antibacterial properties but may simultaneously induce excessive ROS generation, aggravating
oxidative stress.'®'® Conventional polymer hydrogels or fibrous membranes can maintain a moist wound environment
but lack the capability to specifically regulate the redox balance.'®>* Therefore, it is urgently necessary to develop
functional materials that can maintain stable activity in complex wound environments and coordinate the regulation of

inflammation and oxidative stress through multiple mechanisms.***
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Nanozymes are a class of nanomaterials that possess enzyme-mimicking catalytic activities and can catalyze specific
substrate reactions under appropriate conditions.* They can simulate the functions of various natural enzymes, such as
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). Compared with natural enzymes,
nanozymes exhibit several advantages, including multi-enzyme activities, tunable regulation of ROS, high surface
area, structural design flexibility, and excellent stability. These properties have enabled their extensive applications in
catalysis, biosensing, and bioimaging.?*>' In the context of wound healing, nanozymes can maintain stable catalytic
performance in complex wound environments, effectively scavenge excessive ROS, and exhibit multifunctional effects
such as antioxidant, anti-inflammatory, and antibacterial activities through rational structural and surface design. Owing
to their potent ROS scavenging capability, nanozymes have been reported to alleviate oxidative stress, suppress
inflammation, and treat ROS-related diseases, highlighting their great potential in promoting chronic wound repair.**

Our previous studies revealed that the designed and synthesized SHA-PtNPs possesses both bioactivity and enzyme-
like catalytic properties, exhibiting remarkable CAT and SOD activities capable of efficiently scavenging ROS.?* Based
on these findings, we employed SHA-PtNPs as a material for the treatment of diabetic wounds in therapeutic applica-
tions. The results indicated that this material effectively eliminates excessive ROS within the wound microenvironment,
alleviating inflammation, promoting angiogenesis and cell migration, and ultimately accelerating the healing of diabetic
wounds. Compared with therapeutic strategies relying on a single mode of action, the SHA-PtNPs system enables
multidimensional and synergistic regulation of oxidative stress, the immune microenvironment, macrophage phenotype
transition, and angiogenesis, thereby establishing a more integrated, systematic, and efficient therapeutic mechanism.>®*
This study provides a valuable strategy and experimental foundation for the development of nanozyme-based biomater-

ials for chronic wound therapy.

Materials and Methods

Materials and Reagents

Main materials including sodium hyaluronate (SHA) (from Streptococcus Equi, 95% purity, the molecular weight of
1,350,000—1,650,000 Da; Macklin Biochemical Tech), sodium borohydride (NaBH,; Sinopharm Chemical Reagent),
chloroplatinic acid (H,PtCls; Aladdin Chemistry), anti-IL-4, anti-IL-1B, anti-CD31, anti-o-SMA and anti-TGF-B1
(Thermo Fisher Scientific), Hematoxylin and Eosin (H&E) staining kit, Masson staining kit and DPAI (Beyotime), anti-
CD68, anti-CD206 and anti-CD86 (Proteintech) were used. All solutions were prepared using deionized water.

Preparation of SHA-PtNPs

The preparation of SHA-PtNPs was carried out according to our previous work.? Briefly, 0.2 g of sodium hyaluronate (SHA)
was dissolved in 50 mL of deionized water under stirring until completely dissolved (approximately 15 min). Then, 47 mL of
the SHA solution was transferred and mixed with 2 mL of H,PtClg solution (10 mmol/L) under light-protected stirring at room
temperature for 30 min. Subsequently, 1 mL of freshly prepared NaBH, solution (60 mmol/L) was added dropwise within
5 min under vigorous stirring. The reaction was continued for 90 min under dark conditions. The obtained SHA-PtNPs were
stored at 4 °C in the dark until further use. The final SHA-PtNPs dispersion had a total concentration of 3.8 mg/mL, with
platinum and SHA contents of 0.078 mg/mL and approximately 3.8 mg/mL, respectively.

Establishment of a Rat Model of Chronic Wounds

Male Sprague-Dawley (SD) rats (8 weeks old, n = 24) were used in this study. After one week of acclimatization, the
animals were randomly divided into three groups: control (CON), SHA, and SHA-PtNPs groups. All animals’ protocols
were approved by the Research Ethics Committee of the second Affiliated Hospital of Fujian Medical University
(Approval ID: 2022-544) and complied with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Diabetes was induced by intraperitoneal injection of streptozotocin (STZ, 45 mg/kg). Blood glucose
levels were measured from the tail vein at 24 hours and 72 hours post-injection, and rats with blood glucose levels
exceeding 16.7 mmol/L were considered successfully diabetic.
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After successful model establishment, SD rats were anesthetized by intraperitoneal injection of 2% sodium pentobarbital
(40 mg/kg). The dorsal hair was shaved, and a full-thickness circular skin wound (15 mm in diameter) was created on the
dorsal area, extending down to the fascia. According to the grouping, 150 pL of normal saline (NS) (0.9%), SHA solution, or
SHA-PtNPs suspension was applied topically to the wound. The treatment was administered once daily for the first three
days and then every other day thereafter. Rats were housed individually after surgery and the wounds were photographed at
predetermined  time  points. The percentage of wound closure was calculated as  follows:
Wound closure rate(%)= % x100%, where A, represents the initial wound area and A, represents the unhealed
wound area at each time point. Skin tissue samples were collected on days 3, 9, 12, 15, and 28. Portions of each sample
were stored at —80 °C for biochemical analysis, and the remaining tissues were fixed in formalin for histological examination.
After all of the experiment, SD rats were euthanized by intraperitoneal injection of 2% sodium pentobarbital (120 mg/kg),

and death was confirmed by multiple criteria, including cessation of heartbeat, respiration, and reflexes.

Inflammation Scoring

We have conducted a semi-quantitative histopathological scoring for the degree of inflammatory cell infiltration in H&E
stained sections, based on established criteria.** An established semi-quantitative scoring system based on the density of
inflammatory cells was employed: Score 0: No or minimal inflammatory cell infiltration; Score 1 (Mild), Scattered or
focal presence of a small number of inflammatory cells; Score 2 (Moderate), Moderate inflammatory cell infiltration,
forming distinct inflammatory foci; Score 3 (Severe), Extensive, diffuse inflammatory cell infiltration, possibly accom-
panied by abscess formation. Two pathologists who were blinded to the experimental groups, performed the scoring
independently. Each tissue section was observed and scored in at least five different non-overlapping high-power fields
(20x magnification). The average score from all fields was calculated as the final score for that section.

Histological Analysis

For immunohistochemical (IHC) analysis, the rat wound tissues were collected from each group on day 3, 9, 15 and 28
post-treatments, which were fixed, paraffin-embedded and cut into 5-um slices. Embedded tissue sections were stained
with H&E staining and Masson’s trichrome (MT) staining. Additionally, the expressions of healed wound tissue sections
were also stained with IL-4, IL-1p, TGF-1, CD 31 and a-SMA ITHC staining on day 3 and day 9.

Immunofluorescence Staining

To visualize the regulation of macrophage polarization by SHA-PtNPs in wound healing, skin tissue sections were rinsed
with NS and blocked with goat serum at room temperature on day 3 and day 15 post-treatment. The phenotypic analysis
of macrophages was performed using TSA-based double immunofluorescence staining. CD68 was employed as a pan-
macrophage marker to identify the macrophage population. CD86 and CD206 served as specific markers for M1 and M2
macrophages, respectively. Accordingly, we performed dual staining for M1 Macrophages: CD68 and CD86; M2
Macrophages: CD68 and CD206. Following image acquisition, the quantification was performed using Image
J software. The fluorescence intensity of CD86 and CD206 was measured in regions of interest corresponding to CD68-
positive cells. The CD206/CD86 ratio was then calculated from these intensity values. This ratio was used as an indicator
to assess the relative balance or shift between M1 and M2 macrophage phenotypes.

Statistical Analysis

Data analysis was conducted using GraphPad Prism 8.0 and SPSS 26.0. The collected data were presented as mean =+
standard deviation (SD). For statistical significance of differences between two groups, a Student’s ¢-test was used, while
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was applied for multiple group comparisons.

Statistical significance was set at P < 0.05.

4 https: International Journal of Nanomedicine 2026:21



Shi et al

Results and Discussion

Characterization of SHA-PtNPs

The synthesis of SHA-PtNPs was carried out following our previous protocol. The obtained SHA-PtNPs were subse-
quently characterized to confirm their structural and physicochemical properties. Transmission electron microscopy
(TEM) images revealed that the PtNPs were uniformly dispersed within the SHA matrix, exhibiting a well-defined
spherical morphology (Figure 1A), consistent with our earlier findings. X-ray photoelectron spectroscopy (XPS) analysis
showed the characteristic binding energy peaks of the main elements (C, N, O, and Pt) in the SHA-PtNPs powder
(Figure 1B). In the Pt spectrum, two distinct peaks corresponding to Pt 4f5/, and Pt 4fs/, were observed, indicating the
coexistence of Pt° and Pt*" species (Figure S1). The X-ray diffraction (XRD) pattern (Figure 1C) further confirmed the
crystalline structure of Pt, with diffraction peaks matching those of standard Pt according to JCPDS card No. 87-0640.
Furthermore, Fourier-transform infrared spectroscopy (FTIR) analysis demonstrated characteristic shifts after coordina-
tion with SHA. The stretching vibration peaks of -COO- originally observed at 1616 cm ' and 1410 cm ™" shifted to
1618 cm ' and 1412 cm ™', respectively, while the -C-OH stretching vibration at 1042 cm™ ! also exhibited a slight shift
(Figure 1D). These results confirm the successful synthesis of SHA-PtNPs.

Wound-Healing Performance of SHA-PtNPs

Our previous studies demonstrated that SHA-PtNPs exhibit multiple enzyme-mimicking activities. Specifically, SHA-
PtNPs showed CAT-like activity, catalyzing the decomposition of H,O, into harmless oxygen and water with an activity
of 3320 U/g. In addition, SHA-PtNPs exhibited remarkable SOD-like activity, converting superoxide anions into H,O,
and oxygen, followed by further decomposition of the generated H,0O, via their CAT-like activity, with an overall activity
of 129,000 U/g. Moreover, SHA-PtNPs were also capable of scavenging hydroxyl radicals to a certain extent.”> Based on
these promising findings, we hypothesized that SHA-PtNPs possess strong antioxidant properties that could contribute to
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Figure | (A) The TEM image of SHA-PtNPs. (B) The XPS spectra of SHA-PtNPs. (C) The XRD patterns of SHA-PtNPs. (D) The FTIR spectra of SHA-PtNPs.
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the treatment of chronic diabetic wounds. To validate this, a diabetic rat wound model was utilized to evaluate the
wound-healing efficacy of SHA-PtNPs in vivo. The experimental flow chart is illustrated in Figure 2A. All rats survived
without severe complications in the study. The various treatments (NS, SHA or SHA-PtNPs) were performed and
macroscopic images and healing trajectories at designated time points provided a visual representation of the therapeutic
effects (Figure 2B and C). By day 12 post-treatment, wounds treated with SHA-PtNPs exhibited markedly smaller
residual areas compared with those treated with NS or SHA, indicating a faster healing rate in the SHA-PtNPs group.
Quantitatively, the residual wound areas on day 12 were (0.98 + 0.16) cm? for the control group, (0.41 £ 0.19) cm? for
the SHA group, and only (0.32 + 0.28) cm? for the SHA-PtNPs group. By day 15, the SHA-PtNPs group achieved nearly
complete wound closure, exhibiting the highest healing rate (97.06 + 1.76%), and clearly outperforming the other two
groups (Figure S2 and Table S1). These results indicate that both SHA and SHA-PtNPs can accelerate wound healing
compared to the saline control, however, the SHA-PtNPs group achieved superior healing efficiency. Significant

hypertrophic granulation, scarring, and scab formation were observed in the repaired fistulas of the CON and SHA
groups. In contrast, the SHA-PtNPs group exhibited well-healed skin characterized by smooth tissue and minimal
granulation hyperplasia. This enhancement can be attributed to the synergistic effect of the Pt-based nanozyme activity,
which confers stronger antioxidant and pro-regenerative functions, ultimately promoting more efficient wound repair.
Structural stability and biocompatibility are essential indicators for assessing the potential of the material in real-world
wound-healing applications. Hence, in order to systematically evaluate the structural stability and biocompatibility of the
SHA-PtNPs after exerting its wound-healing effects, in-depth structural and toxicological analyses were conducted. From
the TEM images, it can be seen that the SHA-PtNPs still maintains an intact spherical morphology after interacting with
the wound, demonstrating its high stability in the actual wound environment (Figure S3). Moreover, no obvious
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Figure 2 (A) Schematic illustration of the timeline of animal experiments to test the therapeutic effects of NS (CON), SHA and SHA-PtNPs. (B) Representative
photographs of the wounds in different treatment groups (Scale bar = 5 mm). (C) Wound closure trace of in each group.
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pathological damages were observed in the H&E staining of major organs, including the heart, lung, liver, spleen, and
kidney (Figure S4). Serum biochemical markers at day 28 revealed no marked alterations in key serum biochemical
parameters, Alanine Aminotransferase (ALT) and Aminotransferase (AST) for liver function, serum creatinine (SCr) and
Blood urea nitrogen (BUN) for renal function, suggesting an absence of significant hepatorenal toxicity following SHA-
PtNPs treatment (Figure S5 and Table S2). These findings demonstrate that SHA-PtNPs effectively promote wound
healing without causing appreciable cellular or organ toxicity.

Histological Evaluation of Wound Healing

Wound healing is a complex biological process through which damaged tissues are repaired, typically proceeding through
three overlapping stages: inflammation, proliferation, and remodeling.*® During the inflammatory phase, necrotic tissues
are removed and growth factors are released. The proliferative phase involves angiogenesis, granulation tissue formation,
and epithelial cell migration, all of which contribute to wound closure. In the remodeling phase, collagen fibers are
deposited and reorganized, leading to denser and stronger tissue architecture. The coordination among these phases
ultimately restores the structural and functional integrity of the skin.*' ™ To evaluate the histological changes during the
healing process, H&E staining was performed to assess inflammation, angiogenesis, granulation tissue formation, and
epithelial repair. As shown in Figure 3A and Figure S6, on day 15, the CON group exhibited visible ulceration and thick
scab formation (indicated by black arrows), accompanied by massive neutrophil infiltration (green circles), a few
lymphocytes, granuloma formation, and no evidence of epithelial regeneration, corresponding to a high inflammation
score of 3. In contrast, the SHA group showed reduced ulceration with partial necrotic scab coverage (black arrows),
mild neutrophil and lymphocyte infiltration, granuloma formation, and moderate fibroblast proliferation and vessel
alignment, along with limited epithelial regeneration, which was consistent with a mild inflammation score of 1.60 +
0.55. The SHA-PtNPs group, with an inflammation score of 0, showed significantly fewer inflammatory cells and more
matured fibroblasts (blue arrows) than the other groups.
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Figure 3 Histological analysis of healed wound tissue. (A) Representative images of H&E staining of tissues treated with NS, SHA, and SHA-PtNPs on day 15 (4%, Scale bar =
100 pm, 20%, Scale bar = 20 pum. Ulceration and thick scab formation indicated by black arrows, neutrophil infiltration marked by green circles, matured fibroblasts indicated
by blue arrows.). (B) Quantitative analysis of regenerated epithelium thickness on the |15th day. Data are presented as mean + SD (****P < 0.000| compared with one-way
ANOVA with Tukey’s post hoc tests, n=3). (C) Representative images of MT staining of wound tissues treated with NS, SHA, and SHA-PtNPs on day 15 (Scale bar = 50 pm).
(D) Quantitative analysis of collagen deposition on the 15th day. Data are presented as mean + SD (*P < 0.05, ****P < 0.000| compared with one-way ANOVA with Tukey's
post hoc tests, n=3).
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Further histological comparison among the three groups on days 9, 15 and 28 provided additional evidence of
accelerated healing in the SHA-PtNPs group. On day 9, the CON group displayed massive neutrophil infiltration, while
the SHA group showed lymphocyte infiltration, granuloma formation, and fibroblast proliferation. The SHA-PtNPs group
exhibited fewer neutrophils, noticeable fibroblast proliferation, aligned neovascular structures, and mild epithelial regen-
eration (Figure S7). At day 15, no discernible epidermal layer was observed in the CON group, suggesting that re-
epithelialization had not yet been effectively established. The SHA group developed a thin and immature neo-epidermis,
with a measured thickness of approximately 27.95 +2.11 pm, reflecting limited regenerative progression. The SHA-PtNPs
group exhibited a markedly thicker epidermal layer, reaching approximately 60.22 + 4.77 um, indicative of more robust
epidermal reconstruction and a faster healing trajectory relative to the other groups (Figure 3B). By day 28, the CON group
displayed complete but disorganized epithelium with irregular fibroblast alignment, poor healing quality by attenuated
epidermis thickness (29.55 + 12.08 um), and absence of skin appendages compared with normal skin. The SHA group
exhibited re-epithelialization, with newly formed epidermis of similar thickness (37.51+9.74 pm) to normal tissue, aligned
fibroblasts, and several visible hair follicles. Notably, the SHA-PtNPs group showed complete re-epithelialization with
epidermal thickness (78.77 + 18.23 um) comparable to normal skin, well-aligned fibroblasts, and the presence of sebaceous
glands and hair follicles, indicating almost complete tissue restoration (Figure S8 and Figure S9). Remarkably, the SHA-

PtNPs group showed complete epithelial coverage (re-epithelialization) without ulcer or scab formation, moderate
lymphocyte infiltration, extensive collagen deposition, and partial scar formation within the granulation tissue. These
results confirm that SHA-PtNPs significantly enhanced wound healing compared to SHA and CON groups.

In addition, collagen deposition and tissue remodeling were assessed using MT staining. On day 15, the CON group
showed necrosis with limited collagen deposition and sparse collagen fibers, indicating poor healing and minimal tissue
regeneration. By contrast, the SHA group exhibited a slight increase in collagen deposition, particularly around the
wound edges, although the collagen fibers remained disorganized. Notably, the SHA-PtNPs group displayed significantly
higher collagen deposition compared with both the SHA and CON groups (P < 0.05), with a well-organized and denser
collagen network, suggesting substantial tissue remodeling. As shown in Figure 3C and D, collagen fibers in the SHA-
PtNPs group were dense and mature. Quantitative analysis further confirmed these observations: compared with the CON
(27.28 + 2.44%) and SHA groups (33.51 = 2.24%), the SHA-PtNPs group exhibited markedly increased collagen
deposition (62.37 + 3.85%). Since collagen proliferation plays a critical role in tissue repair quality and scar formation,
these findings further confirm that SHA-PtNPs effectively promote wound healing.

Overall, wounds treated with SHA-PtNPs demonstrated markedly improved healing efficiency by reducing inflammation,
stimulating re-epithelialization and collagen deposition during the process compared with those treated with SHA or saline,
highlighting the strong potential of SHA-PtNPs in promoting the repair of chronic, non-healing diabetic wounds.

Mechanistic Insights into SHA-PtNPs-Promoted Wound Healing
To investigate the mechanisms by which SHA-PtNPs accelerate wound healing, several key regulatory markers involved
in inflammation, angiogenesis, and tissue remodeling were analyzed, including IL-1B, IL-4, TGF-f1, CD31 and a-
SMA.**° IL-1B is a typical pro-inflammatory cytokine that induces fever and promotes infiltration of inflammatory
cells, such as neutrophils and monocytes, with elevated levels indicating acute or chronic inflammation. As shown in
Figure 4A, on day 3 during the inflammatory phase, IL-1 expression was positive in the CON group, weakly positive in
the SHA group, and negative in the SHA-PtNPs group. By day 9, IL-1p remained positive in the CON and SHA groups,
while it remained negative in the SHA-PtNPs group, suggesting that SHA-PtNPs effectively suppress inflammatory
responses during early wound repair. Similarly, immunohistochemical (IHC) analysis of the anti-inflammatory cytokine
IL-4 revealed that on day 3, IL-4 expression was nearly negative in the CON group, weak in the SHA group, and
relatively high in the SHA-PtNPs group (Figure 4B). By day 9, IL-4 expression was observed in all three groups, with the
highest level in the SHA-PtNPs group. These findings indicate that SHA-PtNPs exerts a significant anti-inflammatory
effect during the early stage of wound healing.

Re-epithelialization and granulation tissue formation are critical for wound closure. TGF-B1 is a key regulator
throughout epithelialization, tissue proliferation, and remodeling, exerting anti-inflammatory effects, promoting cell
proliferation and migration, and regulating collagen synthesis and deposition to maintain balanced tissue repair. In our
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Figure 4 Anti-inflammatory activity of SHA-PtNPs for wound healing therapy. Representative images of immunohistochemistry staining of (A) IL-1pB, (B) IL- 4, (C) TGF-BI
and (D) CD31 on day 3 and day 9 (Scale bars = 100 um, n=3). Quantitative analysis of IHC for IL-Ip (E), IL- 4 (F), TGF-1 (G) and CD31 (H) on the day 3 and day 9 post-
treatment. All data are presented as the mean + SD. (**P < 0.01, ***P < 0.001, ****P < 0.000| compared with one-way ANOVA with Tukey’s post hoc tests, n=3).

study, TGF-B1 expression was detectable in the SHA-PtNPs group as early as day 3 and persisted throughout the healing
process (Figure 4C). In contrast, the CON group exhibited no detectable TGF-f1 expression even on day 9, and the SHA
group showed delayed TGF-B1 expression compared with SHA-PtNPs, suggesting that SHA-PtNPs may promote wound
healing by modulating TGF-B1 secretion and activity. Angiogenesis was evaluated by CD31, a key endothelial marker.
Elevated CD31 expression in the early stages indicates endothelial activation and neovascular formation, while gradual
decline reflects vascular maturation and stabilization. On day 3, modest angiogenesis was observed in the CON group,
whereas extensive neovascular formation was evident in both SHA and SHA-PtNPs groups (Figure 4D). IHC results
revealed a marked downregulation of IL-1p and an upregulation of IL-4, TGF-B1, and CD31 expression in the SHA-
PtNPs group compared with the other two groups (Figure 4E-H). By day 9, newly formed vessels began regressing, with
the SHA-PtNPs group showing the most pronounced reduction, indicating the fastest healing progression. Myofibroblast
activation was assessed via a-SMA, a marker critical for wound contraction and tissue remodeling. On day 3, a-SMA-
positive cells were detected around new capillaries in all groups, with the strongest expression in the SHA-PtNPs group.
By day 9, the number of a-SMA-positive cells increased and became disorganized, with the SHA-PtNPs group showing
the greatest increase (Figure S10 and Figure S11), reflecting accelerated tissue remodeling and granulation maturation.

The healing of diabetic wounds poses a critical clinical challenge, as excessive and persistent inflammation induce tissue
damage and delayed healing, highlighting the importance of exploring the mechanism of inflammation. Macrophages play
a pivotal role in regulating the immune microenvironment and are indispensable immune cells during wound healing.*’>°
CD68 serves as a pan-macrophage surface marker, CD86 marks classically activated M1 macrophages, and CD206 marks
alternatively activated M2 macrophages. Different macrophage subtypes perform distinct biological functions at different
stages of healing. M1 macrophages (classically activated) identified by CD86 are primarily responsible for pathogen
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clearance, secretion of pro-inflammatory cytokines, and promotion of Th1 immune responses, playing critical roles in early-
stage anti-infection and debridement. In contrast, M2 macrophages (alternatively activated), marked by CD206, contribute to
wound repair through angiogenesis, extracellular matrix remodeling, anti-inflammatory cytokine secretion, and resolution of
inflammation. During wound healing, macrophages not only initiate local immune responses but also transition from the M1
to M2 phenotype, facilitating the switch from inflammation to tissue repair, a dynamic essential for inflammation control,
tissue regeneration, and healing quality. As shown in Figure SA-D, on day 3, the CON group exhibited a high number of M1
macrophages and almost no M2 macrophages. Compared with the CON and SHA groups, the SHA-PtNPs group had the
fewest M1 macrophages and the most M2 macrophages, indicating that while the CON and SHA groups remained in the
inflammatory phase, the SHA-PtNPs group was transitioning from inflammation to the proliferative phase. By day 15, M1
macrophages in the CON and SHA groups were significantly reduced, with a notable increase in M2 macrophages,
suggesting the wounds were still in the proliferative phase. Conversely, M1 and M2 macrophages in the SHA-PtNPs
group were nearly absent, indicating that the wounds were almost fully healed. The ratio of CD206/CD86 corroborated these
observations from immunofluorescence staining. At both day 3 and day 15, the SHA-PtNPs group exhibited the highest
CD206/CD86 ratio, reflecting an active tissue repair state and confirming the superior wound-healing efficacy of SHA-PtNPs
compared to the CON and SHA groups (Figure 5E and F). In this study, we demonstrated that SHA-PtNPs effectively
orchestrated macrophage polarization from a pro-inflammatory M1 phenotype toward a pro-healing M2 phenotype, thereby
accelerating diabetic wound closure. Transitioning macrophages from the pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype is key to reducing inflammation and enhancing tissue repair. The repolarization of macrophages
might hold promise as a therapeutic strategy to mitigate persistent inflammation and promote tissue regeneration.

Taken together, these results demonstrate that SHA-PtNPs exhibit stronger anti-inflammatory activity than the CON and
SHA groups, effectively suppressing inflammatory responses and cytokine production. Mechanistically, SHA-PtNPs act
through a coordinated multi-pathway regulation: they promote TGF-B1 secretion, which contributes to tissue repair and
extracellular matrix remodeling; simultaneously, they upregulate CD31 and a-SMA expression, enhancing angiogenesis and
tissue contraction. In parallel, SHA-PtNPs facilitate the phenotypic transition of macrophages from the pro-inflammatory M1
state to the reparative M2 state, further mitigating inflammation and promoting tissue regeneration. This integrative
regulation of inflammatory response, angiogenesis, and macrophage polarization highlights the synergistic nature of SHA-
PtNPs in accelerating wound healing (Table S3). Overall, the material accelerates diabetic wound repair through the
combined effects of ROS scavenging, immune modulation, and promotion of vascularization and tissue remodeling,
demonstrating its high therapeutic potential and distinctive advantages over conventional nanozyme-based wound therapies.

Conclusion

In this study, we developed a nanozyme-based material, SHA-PtNPs, for promoting the healing of chronic diabetic
wounds. The material exhibits excellent dispersibility and efficient enzyme-mimicking activities, including CAT-like
activity (3320 U/g) and SOD-like activity (129,000 U/g), enabling the effective scavenging of various ROS, such as
H,0,, O,¢", and *OH, demonstrating superior antioxidant properties. In vivo experiments showed that the residual wound
area on day 12 was 0.78 + 0.16 cm? for the CON group, 0.40 + 0.19 cm? for the SHA group, and only 0.32 + 0.28 cm?
for the SHA-PtNPs group. Importantly, the healing rate is nearly 97.06 + 1.76% by day 15 and almost fully restored to
normal skin by day 28, indicating its remarkable efficacy in accelerating chronic wound healing. Mechanistic studies
further revealed that SHA-PtNPs markedly inhibit inflammatory responses and pro-inflammatory cytokine production,
while promoting TGF-B1 secretion and elevating CD31 and a-SMA expression, thereby facilitating angiogenesis and
tissue contraction. Furthermore, by inducing macrophage polarization from the M1 to M2 phenotype, SHA-PtNPs further
reduce inflammation and enhance tissue regeneration. Based on these findings, SHA-PtNPs promote wound healing
through a synergistic, multi-mechanism process, providing a promising strategy and theoretical basis for the biomedical
application of nanozyme-based materials.
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