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A B S T R A C T

In diabetic patients, hyperglycemia-induced elevated reactive oxygen species (ROS) accumulation severely im
pairs chronic wound healing by causing cellular component oxidation, inducing DNA damage, triggering cell 
death, exacerbating inflammatory responses, disrupting vascular endothelial function, reducing local blood 
supply, and inhibiting angiogenesis. This cascade results in a vicious cycle that delays the healing process. In this 
study, we developed a novel multifunctional composite dressing by depositing a transition-metal catalytic 
coating onto a superhydrophobic polydimethylsiloxane layer via magnetron sputtering. Two coatings were 
developed based on vanadium-ruthenium-boron (VRuB) intermetallic and VRu intermetallic compounds, which 
functioned as intermetallic compounds and exhibited various enzyme-like activities. The VRuB coating exhibited 
particularly prominent catalase-like activity (maximal reaction velocity (Vmax) of 48.53 × 10− 6 M s− 1; turnover 
number of 7.66 s− 1). Experimental characterizations and theoretical calculations revealed that B incorporation 
significantly improved catalytic performance. The artificial enzyme spray-coating process retained super
hydrophobicity at the wound-contacting interface while enhancing the ROS-scavenging capabilities. Biological 
experiments demonstrated that the coating exhibited excellent biocompatibility and effective ROS-scavenging 
characteristics. These benefits were attributed to its synergistic properties, including its anti-adhesion charac
teristics, unidirectional drainage, moisturizing effects, and ROS elimination, which collectively promoted wound 
healing, especially for diabetic wound healing. The material showed promise for other applications requiring 
localized ROS scavenging while maintaining interfacial biomechanical properties.
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1. Introduction

Reactive oxygen species (ROS) are oxygen-derived molecules pro
duced during the metabolic processes of aerobic organisms [1]. ROS 
play a dual role in these organisms: at moderate, homeostatic levels, 
they participate in cellular signaling and maintain physiological balance 
[2], while excessive ROS levels can induce oxidative stress, damaging 
proteins, lipids, and DNA, ultimately leading to cellular dysfunction or 
death [3–7]. Elevated ROS levels are characteristic of infected and 
diabetic wounds, serving as a core factor underlying poor wound heal
ing. In diabetic patients, hyperglycemia can cause osmotic imbalance, 
vascular dysfunction, neuropathy, and local infections, with ROS play
ing a central role. Hyperglycemia has been shown to significantly in
crease ROS levels, primarily through the activation of mitochondrial 
electron transport chains and oxidases. Concurrently, hyperglycemia 
can compromise the antioxidant defense system, reducing its capacity to 
eliminate ROS. At excessive levels, ROS adversely affect chronic wound 
healing by oxidizing cellular components, causing DNA damage and cell 
death, and exacerbating inflammatory responses. Inflammatory cells, 
such as neutrophils, release additional ROS, leading to endothelial 
dysfunction and increased immune cell infiltration, perpetuating a cycle 
of tissue damage, poor angiogenesis, and delayed healing [8]. Therefore, 
developing intervention strategies to target ROS is critical for managing 
diabetic and pressure ulcers, as well as other chronic wounds [3,9,10].

Current ROS control strategies primarily involve natural antioxi
dants, including enzymatic agents, such as superoxide dismutase and 
catalase [11], and non-enzymatic agents such as vitamins C and E [12]. 
However, natural enzymes suffer from instability, sensitivity to envi
ronmental factors, and production challenges [13–16]. To address these 
limitations, artificial enzymes that can mimic the ROS-scavenging ac
tivities of natural enzymes have attracted increasing interest [17]. 
Among transition-metal-based artificial enzymes, ruthenium (Ru) has 
demonstrated low electronegativity and stable redox properties, with 
the d-electron configuration of ruthenium enhancing its bonding capa
bilities, and its vacant orbitals optimizing its adsorption and desorption 
kinetics in redox reactions [18–20]. Modifying the d-electron configu
ration of the vanadium (V) center can change the adsorption energy 
between H2O2 and the metal site [21–23]. Furthermore, adding boron 
(B) can further modulate the catalyst’s electronic structure, enhancing 
electron transfer efficiency and optimizing active site performance [24,
25]. Various artificial enzymes have been developed, which can be 
categorized by their material dimensions [26]. These include 
zero-dimensional metal oxide nanozymes (i.e., Pd@CeO2 [27]), 
one-dimension materials (i.e., carbon nanotubes [28]), two-dimension 
materials (i.e., V2C MXenzyme [22]), and three-dimension materials 
(i.e., fullerol hydrogels [29] and Cu-assisted polydopamine nanoparticle 
hydrogels [30]).

Various immune cells participate in wound healing, with their 
accumulation leading to the secretion of a large number of inflammatory 
cytokines at the wound site, forming a chronic inflammatory environ
ment that delays healing. Macrophages, in particular, play a crucial role 
in normal wound healing by promoting angiogenesis, collagen deposi
tion, and tissue repair. Unlike normal wound healing, the wound healing 
mechanism of diabetic patients involves the overactivation of M1 mac
rophages and the impaired transition of macrophages from a pro- 
inflammatory M1 phenotype to an anti-inflammatory M2 phenotype 
[31,32]. Wound dressings based on new nanomaterials have shown 
significant promise in wound healing, enabling drug delivery, di
agnostics, and intelligent responses to wound conditions [33]. We 
recently developed a sandwich-structured wound dressing (SWD) 
featuring a superhydrophobic polydimethylsiloxane (PDMS) layer that 
provided strong anti-adhesive properties against bacteria and granula
tion tissue. The SWD contained unidirectional drainage channels that 
effectively removed excess exudate while preventing backflow, main
taining a dry wound environment, and reducing infection risk [34,35]. 
However, the traditional incorporation of artificial ROS enzymes as 

nanoparticles or hydrogels may compromise the superhydrophobic 
surface of the SWD [36]. In this study, we developed a novel SWD with a 
transition-metal catalytic coating deposited on a superhydrophobic 
PDMS layer via magnetron sputtering. This innovative approach pre
served the superhydrophobic properties of the wound contact surface 
and enhanced ROS scavenging at the wound interface.

Using physical vapor deposition, a functional VRuB coating was 
prepared through co-sputtering. As an intermetallic compound, VRuB 
possessed biocatalytic properties, exhibiting high ROS-scavenging effi
ciency and multiple enzymatic properties such as catalase (CAT) and 
superoxide dismutase (SOD) activities. The coating also exhibited 
nanoscale uniformity, abundant active sites, and a large specific surface 
area [37–39], which enhanced ROS-scavenging performance and 
maintained the biomechanical properties of the superhydrophobic sur
face. Experimental studies and density functional theory (DFT) calcu
lations confirmed that the VRuB biocatalyst synthesized via magnetron 
sputtering exhibited CAT-like reaction kinetics similar to natural cata
lases, providing excellent performance compared with previously re
ported ROS-scavenging biocatalysts. Ex-vivo studies demonstrated that 
the modified coating reduced local ROS levels, accelerated healing, and 
preserved superhydrophobic properties, creating an antioxidant micro
environment conducive to cell regeneration. As a result, this novel VRuB 
coating could serve as a promising solution for treating diabetic chronic 
wounds (Scheme 1).

2. Results and discussion

2.1. Microstructure and composition analysis of the VRuB biocatalytic 
coating

A novel VRuB biocatalytic coating was developed in this study to 
enable the rapid and scalable deposition of coatings on medical material 
surfaces with high-efficiency ROS catalytic properties. Magnetron 
sputtering was chosen as the high-throughput method for the simulta
neous deposition of VRuB coatings with various compositions. The 
atomic proportions of the coatings were also determined by inductively 
coupled plasma (ICP) analysis (Fig. S1), with the results revealing the 
successful incorporation of B, forming compounds such as V65Ru27B8 
and Ru72V21B7. Among these compounds, V68Ru25B7 exhibited balanced 
catalytic performance and stability, with the added advantage of cost- 
effectiveness. Scanning electron microscopy (SEM) (Fig. 1a and S2a, 
b) revealed a well-developed microstructure characterized by a rough 
surface morphology, which enhanced the surface area and provided 
abundant catalytic active sites, improving catalytic performance. The 
coating exhibited a characteristic columnar crystal structure with a 
uniform thickness (Fig. 1b). The coating also exhibited excellent adhe
sion on various medical substrates (Figure S2a, c), highlighting its po
tential for various medical material applications. In addition, the coating 
exhibited superhydrophobic properties (contact angle >150◦) and 
retained its superhydrophobic characteristics even after bending tests 
(Figures S3). Therefore, the biomechanical characteristics of the coating 
played a key role in promoting wound healing.

Energy-dispersive X-ray spectroscopy (EDS) analysis revealed the 
spatial distributions of V and Ru, along with trace amounts of B, which 
were uniformly embedded in the VRu crystal matrix, confirming their 
successful incorporation (Fig. 1c). High-angle annular dark-field scan
ning transmission electron microscopy (HAADF-STEM) (Fig. 1d and S4) 
revealed the highly ordered crystalline arrangement of the coating with 
a lattice spacing of 0.2216 nm, consistent with the body-centered cubic 
(BCC) structure of VRu. Fast Fourier transform (FFT) analysis further 
validated the structural integrity. Notably, the inclusion of B did not 
disrupt the VRu crystal framework, and X-ray diffraction (XRD) 
(Figure S5) and HAADF-STEM imaging (Figure S6) confirmed the 
structural stability of the VRu crystal after B doping.

Notably, DFT calculations revealed that B incorporation preferen
tially occurred via interstitial doping instead of substitutional doping 
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(Table S1). This aligned with the experimental results, demonstrating 
that the original VRu structure remained intact. Subsequent tests further 
revealed that B incorporation preserved the integrity of the original 
crystal structure and enhanced the catalytic performance of the 
material.

2.2. Performance evaluation of the VRuB coating in ROS catalysis

Following confirmation of the chemical and electronic structures of 
the VRuB biocatalytic coating, we systematically assessed the perfor
mance of the coating to determine its catalytic properties in ROS pro
cessing. The catalytic activities of the VRuB and VRu coatings were 
examined, which revealed that they exhibited significant effects in 
catalyzing reactive species such as H2O2, O2

− , and 2,2-diphenyl-1-picryl
hydrazyl radicals (DPPH⋅) (Fig. 2a). CAT-like activity was initially 
assessed using a titanium-peroxide complex method to measure H2O2 
decomposition. The results indicated that the VRuB biocatalyst achieved 
up to 89.4 % H2O2 removal efficiency, surpassing the 75.2 % efficiency 
observed for the VRu biocatalyst, suggesting that B incorporation 
significantly enhanced catalyst activity.

Oxygen generation experiments also confirmed the performance of 
VRuB and VRu in decomposing H2O2 to release oxygen (Fig. 2b–S7, and 
S8). To assess the catalyst’s mechanical properties, the VRuB coating 
was subjected to nanoindentation testing. The coating demonstrated 
favorable hardness and elastic modulus values during indentation, with 
no significant fluctuations in the curve, suggesting strong adhesion be
tween the coating and the substrate (Figure S9). To evaluate the stability 
of the catalyst, at least 10 cycling tests were conducted (Fig. 2c and S10), 
along with bending tests. Small variation in the amount of coating 
shedding and some differences in performance (Figures S11–13). The 
results revealed that the coating showed no significant decline in 

catalytic performance following multiple uses, demonstrating its 
exceptional stability and highlighting its long-term durability for ROS- 
scavenging applications. Moreover, thickness-independent verification 
was conducted for the VRuB coating, showing that the coating thickness 
does not affect its catalytic performance or hydrophobicity (Figures S14, 
S15). In the steady-state catalytic kinetics study, the Km, Vmax, and 
turnover number (TON) values of VRuB were calculated (Figure S16). 
The Vmax of VRuB reached 48.53 μM s− 1, with a TON value of 7.66 s− 1, 
and both of these values were significantly higher than those of VRu 
(Figure S17). These results indicated that VRuB demonstrated higher 
efficiency in catalytic kinetics similar to CAT, and the incorporation of 
interstitial B enhanced catalytic activity (Figure S18). As a novel 
intermetallic-compound-coated catalyst, the CAT-like enzymatic activ
ity of the VRuB biocatalyst, with reaction kinetics similar to natural 
catalase (Figure S19), was substantially greater than that of conven
tional metal nanoparticle biocatalysts. The Vmax and TON values of the 
VRuB biocatalyst were compared with those of existing nanoparticle- 
based metal biocatalysts, such as Mn3O4 and Cu5.4O (Fig. 2d and 
Table S2). The results showed that the VRuB biocatalyst exhibited 
excellent CAT-like activity and an outstanding TON value compared 
with other catalysts. In addition to CAT-like catalytic activity, the SOD- 
like activity of the VRuB biocatalyst was explored. SOD plays a crucial 
role in anti-ROS systems by scavenging superoxide radicals (⋅O2

− ). Using 
the nitrotetrazolium blue chloride method, we found that the VRuB and 
VRu biocatalysts both demonstrated effective ⋅O2

− scavenging (approx
imately 75 % within 5 min (Fig. 2a and S20)), indicating that B incor
poration did not alter the inherent SOD-like activity. Furthermore, a 
DPPH⋅ radical scavenging assay was conducted to assess the reactive 
nitrogen species (RNS) scavenging capabilities of the biocatalyst. The 
VRuB biocatalyst exhibited advantageous performance in DPPH⋅ scav
enging, significantly outperforming the undoped VRu biocatalyst 

Scheme 1. Illustration of the working mechanism of intermetallic compound biocatalytic coating for ROS scavenging, stem cell protection and diabetic 
wound healing.
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(Fig. 2a and S21). In summary, we observed that the VRuB biocatalyst 
surpassed the VRu biocatalyst in terms of CAT-like catalytic perfor
mance and exhibited enhanced SOD-like activity and RNS scavenging 
ability due to the incorporation of B. This unique multifunctional ac
tivity highlighted the potential application of the VRuB biocatalyst in 
ROS management, offering new insights for the design of advanced 
biocatalysts.

2.3. Chemical and electronic structure characterization of the VRuB 
biocatalytic coating

To elucidate the chemical and electronic structures of the VRuB 
biocatalytic coating, a comprehensive X-ray photoelectron spectroscopy 
(XPS) assessment was conducted (Fig. 3a–c and S22). The XPS spectra 
prominently contained signals for V, Ru, and B, confirming the suc
cessful integration of B in the VRu crystal, with stable dispersion 
throughout the material. Notably, significant negative shifts were 
observed in the V 2p and Ru 3p peaks of the VRuB sample relative to the 
undoped VRu sample, highlighting the electronic influence of B doping. 
An in-depth analysis of the V 2p peak revealed that V was primarily 
present in a metallic V0 state, accompanied by minor oxidized species. B 
incorporation induced a − 0.19 eV shift in the V 2p peak, suggesting an 
increase in local electron density and resulting reduction in binding 
energy. Notably, peak area analysis indicated no substantial change in 
the proportion of oxidized V species (Figure S23a). A more pronounced 
− 0.21 eV shift in the Ru 3p peak suggested that B integration notably 
changed the electronic environment of Ru, likely increasing its oxidation 
state. This hypothesis was further validated by peak area analysis 

(Figure S23b). The B 1s spectrum indicated that B was predominantly 
present in a B0 state, with some negatively charged species, implying the 
formation of Ru–B bonds. The formation of this bond indicated that B 
was structurally integrated into the VRu crystal and endowed the ma
terial with distinct electronic characteristics, enhancing its potential 
catalytic capabilities.

X-ray absorption spectroscopy (XAS) analysis was performed to 
further elucidate the detailed coordination structure and electronic state 
of the VRuB biocatalyst, with a specific emphasis on the Ru K-edge X-ray 
absorption near-edge structure (XANES). The coordination environment 
of Ru in the biocatalyst was found to closely align with that of the Ru 
foil, effectively eliminating significant oxidation. The XANES spectrum 
revealed that the Ru K-edge pre-edge peak of the biocatalyst was posi
tioned between those of the Ru foil and RuO2, indicating that the Ru 
atoms present in the biocatalyst were in a partially oxidized state 
(Fig. 3d). Valence state analysis further confirmed this partial oxidation, 
with an average Ru valence state near 1.9 (Fig. 3e), consistent with the 
XPS data. The k2-weighted Fourier-transformed extended X-ray ab
sorption fine structure spectroscopy (FT-EXAFS) curves revealed the 
presence of Ru–B, Ru–V, and Ru–Ru bonds in the biocatalyst. The co
ordination peaks around 2 Å for Ru–B and Ru–V distinguished the bio
catalyst from the pure Ru foil, where Ru–Ru coordination was dominant 
(Fig. 3g and S24). This shift suggested that the local chemical environ
ment around the Ru atoms was significantly modified through the 
incorporation of B and V. Supporting this, the fitting results demon
strated a reduction in the Ru–Ru coordination number from 12 to 1.8 ±
0.3, while the Ru–B and Ru–V coordination numbers increased to 1.7 ±
0.2 and 3.0 ± 0.2, respectively (Table S3). Wavelet transform (WT) 

Fig. 1. Structural characteristics of biocatalytic coating. (a) SEM image of VRuB. (b) TEM image of VRuB. (c) STEM spectral imaging of the VRuB coating, illustrating 
the distribution of V, Ru, and B elements. (d) HAADF-STEM image showing the atomic arrangement of VRuB, with the white area in the upper right corner rep
resenting the selected area electron diffraction (SAED) pattern and the yellow area in the lower right corner showing a magnified view of the yellow box region in 
the image.
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analysis was applied (Fig. 3h–j) for detailed characterization of the Ru 
species to obtain a better understanding of the distribution of the co
ordination structures in the biocatalyst. Distinct coordination features of 
Ru–B, Ru–V, and Ru–Ru in the biocatalyst were evident in the WT im
ages. Compared with the coordination profiles of the Ru foil and RuO2, 
the biocatalyst exhibited prominent coordination peak intensities. These 
coordination signals confirmed the influence of B and V on Ru’s local 
environment and underscored the close association between Ru’s partial 
oxidation state and its coordination with B.

Further DFT calculations confirmed that B doping significantly 
regulated the electronic structure of the biocatalyst. The partial density 
of states (PDOS) analysis showed a noticeable shift of the d-band center 
closer to the Fermi level (Fig. 3f and S25). This shift enhanced the 
coupling between d-electrons and adsorbates, improving the adsorption 
capacity for reactants and significantly boosting the catalytic perfor
mance. A d-band center closer to the Fermi level indicated that d-orbital 
electrons were more readily available for chemical bonding, effectively 
lowering the reaction activation energy. Moreover, Bader charge anal
ysis revealed an increase in the charge of B atoms (Figure S26), indi
cating that doping induced electronic redistribution, optimizing the 
electronic properties of the active sites. The catalytic reaction pathway 
was also calculated, and the rate-determining step was found to have an 
energy barrier of 8.366 eV (Figure S27, Table S4). These findings 
highlight that tuning the d-band center position through doping is a 
crucial strategy for enhancing the catalytic activity, offering new in
sights for designing highly efficient catalysts.

2.4. Evaluation of material biocompatibility

To evaluate the biocompatibility of the VRuB biocatalyst, dose- 
dependent cytotoxicity tests were conducted using human mesen
chymal stem cells (hMSC), mouse embryonic fibroblasts (NIH-3T3), 
human umbilical vein endothelial cells (HUVEC), and the human kera
tinocyte cell line (HaCaT), all of which play important roles in wound 
healing. The VRu and VRuB catalysts were coated on 9 mm glass cov
erslips at a dosage of 20 μg per coverslip, and the coated (experimental) 
and uncoated (control) coverslips were co-cultured with cells for 24, 48, 
and 72 h. Cytotoxicity was assessed using cell-counting kit-8 (CCK-8) 
and lactate dehydrogenase (LDH) assays, with the results showing no 
significant difference in cell viability between the experimental and 
control groups. The proliferation rates of cells in each group were similar 
(Figure S31), and no significant increase in cytotoxicity was observed 
over time.

Live/dead cell assays were also conducted by incubating hMSC, NIH- 
3T3, HUVEC, and HaCaT cells with VRuB-coated 48-well glass cover
slips for 48 h. Cell viability was assessed using fluorescence microscopy, 
with live cells stained with acridine orange (AO, green) and dead cells 
stained with propidium iodide (PI, red). No significant differences were 
observed between the groups, indicating that the coated materials did 
not exhibit cytotoxic effects (Figure S32). In addition, dose-related ef
fects on the cell viability were evaluated using CCK-8 and LDH assays, 
where different doses of VRu and VRuB were added by increasing the 
number of coated coverslips per well. After 24 h, no significant inhibi
tion of the cell viability was observed in any dose group.

In summary, the VRu and VRuB biocatalysts demonstrated 

Fig. 2. Biocatalytic ROS scavenging properties of biocatalytic coating. (a) Radar chart of the biocatalytic ROS scavenging properties. (b) CAT-like activity of VRu and 
VRuB demonstrated through O2 generation (c) Stability testing of the CAT-like activity of VRuB. (d) Comparison of the TON and Vmax values of the prepared 
biocatalyst with those of other established biocatalysts, as referenced in Table S3. (In a and b, n = 3 independent experiments, Data were expressed as mean ± S.D.)
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satisfactory cell compatibility with hMSC, NIH-3T3, HUVEC, and HaCaT 
cells in a 2 mL culture system, with loading amounts ranging from 20 to 
60 μg/cm2. These favorable results provide a solid foundation for future 
in-vivo studies.

2.5. Ex vivo toxicity evaluation in mice

We subsequently conducted an ex vivo evaluation of the biocom
patibility of the VRu and VRuB surface biocatalysts. Our previous studies 
had already validated the safety and efficacy of PDMS membranes as 
wound dressings. In the animal experiments, VRu or VRuB surface 
biocatalysts were sprayed onto the PDMS membrane to decrease wound 
exudate and degrade ROS through surface catalysis. After covering the 

wounds with VRu- or VRuB-coated PDMS membranes for 15 days, the 
mice were euthanized, and major organs (heart, liver, spleen, lung, and 
kidney) were harvested for H&E staining and pathological analysis. 
Firstly, ICP analysis was performed on mouse tissue samples at day 0 and 
day 15. No coating elements were detected in either sample (Table S5). 
And no obvious organ damage, histological abnormalities, or inflam
matory lesions were observed in the H&E-stained images of the heart, 
liver, spleen, lung, and kidney in any of the treated groups, indicating 
that all prepared dressings were non-toxic and biologically safe 
(Figure S33).

Further, serum biochemical analyses were conducted by collecting 
blood from the retro-orbital sinus of the mice. The biochemical param
eters, including alanine transaminase (ALT), aspartate transaminase 

Fig. 3. Electronic structure and chemical analysis of VRuB. (a–c) XPS analysis of the biocatalyst: (a) V 2p, (b) Ru 3p, and (c) B 1s. (d) XANES spectra at the Ru K-edge 
for VRuB, Ru foil, and RuO2. (e) Average valence states of Ru for VRuB, Ru foil, and RuO2. (f) Comparison of PDOS for VRu and VRuB (g) Fourier transform of the k2- 
weighted χ(k) function in R-space and the fitted curves for VRuB, Ru foil, and RuO2. (h–j) WT of the k2-weighted Ru K-edge EXAFS signals for VRuB, Ru foil, 
and RuO2.
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(AST), AST/ALT ratio, alkaline phosphatase (ALP), gamma-glutamyl 
transferase (γ-GT), blood urea nitrogen (BUN), creatinine (CREA), uric 
acid (UA), total bilirubin (TBIL), direct bilirubin (DBIL), total protein 
(TP), and albumin (ALB), showed no significant differences among the 
groups (Figure S34). This further confirms that the application of VRu- 
or VRuB-coated PDMS membranes (VRu-PDMS, VRuB-PDMS) had 
minimal side effects on the serum biochemical indicators of the exper
imental mice, demonstrating good biocompatibility of the two dressings 
and minimal adverse effects on liver and kidney function and 
metabolism.

2.6. Protection of cells from ROS damage by the VRuB biocatalyst

To evaluate the capability of the VRuB catalyst in protecting cells 
from ROS-induced damage, we conducted multiple experiments. 
Initially, intracellular ROS levels in hMSC, NIH-3T3, HUVEC, and HaCaT 
cells were quantified using 2,7-dichlorofluorescein diacetate (DCFH-DA) 
in media containing H2O2. The positive control group (100 μM H2O2) 
showed a strong green signal, indicating high ROS levels. When VRu- or 
VRuB-coated glass coverslips were added to the H2O2-containing media, 
the intracellular ROS signals were significantly reduced, particularly in 
the VRuB group, where the ROS levels were markedly lower (Fig. 4a). 
Quantitative analysis (Fig. 4b and c) confirmed that the VRuB group had 
the lowest ROS levels, significantly lower than the VRu group, 

Fig. 4. Biocatalytic coatings protects cells from ROS-induced damage. (a) Schematic representation of the hMSC culture system exposed to 100 μM H2O2 to simulate 
high ROS conditions. After treatment with VRu or VRuB-coated coverslips, intracellular ROS levels were measured using DCFH-DA, revealing a significant reduction 
in ROS levels in both VRu and VRuB groups, with VRuB showing superior ROS scavenging ability. I, negative group; II, positive group (100 μM H2O2); III, VRu-treated 
group; IV, VRuB-treated group. (b–c) Flow cytometry analysis showing ROS levels in different treatment groups, with quantitative statistics on the reduction of ROS 
following VRu and VRuB treatment. (d) Comet assay to assess DNA damage induced by ROS. The 100 μmM H2O2 positive control exhibited a long tail composed of 
DNA fragments, indicative of typical DNA damage, while the VRu group showed a shorter tail, suggesting reduced DNA damage. The VRuB group presented a 
compact, circular signal, suggesting minimal DNA damage. (e) Quantitative evaluation of DNA damage by tail DNA percentage and tail length, with the VRuB group 
showing values closest to the negative control group.

J. Yu et al.                                                                                                                                                                                                                                       Materials Today Bio 32 (2025) 101840 

7 



demonstrating superior ROS scavenging ability.
To further assess DNA damage, we performed comet assays. The 

positive control group (100 μM H2O2) exhibited long DNA fragments 
with tails, indicating substantial DNA damage (Fig. 4d). In contrast, the 
VRu group showed shorter and less intense tail signals, suggesting 
reduced DNA damage, while the VRuB group displayed minimal DNA 
damage with compact, round signals. Quantitative analysis (Fig. 4e) 

confirmed these observations, with the VRuB group showing signifi
cantly reduced DNA damage compared to the VRu group. These results 
indicate that the VRuB catalyst not only scavenges ROS but also effec
tively reduces ROS-induced DNA damage, protecting the cells’ genetic 
integrity.

To investigate ROS-related cell death, live/dead assays were con
ducted after incubating cells in media containing 100 μM H2O2. The VRu 

Fig. 5. Catalyst-mediated protection of cell function under high ROS conditions. (a) hMSC expansion assessment with Pallixin and F-actin staining under high ROS 
environment induced by 100 μM H2O2. Green: F-actin, red: Paxillin, blue: dapi. (b) Cell scratch assays were performed using hMSC cells to evaluate the effects of 
H2O2 and different catalysts on cell proliferation and migration. The observation time points for each cell type were adjusted based on their respective proliferation 
rates. (c) Quantitative analysis of migration rate in the cell scratch assay. (d) The evolution of the wounds treated with gauze (control), SWD, VRu-SWD, and VRuB- 
SWD, respectively. (e) H&E, CD31, Masson’s and DHE staining of the skin tissue around wounds. H&E, CD31, and Masson’s staining were performed on paraffin 
sections, while DHE staining was conducted on frozen sections. (f) The histological epithelial gap measurement of the skin tissue around wounds. (g) Angiogenesis 
quantified by the percentage of CD3l-positive area to total DAPI area.
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and VRuB groups exhibited significantly lower cell death rates 
compared to the positive control group, with the VRuB group showing 
cell death rates similar to the negative control group (Figure S35). These 
results suggest that VRuB plays a crucial role in protecting cell mem
brane integrity and preventing cell death in high-ROS environments.

After confirming the protective effects of the VRuB biocatalyst 
against ROS-induced DNA damage and cell death, we assessed its impact 
on stem cell function, specifically focusing on cell spreading and 
morphology. In the H2O2-treated positive control group, stem cells 
showed poor spreading, rounded morphology, and few protrusions. In 
contrast, cells incubated with VRu or VRuB catalysts exhibited good 
spreading, flat spindle-shaped morphology, and well-organized pro
trusions (Fig. 5a). Paxillin expression, which is a marker of focal adhe
sions (FAs), was reduced under high ROS conditions (Fig. 5a). In cells 
treated with the VRu or VRuB biocatalyst, paxillin expression was 
restored, with visible FA distribution at the periphery, suggesting that 
VRu and VRuB effectively rescued the ability of hMSC to maintain 
cytoskeletal remodeling, cell morphology, and adhesion in high-ROS 
environments.

We also evaluated the protective effects of VRuB on cell migration 
function, which is critical in diabetic conditions where high ROS levels 
impair cell migration. Using cell scratch assays, we assessed migration in 
hMSC, NIH-3T3, HUVECs, and HaCaT cells. In the H2O2-treated group, 
migration was significantly inhibited compared to the negative control 
group, but the introduction of catalyst-coated coverslips counteracted 
this effect (Fig. 5b and c). The VRuB group exhibited significantly better 
protection against ROS-induced migration inhibition compared to the 
VRu group. In the H2O2 group, marked cell detachment and death were 
observed, while in the VRuB group, cell detachment and apoptosis were 
rare. This suggests that VRuB’s superior ROS-scavenging capability re
duces the exposure to high ROS levels and protects cells from damage. 
Over a prolonged treatment period (12–24 h), hMSC and HUVEC 
migration and proliferation gradually improved in the VRu group, likely 
due to the decreased H2O2 concentration and the recovery of surviving 
cells. However, NIH-3T3 cell migration and proliferation did not 
recover, possibly due to different sensitivities of these cells to ROS 
(Figure S36).

These findings confirm that the VRuB catalyst excels in protecting a 
variety of cells involved in wound healing from ROS-induced damage, 
demonstrating broad, non-specific protective effects.

2.7. Enhancement of wound healing in diabetic mice using VRuB-coated 
composite dressings

Building on our earlier findings regarding the anti-adhesive func
tionality of the SWD and the protective effects of the catalytic coating on 
cell proliferation following ROS clearance, we initiated animal studies in 
mice to assess the influence of various fabricated dressings on wound 
healing. The VRuB and VRu catalysts were sprayed onto the innermost 
superhydrophobic PDMS layer of the SWD to develop ROS-scavenging 
versions, designated as VRuB-SWD and VRu-SWD.

In the diabetic wound model on the mouse’s back (Fig. 5d–S37), 
wounds were treated with different dressings: gauze control, SWD, 
VRuB-SWD, and VRu-SWD. The wound healing process was monitored 
over 15 days, with dressings changed every 3 days. During the early 
inflammatory phase (0–6 days), the VRuB-SWD group demonstrated 
significantly faster healing, fewer infections, and better overall healing 
quality compared to the gauze control and SWD groups. In the prolif
erative phase (6–12 days), both VRu-SWD and VRuB-SWD groups 
exhibited more active dermal proliferation. By the remodeling phase 
(12–15 days), the VRuB-SWD group achieved the earliest completion of 
skin healing and re-epithelialization, accompanied by regeneration of 
skin appendages and regression of newly formed blood vessels.

To evaluate the quality of wound healing and clarify the anti-ROS 
effects, we performed histological analysis, including HE staining, 
Masson’s trichrome staining, CD31 immunofluorescence, DHE staining, 

and macrophage M1/M2 polarization immunofluorescence analysis 
(Fig. 5g–S38-S39). The gauze control group showed poor healing, with 
irregular wound edges due to tissue detachment during dressing changes 
(Fig. 5e and f). The DHE staining of the gauze group showed significant 
detachment of loose wound tissue, while the porous gauze structure 
allowed granulation tissue to grow into the pores, causing severe 
adhesion and leading to tissue detachment during dressing changes. This 
resulted in wrinkles and scars in the healed wound, as indicated by 
excessive collagen deposition in Masson’s trichrome staining, which can 
lead to hypertrophic keloid formation. In contrast, the SWD group, 
which reduced adhesion, exhibited a more even wound surface and 
faster healing but with less collagen deposition due to the absence of 
additional healing interventions.

In the VRu and VRuB groups, the catalytic ROS metal coatings were 
applied using magnetron sputtering, effectively preserving the anti- 
adhesive properties of the SWD. The introduction of these ROS- 
scavenging catalysts significantly reduced wound ROS levels, as 
shown by DHE staining (Fig. 5e and f), and corrected the high local ROS 
state. In the VRuB group, the more potent ROS scavenging capability of 
VRuB effectively eliminated excessive ROS, with DHE staining showing 
almost no red fluorescence. CD31 staining (Fig. 5e and f) demonstrated 
that reduced ROS production improved the diabetic wound microenvi
ronment, mitigating oxidative stress and enhancing local angiogenesis, 
which is critical for effective wound healing. Macrophage polarization 
analysis by immunofluorescence (CD86+M1/CD206+M2) revealed that 
ROS reduction induced significant attenuation of pro-inflammatory M1 
macrophages, particularly in the superficial wound bed, thereby recti
fying the detrimental inflammatory milieu (Figure S39).

These findings demonstrate that the VRuB-SWD not only maintains 
the anti-adhesive effects of the SWD dressing but also protects against 
oxidative stress, promoting dermal fibroblast proliferation, migration, 
and angiogenesis, leading to accelerated healing of diabetic wounds.

2.8. Prospects for clinical applications

The VRuB-SWD developed in this study has demonstrated significant 
advantages in the healing of diabetic wounds, underscoring its impor
tant clinical application potential. This material also holds broad 
application prospects in other scenarios where local ROS clearance and 
maintenance of interfacial biomechanical properties are required, such 
as within implanted arteriovenous catheters. In these settings, it is 
critical to clear ROS while maintaining the catheter’s anti-adhesive, 
anti-platelet, anti-thrombotic, and antibacterial properties at the blood 
interface. The development of this efficient ROS-scavenging catalyst in a 
coating form represents a novel and promising approach to drug de
livery. It has the potential for widespread use in conditions related to 
ROS, including the promotion of ulcer healing in diabetes and the pre
vention of thrombus formation in blood vessels.

3. Conclusions

In this study, we successfully fabricated a VRuB bio-ROS catalytic 
metal coating via magnetron sputtering. As an intermetallic compound, 
the coating was stable and exhibited multiple enzyme-like activities, 
with particularly prominent CAT-like activity (Vmax: 48.53 μM/s; TON: 
7.66 s− 1). Structural analysis showed no significant changes in the 
coating’s structure following B incorporation compared to the original 
VRu coating. Characterization and DFT calculations revealed that B 
incorporation enhanced the proportion of oxidized Ru species, forming 
stable bonds with Ru, lowering the d-band center, and ultimately lead
ing to significantly improved catalytic performance. Biological experi
ments demonstrated that the coating exhibited excellent 
biocompatibility, effectively scavenging ROS, protecting the cells from 
high-ROS-induced damage, and significantly reducing DNA damage, 
thus maintaining genomic integrity. In addition, the coating promoted 
cytoskeletal remodeling, preserved cell morphology, and enhanced cell 
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adhesion in hMSC. These properties were attributed to the synergistic 
effects of the coating’s early-stage anti-adhesion capability, including 
unidirectional drainage, moisturizing performance, and ROS- 
scavenging function, which collectively facilitated wound healing. 
Moreover, the coating could withstand the sterilization process without 
significantly losing its catalytic activity or mechanical stability. In 
addition, the VRuB-SWD coating demonstrated significant advantages 
for diabetic wound healing, highlighting its great clinical potential. 
Furthermore, this material demonstrated promise in applications 
requiring localized ROS scavenging while maintaining interfacial 
biomechanical properties, such as arterial and venous catheter coatings. 
In these scenarios, it could effectively scavenge ROS while preventing 
adhesion, platelet aggregation, thrombosis, and bacterial infections at 
the blood-material interface. This high-performance ROS-scavenging 
catalytic coating represents a novel and promising approach for treating 
ROS-related diseases, with broad potential in applications such as dia
betic wound healing and thrombosis prevention. In the future, we will 
focus on improving the compatibility of the coating with existing wound 
care frameworks and further controlling costs associated with the 
coating.
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