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A B S T R A C T

Diabetic wounds are a significant clinical challenge due to chronic inflammation, persistent oxidative stress, 
hyperglycaemic and hypoxic conditions, bacterial infections, and impaired tissue regeneration, all of which delay 
healing and increase complications. Addressing these multifaceted issues requires innovative therapeutic stra
tegies capable of modulating the diabetic wound microenvironment. Herein, we developed a polyphenol-assisted 
gold‑platinum (AuPt) core-shell nanozyme with multi-enzyme mimetic activities, including glucose oxidase 
(GOD), catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), and oxidase (OXD)-like functions. 
Computational insights based on density functional theory (DFT) further supported the Au–Pt synergistic design. 
By synergistically combining the catalytic properties of Au and Pt, the nanozyme modulate oxidative stress, and 
reduces inflammation while promoting fibroblast viability and context-dependent antibacterial activity under 
acidic, ROS-rich conditions relevant to inflamed wound sites. In vivo experiments using a diabetic mouse model 
revealed that the developed AuPt nanozymes promoted wound healing by improving epidermal regeneration and 
collagen synthesis while suppressing pro-inflammatory cytokines, including TNF-α and IL-1β. These results 
highlight the potential of polyphenol-assisted AuPt nanozymes as a robust and multifunctional therapy to address 
key pathological barriers in diabetic wound healing, providing a foundation for future clinical applications.

1. Introduction

Impaired wound healing in diabetic patients, such as diabetic foot 
ulcers (DFUs), a common consequence of persistent hyperglycemia, 
poses a substantial burden due to its high rates of morbidity and mor
tality. It frequently leads to recurrent infections and is a major cause of 
non-traumatic limb amputations globally [1]. Beyond diabetes, a variety 
of chronic diseases contribute to chronic wounds, including cardiovas
cular disease, cerebrovascular disease, immunosuppression, infection, 
and repetitive trauma [2]. A high glucose environment in diabetic 
wounds may hinder the normal wound healing process due to the im
pairments in keratinocyte physiology and function, as well as decreasing 

blood circulation and oxygen delivery to the wound site [3]. Addition
ally, the diabetic wound environment is marked by uncontrolled accu
mulation of reactive oxygen species (ROS) and chronic hypoxia, which 
disrupt the balance between proinflammatory and anti-inflammatory 
macrophages, thereby inhibiting the viability of endogenous stem 
cells, the synthesis of extracellular matrix (ECM), and growth factor 
function [4,5].

Although significant strides have been made in diabetic wound care, 
current therapeutic options, such as wound dressing hydrogels, offering 
benefits such as high porosity, soft consistency, adjustable mechanical 
properties, and support for cell proliferation, still fall short in addressing 
the complex needs of diabetic wound healing [6–8]. These materials, 
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although advanced, typically do not provide active therapeutic func
tions that directly counteract the underlying pathophysiological pro
cesses, such as oxidative stress, hyperglycemia, hypoxia, and impaired 
angiogenesis, prevalent in DFUs.

To effectively advance healing outcomes in DFUs, there is a 
compelling demand for a transition from passive to more innovative 
materials that can participate in the healing process. In this regard, 
nanozymes, with their intrinsic multi-enzyme-mimicking capabilities, 
can dynamically interact with the biological environment [9,10]. 
Compared to natural enzymes, nanozymes are favorable for partici
pating in complex biocatalytic processes in wound healing due to their 
high stability, lower sensitivity to external conditions, and ease of pro
duction and storage [11]. Among different classifications of nanozymes 
such as carbon-derived nanozymes [12,13], noble metal nanozymes 
[14], metal oxide nanozymes [15,16], and metal-organic framework 
(MOFs) [17,18], noble metal nanozymes are gaining significant atten
tion due to their copious electric charges, excellent stability, adjustable 
catalytic capacity, and accessibility for surface alteration [19].

Among the noble metals, gold nanozyme (Au) exhibits glucose oxi
dase (GOD)-mimicking activity, catalyzing the oxidation of glucose to 
generate hydrogen peroxide (H₂O₂), similar to natural enzymes. This 
property may contribute to mitigating hyperglycemic conditions in 
diabetic wounds [20]. However, oxygen consumption and ROS gener
ation during the GOD reaction can intensify hypoxic conditions and 
oxidative stress, which adversely affect the healing process [21]. Hence, 
there is a need to compensate for the oxygen consumption and ROS 
generation during the GOD reaction. In this regard, platinum nanozyme 
(Pt) has shown high peroxidase-like activity (POD) [22], catalase-like 
activity (CAT) [23], and superoxide dismutase-like activity (SOD) 
[24]. Compared with transition-metal nanozymes such as Fe-, Mn-, or 
Se-based systems, which mainly exhibit single peroxidase or catalase 
activity, Au and Pt were selected for their complementary catalytic 
functions. Au uniquely displays glucose oxidase (GOD)-like activity, 
while Pt provides superior catalytic efficiency toward H₂O₂ decompo
sition and radical regulation.

Therefore, a synergistic combination of gold and platinum nano
zymes presents a promising strategy to maintain natural redox balance 
during wound healing process. The glucose oxidase-like (GOD) activity 
of gold nanozyme catalyzes glucose oxidation and generates H₂O₂. This 
H₂O₂ serves a dual role; it acts as a substrate for the peroxidase-like 
(POD) activity of Pt, which breaks it down into hydroxyl radicals 
(OH•), and other ROS in smaller quantities to combat bacterial infection 
[25]. The H₂O₂ is also converted into oxygen through the catalase-like 
(CAT) activity of platinum nanozyme. While the exact balance be
tween oxygen consumption during glucose oxidation and oxygen pro
duction via catalase activity has yet to be fully quantified, the process is 
expected to help alleviate oxidative stress by producing oxygen. The 
proposed oxygen-modulating effect is expected to be local and context- 
dependent rather than a global correction of tissue oxygenation. Addi
tionally, the superoxide dismutase-like (SOD) activity of platinum 
nanozymes reduces superoxide radicals into hydrogen peroxide (H₂O₂), 
with their CAT activity further transforming any residual H₂O₂ into 
oxygen, enhancing the wound environment for improved healing. 
Hence, Au nanozymes first catalyze the oxidation of glucose in a hy
perglycemic environment, producing H₂O₂ at physiological pH (~pH 7), 
particularly relevant in diabetic wounds, where elevated glucose levels 
induce oxidative stress. The residual H₂O₂ generation may still provide 
substrate for Pt-mediated POD activity under acidic conditions, 
contributing to localized antibacterial effects.

In parallel, the superoxide dismutase (SOD)-like activity of Pt con
verts superoxide radicals into H₂O₂ at neutral pH, alongside their 
catalase-like (CAT) activity, which transforms H₂O₂ into oxygen. The 
ultimate aim of this system is to manage oxidative stress caused by hy
perglycemia, while simultaneously producing controlled ROS for anti
bacterial effects and generating oxygen to relieve hypoxia, thereby 
promoting wound healing.

In this regard, a few studies have investigated AuPt nanozymes for 
wound healing. Zhang et al. synthesized AuPt alloys via NaBH₄ reduc
tion for diabetic wound dressings [26]. Wu et al. synthesized core–shell 
Au@Pt nanoparticles using a PVP-assisted seed-mediated method via 
microwave synthesis and demonstrated peroxidase-like activity [27]. 
Zhang et al. employed a peptide-templated biomineralization approach 
using capreomycin to produce bimetallic AuPt nanoparticles with oxi
dase- and peroxidase-like properties [28]. However, these systems often 
rely on multistep synthesis, specialized stabilizers, and do not cover a 
comprehensive quantitative evaluation of the multi-enzyme activity of 
AuPt nanozyme.

To address these limitations, we employed a facile, one-step strategy 
to synthesize platinum-anchored gold nanozyme (AuPt) with core-shell 
nanostructure using tannic acid (TA), as both a green reducing and 
capping agent known for its high antibacterial and antioxidant activ
ities. The resulting phenol-rich surface not only enhances colloidal sta
bility but also contributes to the nanozyme's catalytic performance. The 
AuPt nanozyme exhibits a broad spectrum of enzyme-like activities, 
including glucose oxidase (GOD), peroxidase (POD), catalase (CAT), 
oxidase (OXD), and superoxide dismutase (SOD), positioning it as a 
multifunctional platform for redox regulation in diabetic wound heal
ing. Importantly, our results indicate that the AuPt nanozymes exhibit 
cell penetration and intracellular multienzyme activities. Due to the 
synergistic catalytic activity arising from the combination of gold and 
platinum, the nanozymes demonstrate glucose oxidation and subse
quent catalase activity, which could mitigate hyperglycaemia-associated 
oxidative stress, resulting in the enhancement of diabetic wound healing 
(Scheme 1).

2. Result and discussion

2.1. Synthesis and characterization of nanozyme

The AuPt nanozyme was synthesized through a one-step synthesis, 
utilizing tannic acid as the reducing agent, as depicted in Fig. 1a. The 
reduction of gold ions (Au3+) by tannic acid initiates the synthesis of 
gold nanozymes, evidenced by an immediate color transition from yel
low to purple. The galloyl-OH groups in tannic acid serve as electron 
donors, facilitating the reduction of Au3+ to Au0. The observed color 
change is attributed to the surface plasmon resonance (SPR) of the gold 
nanoparticles, resulting from their interaction with light as they form 
and aggregate. In contrast, the platinum precursor mixture did not 
exhibit a color change upon tannic acid addition, likely due to the 
distinct reduction potentials of gold and platinum, with gold being more 
readily reduced as indicated by its higher standard reduction potential 
(+1.50 V for the Au3+/Au0 couple) compared to platinum (+0.68 V for 
the Pt4+/Pt2+ couple and + 1.2 V for the Pt2+/Pt0 couple) [29].

As the reaction progresses, the concentration of Au0 increases and 
aggregation starts due to Van der Waals forces until reaching a satura
tion point, where Au0 begins to nucleate, forming initial crystal nuclei, 
which subsequently grow into nanoclusters as additional Au0 atoms 
deposit onto the surface of the nuclei, thereby reducing the concentra
tion of Au0 and resulting in the formation of a stable Au nanozyme. In 
this process, tannic acid acts as a reducing agent that undergoes self- 
oxidation, leading to the formation of a quinone. These quinone- 
derived carbonyl groups act as capping agents and bind to the surface 
of the formed Au nanozymes primarily through coordination via their 
carbonyl oxygen atoms and additional stabilization provided by 
π-electron interactions from the aromatic rings [30]. The initial forma
tion of the gold nanozymes was followed by the deposition of platinum 
atoms. The presence of quinone carbonyl groups on the surface of gold 
nanozyme enhances the in situ reduction of platinum ion (Pt4+) over a 
duration of 4 h at a controlled temperature of 60 ◦C, resulting in 
anchoring platinum sites to form gold anchored platinum nanozyme 
(AuPt), combining the unique functionalities of both metals [31]. This 
process is accompanied by a color change of the suspension from light 
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purple to brown. In addition to acting as a reducing agent, tannic acid 
forms a phenol–quinone redox layer on the gold surface that facilitates 
electron transfer and regulates platinum deposition. This interfacial 
layer promotes charge redistribution between Au and Pt while stabiliz
ing the bimetallic structure through coordination and π–π interactions 
[32].

The UV–vis absorption spectra revealed distinctive peaks for both the 
Au and the AuPt nanozymes (Fig. S2). Both Au and AuPt nanozymes 
displayed the characteristic surface plasmon resonance peak at 530 nm, 
indicative of gold nanozyme formation (Fig. S2). For the AuPt nano
zymes, an additional peak appeared at 255 nm, which corresponded to 
the platinum deposition on the gold surface, confirming the formation of 
the bimetallic structure (Fig. S2b).

Dynamic Light Scattering (DLS) and zeta potential results demon
strated no significant difference between the size of Au (34 nm) and 
AuPt (37 nm) (Fig. S3), as well as the surface charge − 23.1 mV for AuPt 
and 21.4 mV for the Au (Fig. S4), indicating that the Pt deposition has 
not significantly increased the Au nanozyme diameter. The negative 
charge is attributed to the tannic acid (TA) capping, which helps stabi
lize the nanoparticles by providing electrostatic repulsion and prevent
ing aggregation [30]. Moreover, an investigation of the size stability 
exhibited that both Au and AuPt nanozymes demonstrated size stability 
for 30 days in BPS at 37 ◦C due to their negative surface charge, pre
venting aggregation caused by the electrostatic repulsion (Fig. S5).

Transmission electron microscopy (TEM) images (Fig. 1b) exhibited 
a spherical morphology for both nanozymes with a similar average size, 
confirming that the Pt deposition did not change the nanozyme size. Au 
nanozymes exhibited a well-defined sharp-edge spherical morphology in 
their outer layer, while Pt anchoring altered the surface morphology to a 
more fluffy surface. X-ray diffraction (XRD) analysis (Fig. 1c), exhibited 
distinct peaks that correspond to the crystalline structure of gold (Au) 
nanozymes. These peaks, precisely positioned at 38.09◦, 44.32◦, 64.58◦, 
77.44◦, and 81.49◦, are attributed to the (111), (200), (220), (311), and 
(211) planes, respectively, aligning with the standard cubic gold 

structure (JCPDS No. 04–0784) [33]. Although similar peaks were 
observed for AuPt nanozymes, the intensity of the diffraction peaks 
decreased compared to the Au nanozymes, suggesting a slight reduction 
in crystallinity due to the incorporation of Pt; however, the original 
crystalline phase was maintained without the formation of separate 
compounds.

The crystallographic information of the synthesized Au and AuPt 
nanozymes was further evaluated by selected area electron diffraction 
(SAED) patterns. The SAED pattern for the Au nanozyme (Fig. 1d) dis
played concentric diffraction rings characteristic of a face-centered 
cubic (fcc) gold structure [34]. For the AuPt nanozyme (Fig. 1e), the 
SAED pattern also exhibited concentric diffraction rings, indicating that 
the incorporation of platinum did not disrupt the fcc structure of the 
gold core. However, a slight reduction in diffraction ring intensity was 
observed for the AuPt nanozyme compared to the Au nanozyme, 
consistent with the XRD data, suggesting a slight perturbation in the 
diffraction intensity due to Pt incorporation.

The high-angle annular dark-field scanning TEM (HAADF-STEM) 
image (Fig. 2a) showed a consistent distribution of Au and Pt signals 
across different nanostructures. The mapping images demonstrated the 
placement of the Pt atoms anchored on the gold nanozyme's exterior 
regions, confirming the core-shell structure. The nanozymes showed an 
average Au core diameter of 19.8 ± 3.2 nm and a Pt shell thickness of 
3.4 ± 0.5 nm. Additionally, the energy-dispersive X-ray spectroscopy 
(EDS) (Fig. 2b) revealed the coexistence of Au and Pt signals, indicating 
the successful formation of the bimetallic structure. To investigate the 
trace of TA on the nanozymes, FTIR was performed (Fig. 2c). TA spec
trum exhibited the characteristic peaks at 3500–3000 cm− 1 for phenolic 
-OH groups, at 1698 cm− 1 for carbonyl stretches in carboxylic esters, at 
1614–1443 cm− 1 for aromatic C––C bonds, at 1183–1120 cm− 1 for 
benzene ring vibrations, and at 757 cm− 1 for aromatic C–H bends 
[9,35]. In both Au and AuPt spectra, the intensity of phenolic-OH peaks 
at 3500–3000 and 1345 cm− 1 was reduced, which could be due to the 
oxidation of those groups during the reduction reaction. Moreover, the 

Scheme 1. Schematic illustration of the therapeutic mechanism of AuPt nanozymes in diabetic foot ulcers. The nanozymes catalyze multienzyme-like activities, 
including the decomposition of H₂O₂ (via catalase and peroxidase-like activity) and scavenging of reactive oxygen species (ROS, via superoxide dismutase-like 
activity). These activities restore redox balance, reduce oxidative stress, and promote tissue repair, as demonstrated in the diabetic wound healing model.
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presence of a peak at 1615 cm− 1 in Au and AuPt spectra could be 
indicative of the o-quinone structure, confirming the oxidation of TA on 
the nanozyme surface [36].

The surface composition and oxidation states of the Au and AuPt 
nanozymes were characterized using X-ray photoelectron spectroscopy 
(XPS). The survey spectrum of AuPt revealed distinct binding energy 
peaks corresponding to Au 4 f and Pt 4 f, as well as O 1 s and C 1 s re
gions, confirming the successful formation of AuPt (Fig. 2d, and 
Table S1). In the high-resolution XPS spectra of AuPt, the O 1 s spectrum 
presented two distinct components, attributable to metal‑oxygen (C–O) 
and carbonyl (C=O) bonds (Fig. 2e). The deconvoluted C 1 s spectrum 
peaks indicated two distinct peaks corresponding to carbon‑carbon 
(C–C) bonds, as well as carbon bonded to oxygen (C–O) (Fig. 2f). The O 
1 s and C 1 s spectra exhibit the presence of TA residues. Moreover, the 
deconvoluted Au 4 f spectrum showed two pronounced peaks at 
approximately 84.24 and 87.94 eV, which can be attributed to the Au 4 
f7/2 and Au 4 f5/2 spin-orbit components, indicative of metallic gold 
(Au0) states (Fig. 2g). The Pt 4 f spectrum was deconvoluted into four 
peaks, with peaks at 72.89 and 76.47 eV corresponding to the Pt 4 f7/2 
and Pt 4 f5/2 of metallic platinum (Pt0), and additional peaks at 73.84 
and 77.83 eV, which are indicative of Pt2+ species, indicating the 
coexistence of Pt0 and Pt2+ likely due to the formation of a partial 
oxidation layer [37] (Fig. 2h). Quantitative analysis based on integrated 
peak areas of the Au 4 f and Pt 4 f regions (Table S1) yielded a surface Pt/ 
Au atomic ratio of approximately 1.5, confirming a Pt-enriched surface 
consistent with the core–shell morphology observed by HAADF-STEM. 
Mixed valence states in Pt-based nanozymes have been shown to 

enhance electron transfer efficiency compared to purely metallic Pt0, 
thereby facilitating catalytic redox processes [38].

2.2. Enzyme-mimicking activities of the nanozymes

In vitro multi-enzyme mimicking activities of Au and AuPt nano
zymes were investigated. The peroxidase-like (POD) activity of the 
nanozymes was assessed through a colorimetric assay utilizing 3,3′,5,5′- 
tetramethylbenzidine (TMB). POD mimic nanozymes catalyze H2O2 to 
form hydroxyl radical (OH•), resulting in the oxidation of TMB with 
absorbance at 652 nm. AuPt nanozyme exhibited a significantly higher 
POD activity than Au nanozyme (Fig. 3b). We investigated the 
concentration-dependent POD activity of Au (5–25 μg/mL) and AuPt 
(0.05–0.25 μg/mL), by measuring the absorbance at 652 nm as a func
tion of time. The specific activity (SA) was measured from the change in 
the absorbance per minute (Fig. S6, S7). Both Au (Fig. S6a) and AuPt 
(Fig. S7a) nanozymes exhibited a concentration-dependent POD activ
ity. The AuPt nanozyme exhibited a SA of 108 U/mg (Fig. S7b), which 
was more than 100 times higher than the SA of the Au nanozyme (0.7 U/ 
mg) (Fig. S6b). Furthermore, we performed a kinetic study, and the 
Michaelis–Menten curves were obtained for both Au (2.5 μg/mL) and 
AuPt (0.25 μg/mL) where the nanozyme concentration was adjusted to 
ensure measurable activity within a suitable TMB range. (Fig. 3c). Au 
nanozyme showed a Michaelis constant (Km) and maximum reaction 
rate (Vmax) of 2.6 mM and 2.38 μM/min, respectively, while AuPt 
nanozyme exhibited Km and Vmax of 0.15 mM and 22.96 μM/min, 
revealing that the Pt anchoring could introduce the POD activity of the 

Fig. 1. Preparation and morphology characterization of Au and AuPt nanozyme. a) Schematic illustration of the preparation strategy for AuPt nanozyme, tannic acid 
(TA) acts as a reducing agent, reducing Au3+ to Au0 and facilitating the formation of gold nanoclusters. The residual carbonyl groups on TA, adsorbed onto the gold 
surface, subsequently reduce Pt4+ ions in situ, forming the bimetallic AuPt structure b) TEM image of Au and AuPt nanozyme. c) XRD patterns of Au and AuPt 
nanozyme. d) SAED pattern of Au and e) AuPt nanozyme.
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nanozyme. Furthermore, the POD activity of the natural horseradish 
peroxidase (HRP) enzyme was tested (Fig. S8). The tested horseradish 
peroxidase (HRP, lyophilized, powder, ~150 U/mg) exhibited a SA of 
147 U/mg (Fig. S8b) and Km and Vmax of 0.35 mM and 7.79 μM/min 
(Fig. S8c), respectively, indicating that the developed AuPt nanozyme 
showed POD specific activity comparable to HRP. Representative kinetic 
parameters and specific activity of previously reported POD nanozymes 
have been summarized in Table S6. The AuPt nanozyme exhibited a high 
specific activity (108 U/mg) and a low Km (0.13 mM), placing it in the 
upper range of reported systems—comparable to ACPCAH (120 U/mg) 
and Fe single-atom nanozymes (103.8 U/mg). The results highlight the 
strong catalytic efficiency and substrate affinity of our nanozyme, ach
ieved via a simple one-step synthesis. The superior POD activity of AuPt 
possibly arises from Pt active sites working in concert with the TA- 
derived phenol–quinone redox layer (present on both Au and AuPt). 
Tannic acid forms a phenol–quinone redox layer that facilitates inter
facial electron transfer and maintains catalytic turnover, consistent with 
previous reports on polyphenol-stabilised gold nanozymes [30].

Additionally, we evaluated the impact of pH on the POD activity of 
AuPt, showing pH-dependent POD activity with a maximum relative 
activity at pH 4. Increasing the pH to physiological pH significantly 
decreases the POD activity of AuPt, which drops below 10%, while HRP 
showed optimum activity at pH 6 (Fig. S9). While chronic wounds 
maintain an alkaline environment, transient acidity may occur during 
the early healing phase or in areas of intense inflammation. Under acidic 
conditions, the enhanced POD activity of AuPt may contribute to 

antibacterial effects via ROS generation [39].
In the literature, the POD activity of nanozymes is often reported 

based on only the active sites of the nanoparticles. However, it is crucial 
to consider the entire nanoparticle structure, including the ballast, 
which can significantly affect the overall catalytic performance. Robert 
et al. highlighted that the catalytic efficiency of Fe3O4 nanoparticles, 
which was initially reported to have significant POD activity, was later 
found to be marginal when the total weight of the nanoparticles was 
considered, instead of considering only the active site and ignoring the 
inactive parts of the nanoparticles that contribute to their total mass. 
They recalculated the POD activity based on the whole mass of nano
zyme required to oxidize 1 g of TMB and found that 36.2 g of Fe3O4 
nanoparticles are required to oxidize 1 g of TMB, which is more than 36- 
fold the weight of the substrate. This substantial mass requirement 
clearly indicates that Fe3O4 cannot be considered an effective catalyst 
under these conditions.

Consequently, the calculation of nanozyme activity should not be 
biased by considering only the number of “catalytic sites” in relation to 
the total particle mass. This approach is similar to that used for natural 
enzymes, which contain inactive portions contributing to their total 
weight [40]. In this regard, we calculated the amount of each catalyst 
required to oxidize 1 g of TMB, comparing Au and AuPt nanozymes to 
natural HRP (Fig. S10). Our results showed that 0.86 g of HRP is 
required to oxidize 1 g of TMB, indicating a 0.86 wt% with respect to the 
substrate (Fig. S10c). For the Au, 176.44 g is required to oxidize 1 g of 
TMB (Fig. S10d). In contrast, only 0.995 g of AuPt is required to oxidize 

Fig. 2. Structural characterization of Au and AuPt nanozyme. a) High-angle annular dark-field scanning TEM (HAADF-STEM) image of AuPt nanozyme. b) Energy- 
dispersive X-ray spectroscopy (EDS) of AuPt nanozyme. c) FTIR spectra of Au, AuPt, and TA. d) XPS spectra of Au and AuPt. e) High-resolution spectra of O 1 s, f) C 1 
s, g) Au 4 f, and h) Pt 4 f.
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1 g of TMB, indicating a 0.995 wt% with respect to the substrate 
(Fig. S10e). Our results align with Robert and Meunier's assertion that 
evaluating the total nanoparticle structure and weight is crucial for 
accurately determining catalytic capabilities [40]. The higher POD ac
tivity of AuPt arises from its Pt-rich surface and mixed Pt0/Pt2+ states, 
which facilitate electron transfer and •OH radical generation. The high 
specific activity and kinetic parameters of the AuPt nanozyme indicate 
its potential as a nanozyme catalyst, whereas the Au, with its 

significantly lower activity, may not be considered a POD nanozyme.
Next, we investigated the nanozymes' CAT-like activity. CAT-like 

nanozymes are known for their ability to decompose H2O2 into O2. 
The CAT activity of the nanozyme was evaluated by assessing the time- 
dependent generation of dissolved oxygen and its ability to scavenge 
H2O2. As shown in Fig. 3d, the AuPt nanozyme showed higher generated 
dissolved oxygen after 10 min (30 mg/L) compared to the Au nanozyme 
(15 mg/L after 30 min), revealing the enhancement of CAT activity after 

Fig. 3. Multi-enzyme-like activities of Au and AuPt nanozymes. a) Schematic illustration of the multi-enzyme activities of AuPt nanozymes, including peroxidase, 
oxidase, catalase, and superoxide dismutase-like activity across varying pH levels. b) POD-like activity of Au and AuPt nanozyme. c) Michaelis-Menten curves of POD- 
like activity of Au and AuPt nanozyme. d) Time-dependent oxygen generation showing CAT-like activity of Au and AuPt nanozymes. e) Michaelis-Menten curves of 
the CAT-like activity of Au and AuPt nanozyme. f) GOD-like activity of Au and AuPt nanozyme. g) Michaelis-Menten curves of GOD-like activity of Au and AuPt 
nanozyme. h) Concentration-dependent inhibition rate of pyrogallol autoxidation by Au and AuPt nanozyme. i) Michaelis-Menten curves of SOD-like activity of Au 
and AuPt nanozyme. j) Adsorption energies of superoxide (O₂− ) and hydrogen peroxide (H₂O₂) on AuPt nanozyme surfaces. k) Bader charge deviations for the most 
stable adsorption configurations of O₂− (bridge) and H₂O₂ (top) on the AuPt slab. The charge deviations are reported with respect to the nominal charge of the 
different species. For H₂O₂ (top) on the AuPt slab, the Pt atom adjacent to the H₂O₂ molecule (Pt*) has a very different deviation compared to all other Pt atoms. l) 
Projected Density of States (PDOS) analysis for the clean AuPt surface, and upon adsorption of O₂− (SOD-like) and H₂O₂ (CAT-like). Top: Clean slab showing sharp d- 
band features centered below the Fermi level. Middle: Upon adsorption of O₂− , Pt d-orbitals (black/gray) exhibit a downward shift, indicating electron donation to 
the reactive species and stabilizing the adsorbate. 
Bottom: Adsorption of H₂O₂ induces only minor perturbations in the d-band, reflecting weaker electronic interaction and easier desorption.

H. Jafari et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 530 (2026) 173306 

6 



Pt deposition.
Moreover, the amount of bubbles produced by AuPt nanozyme 

compared to Au nanozyme indicates the significantly higher CAT ac
tivity caused by Pt atom deposition (Fig. 11a). Similar to POD activity, 
the concentration-dependent CAT activity of Au (Fig. S11b) and AuPt 
(Fig. S12a) nanozyme was determined, and the CAT SA of Au nanozyme 
was 6.5 U/mg (Fig. S11c). In comparison, the AuPt nanozyme exhibited 
a CAT SA of 96.6 U/mg (Fig. S12b), indicating the enhancement of CAT 
activity. Moreover, the Michaelis–Menten kinetic study at different 
concentrations of H2O2 and a fixed concentration of nanozymes (3 μg/ 
mL) was performed. The results demonstrated a Km and Vmax of 162.2 
mM, and 54.55 μM/min for the Au nanozyme, while the AuPt nanozyme 
exhibited a Km and Vmax of 52.69 mM, and 232.1 μM/min (Fig. 3e). 
Additionally, the ability of the nanozyme to scavenge H2O2 was deter
mined by monitoring the absorbance at 240 nm (Fig. S13), and the result 
confirmed a higher decomposition rate of H2O2 by AuPt compared to Au 
nanozyme (Fig. S13). Furthermore, the kinetic investigation of natural 
catalase enzyme (50 ng/mL) at different H2O2 concentrations exhibited 
a Km of 8.5 mM and a Vmax of 283.5 μM/min (Fig. S14a). Representative 
CAT-like nanozyme activities are summarized in Table S7. The AuPt 
nanozyme exhibited a high specific activity of 96.6 U/mg, out
performing previously reported AuPtCo nanozymes (27.1 U/mg) and 
even some single-atom systems, such as Ru (16.6 U/mg) and Pd (2.39 U/ 
mg). Notably, despite using a similar AuPt composition, the superior 
activity of our system may be attributed to the phenolic-rich surface 
introduced by tannic acid, which could enhance electron transfer and 
catalytic efficiency.

The impact of pH on the CAT activity of the nanozyme and the 
natural enzyme was also investigated (Fig. S14b). For the AuPt nano
zyme, the CAT activity increased as the pH shifted from acidic to alka
line conditions. The nanozyme exhibited optimal CAT activity at pH 10, 
indicating enhanced stability and performance in alkaline environ
ments, while the natural enzyme demonstrated optimum activity at pH 
7, and its activity diminished beyond pH 7. The enhanced CAT-like ac
tivity of the AuPt nanozyme at alkaline pH is particularly beneficial for 
chronic diabetic wounds, which often exhibit an alkaline environment 
(pH 7.2–9.0) that contributes to oxidative stress and impedes healing 
[41].

The glucose oxidase (GOD) mimic activity of the nanozyme was 
measured by its ability to oxidize glucose to generate H2O2. Similar to 
the peroxidase (POD) activity assay, the TMB assay was employed in the 
presence of HRP to ensure that the generated H2O2 led to the oxidation 
of TMB. According to the absorbance at 652 nm, which corresponds to 
oxidized TMB (OxTMB), the Au nanozyme exhibited higher GOD ac
tivity compared to the AuPt nanozyme (Fig. 3f). Specifically, the Au 
nanozyme demonstrated 40% higher relative activity than the AuPt 
nanozyme (Fig. S15). This difference in GOD activity can be attributed 
to the inherent characteristics of gold (Au) nanozyme, which mimic the 
activity of natural glucose oxidase (GOx) enzymes via a two-step reac
tion mechanism for glucose oxidation, similar to natural GOx, involving 
the glucose dehydrogenation followed by reduction of O2 to H2O2. In 
contrast, platinum (Pt) and other noble metals, while capable of cata
lyzing glucose dehydrogenation, preferentially produce H2O rather than 
H2O2 [42]. Therefore, when Pt is deposited on Au nanoparticles to form 
AuPt nanozymes, the overall GOD activity is reduced compared to pure 
Au nanozymes at the same concentration. Moreover, the Michae
lis–Menten kinetic study at different glucose concentrations and fixed 
concentration of nanozymes (5 μg/mL) was performed (Fig. 3g). The 
results demonstrated a Km of 51.3 mM and a Vmax of 7.8 μM/min for Au 
nanozyme, while the AuPt nanozyme exhibited a Km of 85.7 mM and a 
Vmax of 6.1 μM/min, indicating the higher apparent affinity of Au 
nanozyme.

The SOD mimic activity of nanozymes was investigated using the 
pyrogallol autoxidation inhibition assay, which measures the ability of 
nanozymes to reduce the spectrophotometrically detectable formation 
of purpurogallin at 325 nm, which results from the autoxidation of 

pyrogallol in alkaline conditions. A lower absorbance at 325 nm in
dicates a stronger inhibition of the superoxide radicals (O2

⋅− ), and the 
IC50 value, which represents the concentration required to reduce the 
rate of purpurogallin formation by 50%, is used to quantify SOD activity 
[43]. The AuPt nanozyme exhibited a lower increase in the absorbance 
at 325 nm compared to the Au nanozyme and the control (Fig. S16a). 
The autoxidation rate was determined from the slope of the linear region 
of the curve (0–120 s) and was reduced by 46% in the AuPt group 
compared to the control, and by 30.1% compared to the Au nanozyme. 
Both nanozymes demonstrated a concentration-dependent SOD activity 
(Fig. S16b,c) with the calculated IC50 of 70.1 and 17.3 μg/mL for Au and 
AuPt, respectively (Fig. 3h). The Michaelis–Menten kinetic study at 
different concentrations of pyrogallol (0–20 mM) and a fixed concen
tration of nanozymes (25 μg/mL) was performed. The results demon
strated a Km of 5.1 mM and a Vmax of 22.8 μM/min for Au nanozyme, 
while the AuPt nanozyme exhibited a Km of 3.8 mM and a Vmax, of 35.33 
μM/min (Fig. 3i). All enzyme-like kinetic parameters (Km, Vmax, kcat, 
and kcat/Km) for POD, CAT, GOD, and SOD activities of Au, AuPt, and 
corresponding natural enzymes, calculated based on ICP-determined 
metal concentrations, are summarized in Tables S2–S5. The enzyme 
activity of the nanozymes in complex biological fluids was not evaluated 
in this study and should be considered in future investigations.

2.3. Computational study

To validate the structural and catalytic properties of the AuPt core- 
shell nanozyme, density functional theory (DFT) calculations were 
conducted. The system is modeled using a slab consisting of 5 layers of 
Au, mimicking the core, and two layers of Pt. The geometry was opti
mized using Quantum ESPRESSO by relaxing atomic positions and lat
tice parameters until force convergence was achieved. All technical 
details are given in the Methods section. The simulated XRD pattern 
(Fig. S17a) for the optimized AuPt nanozyme model reveals two prom
inent peaks in the 2θ range at ~38◦ and ~ 44◦, corresponding to the 
(111) and (200) planes of Au and Pt, respectively. These results align 
closely with experimental XRD data (Fig. 1c).

The core Au and shell Pt atoms both retain their FCC lattice config
uration with minimal perturbations.

We also investigated the adsorption energy (E_ads) of H₂O₂ and O₂−

on the Pt surface of our model, mimicking the shell part of AuPt core- 
shell nanozyme. There are two adsorption sites: one on top of a Pt 
atom and one between two Pt atoms, referred to as bridges. The calcu
lated values of E_ads are reported in Fig. 3j. The most stable configu
ration for O₂− is the bridge one (with E_ads = − 1.86 eV), while it is the 
top one for H₂O₂ (with E_ads = − 0.41 eV). The strongly negative value of 
E_ads for O₂− highlights the nanozyme's ability to effectively bind and 
stabilize O₂− . In contrast, the moderately negative value of E_ads for 
H₂O₂ indicates a possible binding but with easy product release. These 
calculations correlate with the experimental observations, namely a low 
Km and Vmax for SOD activity and a high Km and Vmax for CAT activity.

Bader charge analysis was conducted for the two most stable con
figurations (Fig. 3k) to investigate the underlying mechanisms in terms 
of electron redistribution upon adsorption. Here, we report the 
computed charge deviations with respect to the nominal charge of the 
different species. For the pure slab (AuPt), the charge deviation of Au is 
approximately +0.004 (metallic Au0) while that of Pt is − 0.010 
(metallic Pt0). These charge deviations indicate that these atoms are in a 
neutral metallic state. For the O₂− adsorption (bridge), the charge de
viation for Au remains at +0.004, that of Pt for most of the atoms is 
− 0.009, but it goes to +0.273 for the two atoms close to the O atoms 
(Pt*), and that of O is − 0.301. We thus observe that (i) gold does not 
have any active participation in the stabilization of reactive species, (ii) 
two platinum atoms donate electrons to stabilize the adsorbed O₂−

species, and (iii) oxygen receives electrons from Pt. For the H₂O₂ 
adsorption (top), the charge deviations of Au remain at +0.004, and that 
of Pt is − 0.009, while those of O and H are − 0.997 and + 1.000, 
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respectively. In this case, we see that (i) gold and platinum are essen
tially unchanged, and (ii) oxygen receives electrons from hydrogen.

The projected density of states (PDOS) (Fig. 3l) was also examined to 
understand how the local electronic structure of the surface, particularly 
the Pt d-orbitals, responded to reactant adsorption. In the case of SOD- 
like activity, the PDOS showed broadening and shift in the Pt d-states, 
indicating electron donation to the adsorbed species. This is consistent 
with the highly negative adsorption energy (Fig. 3j) and the Bader 
charge analysis (Fig. 3k) and explains the slower product release 
observed experimentally. In contrast, CAT-like activity induced only 
minor changes in the d-band. The Pt d-states remained mostly intact, 
suggesting weaker orbital overlap and limited charge transfer. This 
behavior correlates with less negative adsorption energy, minimal Bader 
shifts, and the experimentally observed faster catalytic turnover (higher 
Vₘₐₓ).

To complement the adsorption and electronic structure results, re
action energy diagrams for the SOD-like (O₂− dismutation) and CAT-like 
(H₂O₂ decomposition) reactions on the AuPt surface were further 
examined based on the DFT total energies of fully optimized configu
rations. For each process, the initial state (IS), a sequence of surface- 
stabilised intermediates (Int1–Int3), and the final desorbed products 
(FS) were identified. The full pathways and energy profiles are provided 
in the Supplementary Information (Fig. S17b–d).

For the SOD-like pathway, sequential protonation and surface- 
assisted O–O bond cleavage generate HOO• intermediates that are 
strongly stabilised on Pt, resulting in a highly exergonic reaction energy 
(ΔE = − 7.83 eV). This strong thermodynamic driving force is consistent 
with the large negative adsorption energy of O₂− , the substantial charge 
transfer revealed by Bader analysis, and the pronounced d-band mod
ulation observed in PDOS.

In contrast, the CAT-like pathway proceeds through HO₂• and OH•

species generated from H₂O₂ dissociation. These intermediates are less 
strongly stabilised, and the overall reaction exhibits a smaller exergonic 
reaction energy change (ΔE = − 2.84 eV), reflecting weaker orbital 
overlap and more limited charge redistribution. This aligns with the 
moderate adsorption energy of H₂O₂ and the minimal perturbation of Pt 
d-states, consistent with the experimentally observed faster turnover 
and easier product release.

2.4. In vitro cell studies

The in vitro cytotoxicity of Au and AuPt nanozymes was determined 
using fibroblast cells (3 T3 cell line) by CellTiter 96® AQueous One So
lution Cell Proliferation Assay (MTS). At the 24-h time point, both Au 
and AuPt nanozymes exhibited high cell viability across all tested con
centrations (> 80%), indicating minimal cytotoxicity (Fig. 4a). How
ever, when the exposure duration increased to 48 h (Fig. 4b), a decline in 
cell viability was observed for Au at high concentrations (50 and 100 μg/ 
mL), whereas the AuPt maintained higher levels of cell viability at these 
same concentrations. Extended incubation for 7 and 14 days did not 
result in additional cytotoxicity for the nanozymes, with sustained cell 
viability observed across all tested concentrations (Fig. S18).

Then, based on the MTS assay result, a live/dead assay was per
formed at a concentration of 25 μg/mL for two days (Fig. 4c). Hoechst 
and ethidium homodimer-1 (EthD-1) were used to stain nuclei in intact 
or damaged cells, respectively. Nearly no cell exhibited EthD-1 signal, 
confirming the good cell viability upon incubation with AuPt. The lower 
cell viability of Au nanozyme could possibly be due to its high GOD 
activity, which can catalyze glucose oxidation, which will consume 
oxygen and generate H2O2, resulting in reduced cell viability [21]. 
However, AuPt nanozyme with relatively lower GOD and higher CAT 
activity compared to the Au nanozyme, can effectively catalyze the 
generated H2O2 to O2, and thus protect the cells against oxidative stress. 
To validate this hypothesis, we evaluated the intracellular ROS and O2 
levels of fibroblast cells treated with both Au and AuPt at a concentra
tion of 50 μg/mL for 48 h. The intracellular ROS level was investigated 

by 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) probe 
(Fig. 4d). The results showed a higher ROS accumulation in cells treated 
with the Au nanozyme compared to both the control and the AuPt- 
treated cells. This observation aligns with the predicted higher GOD 
activity of the Au nanozyme, which facilitates the production of H2O2, 
subsequently leading to increased ROS levels, while the ROS levels in 
cells treated with the AuPt nanozyme were comparable to the untreated 
control group.

The intracellular oxygen levels were assessed using [Ru(dpp)3]2+Cl2 
(RDPP), a phosphorescent probe whose light emission is highly sensitive 
to quenching by oxygen. The fluorescence microscopy images (Fig. 4e) 
revealed that cells treated with the Au nanozyme displayed higher red 
fluorescence intensity compared to AuPt and the control, indicative of 
low intracellular oxygen levels, validating the O2 consumption by Au 
nanozyme during the glucose oxidation. The results underscore the 
capability of the AuPt nanozyme to mitigate oxidative stress caused by 
Au effectively, thereby enhancing cell viability and suggesting its suit
ability for applications where oxidative stress is a critical factor.

Moreover, a cell migration assay was performed to investigate the 
effect of Au and AuPt nanozymes on wound healing. Neither Au nor 
AuPt groups displayed any delay in migration, with gaps being filled 
within 24 h (Fig. 4f). Quantitative analysis shows no significant differ
ence in wound closure among the nanozymes compared to the control, 
demonstrating that both Au and AuPt nanozyme treatments did not 
negatively affect cell migration, supporting their biocompatibility and 
lack of adverse effects on wound healing (Fig. 4g).

Next, we investigated the protective effect of nanozymes against 
exogenous H2O2 damage (Fig. 4h). The results indicated that AuPt 
nanozyme could effectively protect 3 T3 cells against ROS damage when 
H2O2 was added to the culture medium up to 1 mM for 8 h. In contrast, 
cell viability in the control and Au groups decreased at concentrations 
higher than 0.2 mM. The result demonstrated that the AuPt nanozymes 
effectively scavenge ROS under physiological conditions, primarily due 
to their dominant CAT activity compared to POD activity at physiolog
ical conditions (pH 7.4), which may contribute to protection of cells 
from oxidative stress-induced damage.

Then, 0.1 mM H2O2 was employed to induce oxidative stress, and the 
therapeutic effect of nanozymes on alleviating oxidative stress was 
studied. As shown in the fluorescent microscopy images (Fig. 5a), both 
the Au and control groups exhibited significant green fluorescence, 
indicating the intracellular ROS level, while AuPt-treated cells demon
strated markedly decreased green fluorescence [44]. Additionally, 
investigating the intracellular O2 level (Fig. 5b), demonstrated that AuPt 
exhibited the weakest red fluorescence compared to the control and Au 
groups upon incubation with H2O2, revealing effective H2O2 catalyzing 
and O2 generation, suggesting enhanced intracellular oxygen availabil
ity under oxidative stress conditions.

We further investigated the intracellular superoxide ion (O2
•–) to 

determine the intracellular SOD activity of Au and AuPt nanozyme 
(Fig. 5c). O2

•– was induced using menadione as a ROS inducer, and the 
dihydroethidium (DHE) probe was employed as a reporter. The DHE 
probe, upon oxidation by O2

•–, forms ethidium, which intercalates with 
DNA and emits red fluorescence. Both Au and AuPt nanozyme groups 
exhibited less red fluorescence signal compared to the control, as well as 
a gradual reduction in the red fluorescence with increasing incubation 
time to 2 h, demonstrating consumption of O2

•− , consistent with the SOD- 
like activity.

To evaluate the effects of Au and AuPt nanozymes on fibroblast cell 
morphology, bright-field microscopy images were analyzed (Fig. 5d). 
The images reveal that neither type of nanozyme induced any significant 
morphological alterations in the fibroblast cells compared to the control 
group. Cells retained their typical elongated and spread-out 
morphology, with intact cellular structures, indicating that the nano
zymes are biocompatible and do not exert cytotoxic effects. In the 
zoomed-in images of cells treated with Au and AuPt nanozymes, dark 
spots were observed near the nuclear region; similar features are also 
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Fig. 4. In vitro studies of 3 T3 cells treated with nanozymes. a) Cell viability of 3 T3-L1 cells treated with Au and AuPt nanozyme with different concentrations 
(0–100 μg/mL) after 24 (a) and 48 h (b). c) Live/dead analysis of 3 T3-L1 cells treated with Au and AuPt nanozyme (25 μg/mL) after 48 h. d) Intracellular ROS level 
of 3 T3-L1 cells treated with Au and AuPt nanozyme (50 μg/mL) after 24 h. e) Intracellular O2 level of 3 T3-L1 cells treated with Au and AuPt nanozyme (50 μg/mL) 
after 24 h. f) Photograph of the cell migration assay at 0, 4, and 24 h in different treatment groups. g) Quantitative analysis of cell migration of 3 T3-L1 cells treated 
with Au and AuPt nanozyme after 24 h. h) Protective effect of nanozymes against exogenous H2O2 damage.
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seen in untreated cells, making their internalization interpretation un
certain. Given the limitations of bright-field imaging, further confir
mation was obtained through fluorescently labeled nanozymes. For this 
purpose, fibroblast cells were incubated with Cy5.5-labeled nanozymes 
for 24 h, and their internalization was investigated using confocal laser 
scanning microscopy (CLSM). The nuclei were stained with Hoechst 
(blue), and lysosomes with LysoTracker (green). In the control group, 
the cells exhibited clear nuclei and lysosomal staining without any red 
fluorescence. In contrast, cells treated with Au, and AuPt nanozymes 
showed distinct red fluorescence, confirming their internalization and 
co-localization with lysosomes, as demonstrated by the overlap of green 
and red signals (Fig. 5e). Additionally, to investigate the interaction 
between nanozymes and the cytoskeleton, cells were stained with Alexa 
Fluor™ 488 Phalloidin, which selectively binds to F-actin (Fig. 5f). The 

confocal images revealed the cytoskeletal arrangement, showing clear 
visualization of actin fibers (green) and their interaction with the 
internalized nanozymes (Cy5.5, red). The merged images demonstrated 
that the nanozymes were predominantly located around the nuclei 
(Hoechst, blue) and along the actin filaments, indicating co-localization 
of nanozymes with the cytoskeletal within the cellular architecture.

Moreover, single-cell colocalization analysis (Fig. 5g), showed a 
significant overlap between the Cy5.5-labeled nanozymes (red) and ly
sosomes (green) signals. For the Au nanozyme, the Pearson correlation 
coefficient was found to be 0.759, with a Manders' colocalization coef
ficient of 0.875. The weighted colocalization coefficients were 0.999 for 
Cy5.5 and 0.681 for LysoTracker, highlighting a strong correlation be
tween the nanozymes and lysosomal compartments. Similarly, the AuPt 
nanozymes showed substantial co-localization within lysosomes. The 

Fig. 5. In vitro intracellular activity and internalization of the nanozymes. a) Intracellular ROS level of 3 T3-L1 cells in the presence of H2O2 (0.1 mM) treated with 
Au and AuPt nanozyme (25 μg/mL). b) Intercellular O2 level of 3 T3-L1 cells in the presence of H2O2 (0.1 mM) treated with Au and AuPt nanozyme (25 μg/mL). c) 
Intracellular superoxide level of 3 T3-L1 cells in the presence of menadione (50 μM) treated with Au and AuPt nanozyme (25 μg/mL). d) Morphology of 3 T3-L1 cells 
treated with Au and AuPt nanozyme. e) Confocal laser scanning microscopy images of 3 T3-L1 cells showing the cellular uptake and co-localization of Cy5.5- 
conjugated Au and AuPt nanozymes with the lysosomes. f) Confocal laser scanning microscopy images of fibroblast 3 T3 cells showing the cellular uptake and 
interaction of Cy5.5-conjugated Au and AuPt nanozymes with the cytoskeleton. g) Single-cell colocalization analysis.
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Pearson correlation coefficient was 0.896, and the Manders' colocali
zation coefficient was 0.948. Weighted colocalization coefficients were 
0.951 for Cy5.5 and 0.827 for LysoTracker, suggesting a high degree of 
overlap between the nanozymes and lysosomal markers. The results 
suggest that both Au and AuPt nanozymes are effectively internalized by 
fibroblast cells and predominantly localize within lysosomal compart
ments, following a similar endocytotic pathway, consistent with previ
ous studies that demonstrated that gold nanoparticles are typically 
internalized via clathrin-mediated endocytosis, eventually localizing to 
lysosomes for degradation or processing [45].

As fluorescence microscopy is bound by physical limits, such as 
spatial resolution and the fact that only the fluorophore, and not the 
nanozymes themselves, can be observed, and since surface labelling 
(Cy5.5) can alter nanozyme properties, we further characterized nano
zyme internalization using high-resolution Scanning Transmission 
Electron Microscopy (STEM) (Fig. 6). STEM images of fibroblast cells 
treated with Au and AuPt nanozymes (24 h), revealed their localization 
within well-defined membrane-bound intracellular compartments, 
consistent with multivesicular bodies (MVBs) or lysosomes (Fig. 6, yel
low arrowheads). Control fibroblasts also exhibited the presence of 
multi-vesicular bodies with the same general appearance, size, and 
number, suggesting that nanoparticle incubation does not lead to a clear 
modification of cytoplasmic organization or organelle distribution.

Au nanozymes appeared as larger aggregates compared to the AuPt 
nanozymes, which tended to form smaller clusters within the compart
ments. Smaller AuPt clusters may enhance their catalytic efficiency due 
to greater surface area exposure, while larger aggregates of Au nano
zymes may reduce their interaction dynamic within the cell.

The internalization of the nanozymes and their subsequent multi- 
vesicular bodies/lysosomal localization suggests that nanozymes 
follow a typical uptake pathway involving clathrin-mediated endocy
tosis (CME), leading to their sequestration in lysosomes (Fig. 6d). 
Moreover, a computational study has demonstrated that clathrin as
sembly facilitates the internalization of nanoparticles, including gold 

nanoparticles (AuNPs), with size and shape playing crucial roles in the 
process. For instance, spherical AuNPs are effectively internalized via 
CME, where clathrin forms a cage around the nanoparticles, enabling 
their uptake and subsequent trafficking within cells [46].

Furthermore, the observation of multivesicular bodies containing 
nanozymes supports the hypothesis that these nanozymes could 
contribute to the regulation of cellular responses to oxidative stress. The 
AuPt nanozymes, in particular, may exhibit enhanced CAT and SOD 
activities within these compartments, potentially mitigating oxidative 
stress in intracellular vesicles involved in ROS processing. The dynamic 
interaction between nanozymes and lysosomal vesicles may thus pro
vide a protective mechanism against cellular damage by efficiently 
converting harmful ROS, such as hydrogen peroxide, into oxygen, 
thereby alleviating oxidative stress and promoting cell survival.

In vitro antibacterial performance of nanozymes.
The antibacterial activity of nanozymes, attributed to their POD 

activity, which generates ROS, was investigated against Escherichia coli 
(E. coli) and Staphylococcus aureus (S. aureus) as Gram-negative and 
Gram-positive bacteria strains, respectively. The bacteria were treated 
with nanozymes (25 μg/mL) in the presence and absence of H2O2, the 
substrate for POD, at physiological conditions (pH 7.4). The antibacte
rial activity was assessed by the plate colony-counting method. To 
minimize toxicity to mammalian cells while maintaining antibacterial 
efficacy, a low concentration of H2O2 (0.5 mM) was used, as higher 
concentrations can be harmful due to interactions with the negatively 
charged lipid membrane and the potential to induce apoptosis [47]. 
H₂O₂ was applied for 24 h at a 0.5 mM concentration, a level at which 
AuPt nanozymes were shown to still protect mammalian cells from 
oxidative damage (Fig.. 4h). The results showed no significant reduction 
in colony numbers between the control group (treated with PBS) and 
nanozyme (Au and AuPt), regardless of the presence of H2O2 against 
both E. coli and S. aureus (Fig. S19) indicating no antibacterial effect 
under physiological conditions (pH 7.4).

As this lack of antimicrobial effect could be due to either an 

Fig. 6. Cellular internalization of nanozymes. a) Representative STEM images of 3 T3 fibroblast cells alone or incubated with Au or AuPt nanozymes. Nanozymes 
(white bright dots) are primarily found in multi-vesicular bodies or lysosome-like structures, as indicated by yellow arrowheads. d) suggested non-phagocytic 
nanozyme internalization pathways, clathrin-mediated endocytosis, and subsequent trafficking to the endosomal-lysosomal pathway.
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inappropriate nanozyme concentration or an unsuitable substrate con
centration, we extended our investigation by treating E. coli and 
S. aureus with varying AuPt nanozyme concentrations (0–100 μg/mL) in 
the presence of different H2O2 concentrations (0–8 mM). Interestingly, 
the results showed that AuPt nanozyme protected both E. coli (Fig. S20) 
and S. aureus (Fig. S21) from oxidative stress and even promoted their 
growth, particularly at high nanozyme concentrations (50 and 100 μg/ 
mL). Indeed, while an 8 mM H2O2 concentration decreased E. coli 
(Fig. 7a) and S. aureus (Fig. 7b) survival rate to below 30%, AuPt 
treatment (50 and 100 μg/mL) significantly increased the survival rate 
to higher than 90%. This unexpected result is most likely due to the 
dominant CAT activity of AuPt in physiological conditions, which is 
aligned with the results on mammalian cells described in Fig. 4h.

Given the pH-dependent peroxidase (POD) activity of the nano
zymes, we next explored their antibacterial efficacy in a slightly acidic 
environment (pH 5.5) against E. coli and S. aureus (Fig. 7c). The results 

demonstrated a significant reduction in colony numbers for both bac
terial strains in the groups treated with AuPt nanozyme (25 μg/mL) and 
H2O2 (0.5 mM). In particular, the colony-forming units (CFUs) for E. coli 
were significantly lower in the AuPt + H2O2 condition (5 × 103 CFU/ 
mL) compared to the Au + H2O2 (8 × 106) and the control + H2O2 group 
(9× 106) (Fig. 7d). Similarly, AuPt exhibited a higher reduction in the 
colony number of S. aureus compared to Au and the control group, after 
H2O2 treatment (Fig. 7e).

Moreover, live/dead and DCFH-DA staining were performed to 
investigate the viability and intracellular ROS level of bacteria (Fig. 7f). 
The live/dead staining result revealed that AuPt-treated bacteria, with 
and without H2O2, exhibited lower cell viability and a higher amount of 
dead cells compared to the control and Au group, which showed only a 
few dead bacteria with no H2O2 treatment. Moreover, the DCFH-DA 
staining confirms the generation of hydroxyl radicals in bacteria in the 
presence of AuPt.

Fig. 7. In vitro antibacterial activity of nanozymes. Bacterial survival rate (%) of E. coli (a) and S. aureus (b), treated with different concentrations of AuPt (0–100 μg/ 
mL) in the presence of H2O2 (0–8 mM). c) plate photographs for E. coli and S. aureus treated Au and AuPt, and control in the presence and absence of H2O2 at pH 5.5. 
Colony forming unit (CFU) countings of E. coli (d) and S. aureus (e) after treatment at pH 5.5. f) Fluorescent live/dead and DCFH-DA staining of E. coli and S. aureus 
treated with nanozymes in the presence and absence of H2O2 at pH 5.5. g) Oxidized-like (OXD) activity of Au, and AuPt is measured by the change in the absorbance 
of TMB at 625 nm versus time. h) Concentration-dependent relative OXD activity of Au, and AuPt. i) DCFH-DA fluorescent staining of E. coli treated with Au and AuPt 
in the presence of H2O2. j) DCFH-DA fluorescent staining of S. aureus treated with Au and AuPt in the presence of H2O2.
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Interestingly, the AuPt nanozyme could inhibit the bacteria's growth 
compared to Au nanozyme even in the absence of H2O2, which likely 
could be due to its oxidase activity in an acidic environment, as well as 
its GOD-POD cascade reaction, which could effectively generate hy
droxyl radical from the generated H2O2 from the glucose present in the 
bacteria medium. Hence, we next investigated the oxidase activity 
(OXD) of both Au and AuPt nanozyme using the TMB assay in the 
absence of H2O2 (Fig. 7g), and the results showed a significant increase 
in absorbance of TMB at 652 nm, indicating a higher OXD activity for 
AuPt. Moreover, the OXD activity of AuPt was concentration-dependent 
and the nanozyme at low concentration (below 0.5 μg/mL) did not show 
any significant activity (Fig. 7h). Hence, in an acidic environment, AuPt 
not only could effectively kill bacteria at a low H2O2 concentration (0.5 
mM) but also could significantly inhibit bacterial growth due to its OXD 
activity [48,49]. A minor contribution from residual GOD activity 
coupled with POD may also play a role, but this requires further 
quantification.

Interestingly, in the presence of H₂O₂, Au, and AuPt nanozymes 
exhibited a tendency to form large aggregates when incubated with 
bacteria, as observed in brightfield microscopy (Fig. 7i for E. coli and 

Fig. 7j for S. aureus). Closer examination revealed that bacterial cells 
were frequently localized around these nanozyme aggregates and 
formed a bacteria-nanozyme composite, particularly with S. aureus, 
likely due to the negative surface charge of the nanozyme, which led to 
electrostatic interactions [50]. Interestingly, DCFH-DA fluorescence was 
predominantly localized within these nanozyme-bacteria composites, 
whereas planktonic (free-floating) bacteria exhibited minimal fluores
cence, suggesting that the initiation of ROS-mediated antibacterial ac
tivity in the AuPt + H2O2 system primarily occurs at the interface 
between the nanozymes and the bacterial cells. The co-localization of 
ROS production and nanozyme aggregates indicates that the antibac
terial mechanism is highly localized, enhancing the effectiveness of ROS 
in eliminating bacteria at the interaction sites between nanozyme and 
bacteria [51]. Since chronic diabetic wounds are mostly alkaline, the 
antibacterial effect may not fully translate. Future strategies (e.g., pH- 
modulating agents or photoacids) could enhance antibacterial efficacy 
in such environments.

Fig. 8. Evaluation of wound healing progression and histological evaluation of wound healing. a) Schematic procedure of the infected diabetic wound model and 
treatment. b) Representative photographs of wound sites in mice treated with PBS (control), Au, and AuPt nanozyme on days 0, 3, 7, 10, and 14. The red dashed 
circles indicate the initial wound size with a diameter of 1 cm at day 0. c) Schematic representation of wound area reduction over time for the different treatment 
groups. The color-coded layers represent the wound area on days 0, 3, 7, 10, and 14. d) Quantitative analysis of wound areas measured on days 0, 3, 7, 10, and 14 
using ImageJ software. Data are presented as the log-transformed wound area (cm2) for each group. Statistical significance was determined using one-way ANOVA 
followed by post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent mean ± standard deviation (SD), with n = 5 per group. e) 
Representative wound sections stained with H&E (top row) and Masson's trichrome treated with PBS (control), Au nanozyme, and AuPt nanozyme at day 14 post- 
injury. Upper panels display the overall wound sections, and lower panels show magnified views of the corresponding regions (scale bars: 1 mm for the overall 
sections; 200 μm for magnified views). f) Quantification of epidermal thickness (μm) in wounds from different treatment groups. g) Quantification of collagen 
deposition as the percentage of collagen-positive area in Masson's trichrome-stained sections. Data are presented as mean ± standard deviation (SD). Statistical 
analysis was performed using one-way ANOVA followed by post hoc tests and multiple comparison tests. *p < 0.05, **p < 0.01, ****p < 0.0001.
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2.5. In vivo wound healing

To evaluate the therapeutic efficacy of nanozymes in diabetic wound 
healing, an in vivo wound healing study was performed on a diabetic 
mouse model. The timeline of the experimental protocol is outlined in 
Fig. 8a. Briefly, diabetes was induced in male C57BL/6 mice through 
repeated intraperitoneal administrations of streptozotocin (STZ, 50 mg/ 
kg) over five days, and diabetic status was confirmed by fasting blood 
glucose levels ≥16.7 mM. After maintaining stable hyperglycemia for 
four weeks, full-thickness 10-mm diameter wounds were created under 
anesthesia, followed by the topical administration of either PBS (con
trol), Au nanozyme, or AuPt nanozyme (40 μL, 25 μg/mL). In this proof- 
of-concept study, a single dose (25 μg/mL) was chosen based on in vitro 
biocompatibility and catalytic activity. Future dose-ranging studies will 
be required to identify minimal effective and optimal therapeutic con
centrations. The wound healing progression was monitored over 14 days 
[52].

Wound area measurements revealed that treatment with AuPt 
nanozyme significantly enhanced wound closure compared to PBS and 
Au nanozyme groups. Visual documentation of the wound sites on days 
0, 3, 7, 10, and 14 post-injury (Fig. 8b,c), highlights a pronounced 
reduction in wound area for the AuPt-treated group. Furthermore, 
quantitative analysis (Fig. 8d) revealed that the mean log-transformed 
wound area for the AuPt group at day 14 was 0.014 ± 0.003, which 
was significantly smaller than both the PBS group (0.042 ± 0.011, p <
0.0001) and the Au group (0.024 ± 0.006, p < 0.01).

Histological analyses were conducted on day 14 post-injury to 
evaluate epidermal regeneration and extracellular matrix (ECM) 
remodeling in the wound tissues. Hematoxylin and eosin (H&E) staining 
(Fig. 8e) revealed differences in epidermal thickness across the treat
ment groups. Wounds treated with AuPt nanozyme displayed a well- 
formed, stratified epidermal layer, in contrast to the PBS group, which 

exhibited incomplete re-epithelialization with thin and disorganized 
epidermal tissue. Quantitative measurements of epidermal thickness 
(Fig. 8f) confirmed that the AuPt-treated group achieved significantly 
thicker epidermal layers (107.36 ± 9.2 μm, p < 0.05) compared to the 
Au group (93.48 ± 11.0 μm) and PBS group (69.35 ± 10.1 μm) indi
cating that AuPt nanozyme accelerates epidermal regeneration and 
promotes organized skin structure formation.

Masson's trichrome staining was conducted to evaluate collagen 
deposition, as an indicator of ECM remodeling (Fig. 8e). Wounds treated 
with AuPt exhibited a dense and well-organized collagen network, 
whereas the PBS group demonstrated sparse collagen deposition with 
disrupted structure. Quantitative analysis (Fig. 8g) exhibited that 
collagen-positive areas were significantly higher in the AuPt-treated 
group (58.78 ± 2.06%, p < 0.01) compared to the Au group (45.80 ±
5.03%) and PBS group (33.62 ± 3.72%). The results confirm the tissue 
regeneration capacity of AuPt nanozymes through enhanced collagen 
remodeling; however, potential cumulative effects and long-term 
retention of noble metals in vivo should be considered in future 
investigations.

To assess the inflammatory response in wound tissues, the ROS levels 
were measured using dihydroethidium (DHE) staining of cryosectioned 
wound tissues, along with TNF-α and IL-1β expression at day 14 post- 
injury. The fluorescence images of ROS detection (Fig. 9a) demon
strated that the PBS group exhibited intense ROS fluorescence signals, 
indicating elevated oxidative stress in untreated wounds. In contrast, 
Au-treated wounds displayed moderate ROS levels, while AuPt-treated 
wounds showed negligible ROS fluorescence. Quantitative analysis 
(Fig. 9b) revealed that the percentage of ROS-positive areas in the PBS 
group was significantly higher (28.3 ± 4.2%) compared to the Au (10.58 
± 2.1%) and AuPt groups (1.9 ± 0.8%, p < 0.0001).

The expression levels of pro-inflammatory cytokines TNF-α (Fig. 9c) 
and IL-1β (Fig. 9d) were also quantified to further assess inflammation. 

Fig. 9. Evaluation of ROS levels and inflammation in wound tissues treated with different nanozymes. a) Representative fluorescence images of wound sections 
stained for ROS (red, DHE staining) and nuclei (blue, DAPI staining) from mice treated with PBS (control), Au nanozyme, and AuPt nanozyme at day 14 post-injury. 
Merged images show the overlay of DHE and DAPI signals. Scale bar = 200 μm. b) Quantification of the percentage of ROS-positive area in wound sections for each 
treatment group. Quantification of relative TNF-α expression levels (c) and IL-1β expression levels (d) in wound tissues treated with PBS (control), Au nanozyme, and 
AuPt nanozyme at day 14 post-injury. Data are presented as mean ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA followed by 
post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Both TNF-α and IL-1β levels were significantly lower in the AuPt-treated 
group compared to PBS and Au-treated groups. Specifically, TNF-α 
expression was reduced by approximately 50% in the AuPt group rela
tive to the PBS group (p < 0.001), while IL-1β levels were reduced by 
60% (p < 0.01). These reductions indicate a dampened inflammatory 
response in wounds treated with AuPt nanozymes, further supporting 
their role in creating a microenvironment conducive to tissue repair. 
Previous studies have demonstrated that platinum nanozymes (PtNZs) 
can actively modulate inflammatory responses through redox-mediated 
pathways. In particular, PtNZs exhibiting SOD- and CAT-like activities 
effectively reduce intracellular ROS overproduction and downregulate 
NF-κB-dependent cytokine release in LPS-stimulated macrophages 
[53,54]. These anti-inflammatory effects have been attributed to the 
ability of Pt-based nanozymes to quench ROS within endolysosomal 
compartments and restore redox homeostasis in immune cells, thereby 
reducing pro-inflammatory signalling and promoting tissue repair [55]. 
This evidence supports the potential role of AuPt nanozymes in metallo- 
immunomodulation via catalytic redox regulation.

3. Conclusion

In this study, we successfully developed a bimetallic AuPt nanozyme 
using tannic acid with multi-enzyme mimetic activities as a potential 
therapeutic solution to address the multifaceted challenges of diabetic 
wound healing. By combining the glucose oxidase-like activity of Au 
with the peroxidase, catalase, and superoxide dismutase-like activities 
of Pt, AuPt nanozyme could effectively balance oxidative stress, and 
present antimicrobial properties. Moreover, in a diabetic wound model, 
AuPt nanozyme exhibited superior epidermal regeneration and collagen 
deposition, mitigated inflammation, evidenced by decreased TNF-α and 
IL-1β expression. This work highlights the potential of polyphenol- 
assisted AuPt nanozymes as a novel, effective therapy for diabetic 
wounds. Although short-term in vitro and in vivo studies confirmed 
biocompatibility, the long-term biodistribution, clearance, and accu
mulation of Au and Pt remain unknown. These factors will need rigorous 
evaluation before considering translation toward chronic wound ther
apy. Future studies integrating direct oxygen measurements, immune 
profiling, and long-term biodistribution will be essential to fully delin
eate the dominant in vivo mechanisms.

4. Materials and methods

4.1. Chemicals and materials

chloroplatinic acid (H2PtCl6⋅6H2O), tetrachloroauric(III) acid trihy
drate 99% (HAuCl4⋅3H2O), tannic acid, Hydrogen peroxide (H2O2, 
30%), Dimethyl sulfoxide (DMSO), 3,3′,5,5′-Tetramethylbenzidine 
(TMB), Pyrogallol, dihydroethidium (DHE), tris(4,7-diphenyl-1,10- 
phenanthroline) ruthenium (II) dichloride complex, 2′,7′-Dichlorodihy
drofluorescein diacetate, sodium hydroxide (NaOH), horseradish 
peroxidase (HRP, lyophilized, powder, ~150 U/mg), acetic acid glacial, 
sodium acetate, hydrochloric acid (HCl), phosphate-buffered saline 
(PBS), sodium chloride (NaCl), Tris-HCl buffer, streptozotocin (STZ), 
Hoechst 33342, ethdium homodimer-1 (EthD-1), menadione, para
formaldehyde (PAF), glutaraldehyde, sodium cacodylate trihydrate, 
osmium tetroxide, ferrocyanide, uranyl acetate, and epoxy resin 
(AGAR100) were purchased from Sigma-Aldrich. Cyanine5.5 NHS ester 
was purchased from Lumiprobe GmbH (Hannover, Germany). Alexa 
Fluor 488 – Phalloidin (ab176753) was purchased from Abcam, 
Belgium.

4.2. Instrumentation

Transmission Electron Microscopy, including HR-TEM, SAED, and 
STEM, was acquired using a ThermoFisher Talos 200C (Thermo Fisher 
Scientific, Waltham, MA, USA) equipped with a field-emission gun 

operated at 200 kV. Powder X-ray diffraction (XRD) data were acquired 
with an ecoD8 advance system, scanning in the range of 5◦ < 2ϴ < 90◦ at 
a rate of 1.2◦ per minute. Energy Dispersive X-ray (EDX) spectra were 
obtained using a Thermo Fisher Talos F200X instrument. X-ray photo
electron spectroscopy (XPS) spectra were recorded using a FISONS S- 
PROBE with an Al-Kα source (1486 eV), developed by Fisons In
struments Surface Science (Sanofi, Paris, France). The size and zeta 
potential of the nanozymes were measured with a Malvern Zetasizer 
Nano ZSE. UV–Vis absorption spectra and kinetic absorbance measure
ments were performed using a Tecan Spark multimode microplate 
reader (Tecan Trading AG, Männedorf, Switzerland). Confocal laser 
scanning microscopy (CLSM) was conducted using a ZEISS LSM 900 
microscope for cellular uptake and colocalization studies. Catalase ac
tivity was analyzed using a PreSens contactless oxygen meter sensor. 
High-angle annular dark-field scanning TEM (HAADF-STEM) images 
were obtained with a ThermoFisher Talos 200C. Fluorescence micro
scopy for antibacterial studies was performed using a Zeiss Axio 
Observer microscope.

4.3. Synthesis of core-shell AuPt nanozyme

Core-shell AuPt nanozyme was synthesized via one-spot reaction 
using tannic acid as a reducing agent. Briefly, HAuCl₄⋅3H₂O and 
H₂PtCl₆⋅6H₂O were dissolved in 40 mL of deionized water at a final 
concentration of 1 mM each. Then, 10 mL of tannic acid (TA) solution (4 
mg/mL) was dropwise added to the solution, and the color immediately 
changed to dark purple. The pH was adjusted to 7.4 using 1 M NaOH and 
monitored during the reaction for 4 h at 60 ◦C. The AuPt nanozymes 
were isolated via centrifuging at 12,000 RPM and washing three times 
with ultrapure water to remove residual reagents. The Au nanozyme was 
synthesized using the same method without the addition of 
H₂PtCl₆⋅6H₂O.

4.4. Multienzyme-like activity

4.4.1. The peroxidase (POD) activity
The POD activity of the nanozymes was investigated using TMB 

assay according to a method reported previously [56]. The ability of 
nanozyme to oxidize TMB (oxTMB) was determined at 652 nm using a 
UV–vis spectrophotometer. Briefly, the Au and AuPt with different 
concentrations (0.05 to 0.25 μg/mL) were mixed with TMB (2 mM) 
solution and H2O2 (1 M) in 1 mL of acetic acid‑sodium acetate Buffer 
(NaAc-Hac) (pH 4.0). The absorbance was recorded as a function of 
reaction time. The nanozyme's specific activity (SA) was determined 
according to the following equation: 

SA = (V/(ε× l)× (ΔA/Δt) )/m (1) 

Where V represents the total volume of the reaction mixture (μL). The ε 
denotes the molar absorption coefficient for the colorimetric substrate, 
39000 M− 1 cm− 1 at 652 nm, for TMB. The ‘l’ refers to the path length 
that the light travels through within the cuvette, measured in centime
ters (cm). ‘A' is the absorbance value, adjusted by subtracting the blank's 
absorbance. ΔA/Δt is the initial rate of change in absorbance at 652 nm 
(min− 1). Lastly, ‘m’ indicates the weight of the nanozyme used in each 
assay, measured in milligrams (mg).

The steady-state POD kinetics of nanozymes were assessed at 
different TMB concentrations (0–1 mM) and constant concentration 
H2O2 (1 M). For the kinetic assay, 0.25 μg/mL of AuPt nanozyme and 
2.5 μg/mL of Au nanozyme were used, respectively. Kinetic parameters 
were measured by fitting experimental data to Michaelis-Menten 
equation: 

V =
Vmax[S]
Km + [S]

(2) 

Vmax represents the maximal reaction velocity, Km represents the 
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Michaelis-Menten constant.

4.4.2. The catalase (CAT) activity
Nanozymes' CAT-like activity was examined by measuring the 

generated oxygen using a contactless oxygen meter sensor (PreSens, 
Regensburg, Germany) [57]. The oxygen generation (mg/L) induced by 
nanozyme at different concentrations (0–5 μg/mL), in the presence of 
H2O2 (60 mM) was recorded for 10 min. Moreover, the kinetic assay of 
the catalytic decomposition of H2O2 was performed at a different con
centration of H2O2 (0–100 mM) and a constant concentration of nano
zyme (3 μg/mL). The experimental data were analyzed using Michaelis- 
Menten equation to determine the Vmax and Km.

Additionally, to determine the H2O2 scavenging of the nanozyme as a 
CAT mimic, the diminishing concentration of H2O2 was observed over 
time at 240 nm by using a UV–Vis spectrophotometer [23]. The reaction 
mixture consisted of 10 mM H2O2 and nanozymes at a concentration of 
25 μg/mL, in a 500 μL volume of PBS (25 mM, pH 7.4). The decrease in 
the absorbance peak at 240 nm of the solution was continuously tracked 
by using UV–vis spectroscopy for 10 min.

The specific CAT activity (U/mg) of nanozymes was investigated 
using the generated oxygen as the byproduct of the catalytic decompo
sition of hydrogen peroxide, measured by a contactless oxygen meter 
sensor (PreSens, Regensburg, Germany). A unit of CAT activity corre
sponds to the amount of enzyme required to decompose 1 μmole of 
hydrogen peroxide per minute. Hence, the amount of oxygen generated 
(mg/L) was converted to μmole of oxygen, and the specific activity was 
measured using the following equation: 

Specific CAT activity (U/mg) =
2 × (μmole of oxygen per minute)

Mass of nanozyme (mg)
(4) 

The factor of 2 in the equation accounts for the stoichiometry of the 
reaction, where each molecule of hydrogen peroxide (H2O2) yields half a 
molecule of oxygen (O2).

4.4.3. The superoxide dismutase (SOD) activity
The SOD activity was evaluated by evaluating the nanozyme's 

capability to inhibit the pyrogallol self-oxidation rate [58]. The pyro
gallol self-oxidation in alkaline conditions in the presence of EDTA as a 
chelating agent, leads to the generation of purpurogallin, proportional 
to O2

•− with maximum absorbance at 325 nm. Briefly, the auto-oxidation 
was measured in 1 mL of Tris-HCl buffer (0.05 mM, pH 8.4) including 
pyrogallol (75 μM) and EDTA (2 mM) via monitoring absorbance at 325 
nm over time for 10 min. Different concentrations of nanozyme (0–50 
μg/mL) were used to evaluate the inhibition rate of the pyrogallol self- 
oxidation rate and the IC50 using the following equation: 

Oxidation rate of pyrogallol (%)
Rself− oxidation − Rnanozyme− oxidation

Rself− oxidation

× 100% (5) 

where Rself-oxidation represents the rate of pyrogallol autoxidation in the 
absence of nanozymes, and Rnanozyme-oxidation denotes the rate of pyro
gallol oxidation following the addition of either Au or AuPt nanozymes.

Moreover, the kinetic assay was carried out at different concentra
tions of pyrogallol (0–20 mM) at a constant concentration of nanozyme 
(50 μg/mL). The experimental data were fitted to the Michaelis-Menten 
equation to calculate the Vmax and Km.

4.4.4. The Glucose oxidase (GOD) activity
The GOD activity of the nanozyme was evaluated by the ability of the 

nanozyme to catalyze the oxidation of glucose to H2O2 using the TMB 
assay [59]. Briefly, the Au and AuPt with different concentrations (5 μg/ 
mL) were mixed with a glucose solution (100 mM) in 1 mL of NaAc-HAc 
buffer (pH 4.0) containing TMB (2 mM) and HRP (0.01 mg/mL). The 
oxidation of TMB was determined by a change in the absorption at 652 
nm. Moreover, the kinetic assay was performed at different 

concentrations of Glucose (0–100 mM), at the constant concentration of 
nanozyme (5 μg/mL), TMB (2 mM), and HRP (0.01 mg/mL). The 
experimental data were fitted to the Michaelis-Menten equation to 
determine the Vmax and Km.

4.4.5. DFT calculations
The AuPt core-shell nanozyme was simulated using Density Func

tional Theory (DFT) with the Quantum ESPRESSO package [60,61]. The 
Perdew–Burke–Ernzerhof (PBE) functional was used to describe the 
exchange-correlation effects. The nanozyme was modeled using a slab 
(with a 3 × 3 surface supercell), composed of a 5-layer Au core and a 2- 
layer Pt shell, plus 15 Å of vacuum. The lattice parameters and the 
atomic positions were fully relaxed. This slab model was selected to 
reflect the experimentally observed core-shell structure, as supported by 
TEM/EDX mapping (Fig. 1a–b), and is further validated by the simulated 
XRD pattern (Fig.. S17), which reproduces the (111) reflections of both 
Au and Pt.

To sample the Brillouin zone, a 3 × 3 × 1 Monkhorst-Pack grid was 
used for the geometry optimization, while a denser 6 × 6 × 1 grid was 
adopted for the SCF calculations to ensure precise energy values. 
Convergence thresholds for the calculations were set to 1.0 × 10− 8 Ry 
for SCF energy convergence. Adsorption energies for H₂O₂ and O₂− on 
the slab were calculated using the total energies obtained from the SCF 
calculations as Eads = Eslab+adsorbate − Eslab − Eadsorbate, providing in
sights into the binding strength of the reactive species on the surface.

Additionally, a Bader charge analysis was conducted to study the 
electron redistribution upon adsorption, offering a deeper understand
ing of the charge transfer processes during catalytic activity.

4.5. Cytotoxicity evaluation

The impact of Au and AuPt nanozymes on the fibroblast 3 T3-L1 cells' 
viability was investigated through the CellTiter 96® AQueous One Solu
tion Cell Proliferation Assay (MTS). 3 T3-L1 fibroblasts (passage 9), 
kindly provided by Dr. I. Pirson [62], were cultured in high-glucose 
DMEM supplemented with 10% fetal calf serum (FCS), 200 U/mL 
penicillin, and 200 U/mL streptomycin, maintained in a humidified 
incubator with 5% CO₂. Cells were seeded and allowed to adhere for 24 
h, after which the medium was replaced with DMEM containing varying 
levels of nanozymes (0–100 μg/mL). Following 24 or 48 h of incubation, 
the DMEM was removed, and a combination of 180 μL DPBS and 20 μL 
MTS solution (5 mg/mL) was added to each well, followed by an addi
tional 4 h of incubation, and then the absorbance was monitored at 490 
nm using a microplate reader to determine the cell viability.

Moreover, the biocompatibility of nanozyme was investigated using 
Live/Dead assay, followed by co-staining with Hoechst 33342 and 
Ethidium Homodimer-1 (EthD-1). Fibroblast 3 T3 cells were cultured in 
8 well-plates, and incubated for 24 h, followed by 48 h of incubation 
with nanozyme at a concentration of 25 μg/mL. Subsequently, the 
DMEM was aspirated, and the cells were incubated with Hoechst 33342 
(10 μM) and EthD-1 (10 μM) for staining for 30 min, followed by 
washing with DPBS. Cells were visualized using a confocal laser scan
ning microscope (Zeiss LSM900, Germany).

4.6. Cell migration assay

Cell migration assay was performed according to a previous report 
[63]. 3 T3-L1 cells (230,000 cells per well) were seeded in a medium 
containing 10% FCS using culture-insert 2 wells (Ibidi, Gräfelfing, 
Germany), which created a defined cell-free gap of 500 μm ± 50 μm 
within a well area of 0.22 cm2. After 24 h of incubation in a medium 
containing 1% FCS, the inserts were removed, and the cells were 
exposed to Au and AuPt treatments at a concentration of 25 μg/mL. 
Images were captured at 0-, 4-, and 24-h post-insert removal, and the 
ImageJ software (Version 1.8.0, NIH, USA) was used to analyze the 
images.
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4.7. Intracellular ROS and O2 level

The capability of the nanozymes to mimic antioxidant activity and 
scavenge intracellular ROS was examined using specific fluorescent 
probes [23]. 3 T3 cells were seeded in an Ibidi μ-Slide 8-well and 
cultured for 24 h. Then the cells were treated with Au and AuPt nano
zyme (25 μg/mL) for 24 h. The excess nanozymes were removed by 
washing with DPBS three times, followed by H2O2 (100 μM) treatment 
for 4 h to induce oxidative stress. Then the cells were stained using 2′,7′- 
dichlorofluorescein diacetate (DCFH-DA) fluorescent probe (10 μM) for 
45 min to determine the intracellular ROS level. To detect the intra
cellular O2, the cells were treated as mentioned above and stained using 
tris (4,7-diphenyl-1,10-phenanthroline) ruthenium (II) dichloride com
plex ([Ru(dpp)3]Cl2, RDPP) for 45 min at 37 ◦C. The cells were analyzed 
using a confocal laser scanning microscope. To determine the intracel
lular SOD activity of the nanozyme, the cells were seeded and incubated 
with the nanozyme. The cells were incubated with Menadione (50 μM) 
as a ROS inducer to induce intracellular production of ROS (mostly su
peroxide) [64]. Then, the cells were stained using dihydroethidium 
(DHE) fluorescence probe (37 ◦C for 30 min) to determine the Intra
cellular O2

•− level. ROS and SOD activity assays were performed under 
normoxic conditions (~21% O₂).

4.8. Oxidative damage protection

The protective role of Au and AuPt nanozymes against induced 
oxidative stress in fibroblast 3 T3 cells was quantified by pre-treating the 
cells with the nanozymes (25 μg/mL), followed by exposure to H2O2 
with different concentrations (0–1 mM) for 8 h. The MTS assay was 
carried out to assess cell viability.

4.9. Cellular uptake and distribution analysis

The cellular uptake and distribution of Cy5.5-conjugated nanozymes 
within fibroblast 3 T3 cells were investigated using LysoTracker™ Green 
DND-26. The Cy5.5 labeling was carried out according to the previous 
report with some modifications [65]. First, Au and AuPt nanozymes (1.5 
mg/mL, 0.5 mL) were functionalized with L-cysteine (10 mM, 50 μL) in 
5 mL PBS to introduce amine groups via thiol attachment to the metal 
surface. The mixture was incubated for 1 h at room temperature with 
gentle mixing, then centrifuged at 10,000 rpm for 15 min, washed with 
PBS, and resuspended. Then, 50 μL of Cy5.5-NHS ester (1 mg/mL in 
DMSO) was added to the functionalized nanozymes and incubated for 1 
h at room temperature with stirring. The labeled nanozymes were pu
rified by centrifugation (10,000 rpm, 15 min) and washed three times 
with PBS.

Fibroblast 3 T3 cells were cultured in 8 well-plate, and incubated for 
24 h to adhere, followed by 24 h of incubation with Cy5.5-conjugated 
nanozymes (25 μg/mL). The cells were washed three times with DPBS 
to remove the excess nanozymes and then incubated with 100 μL of 
DPBS containing 50 nM LysoTracker Green and Hoechst 33342 (10 μM) 
for 30 min and the cells were observed using a confocal laser scanning 
microscope (ZEISS LSM 900) with laser excitation at 405 nm for Hoechst 
33342, 488 nm for LysoTracker Green, and 633 nm for Cy5.5.

For cytoskeleton staining, the cells were treated with nanozymes (25 
μg/mL) for 24 h. The cells were washed with DPBS and fixed with 4% 
paraformaldehyde (PAF) for 20 min at room temperature. Subsequently, 
the cells were stained with Hoechst 33342 (10 μg/mL) and 2 μM Alexa 
Fluor 488 Phalloidin (excitation at 488 nm) in DPBS containing 1% BSA 
at room temperature for 90 min [66]. The cells were examined using a 
confocal laser scanning microscope (ZEISS LSM 900, Zeiss, Germany).

For scanning Transmission electron microscopy, 3 T3 cells were 
seeded at 65000 cells/cm2 in a 6-well plate to obtain at least a million 
cells at the end of the experiment. The day after seeding, Au and AuPt at 
25 μg/mL were added to the culture for 24 h. At the end of the culture, 
cells were collected and fixed with 2.5% glutaraldehyde (EMS) diluted 

in 0.1 M sodium cacodylate trihydrate buffer (Merck Group, Germany). 
Pellets were then washed in cacodylate buffer, post-fixed in osmium 1% 
and ferrocyanide 1.5% for 1 h at RT, washed, incubated in an additional 
bath of osmium 1% for 1 h, washed in water, and colored in a uranyl 
acetate 1% solution for 2 h at RT. After washing, samples were pro
gressively dehydrated using graded ethanol solutions (35% to 100%, 15 
min each). Ethanol was replaced by propylene oxide 100%, and then the 
epoxy resin (AGAR100, Agar Scientific) was progressively infiltrated 
into the tissue. After acclimatization to the resin, samples were put in the 
oven at 60 ◦C for 72 h. Samples were then sectioned using an UC6 ul
tramicrotome (Leica) and ultra-thin sections (50 to 70 μm) were 
recovered on Cu grids (100 mesh, formvar/carbon-coated). Images were 
acquired on a ThermoFisher Talos 200C (Thermo Fisher Scientific, 
Waltham, MA, USA) equipped with a field-emission gun operated at 200 
kV and Velox software.

4.10. In vitro antibacterial activity

To evaluate the antibacterial activity of the nanozyme, Escherichia 
coli ATCC 27195 (E. coli) and Staphylococcus aureus ATCC 25923 
(S. aureus) were selected as representative Gram-negative and Gram- 
positive bacterial strains, respectively. Bacterial suspensions (106 

CFU/mL) were treated with Au and AuPt nanozymes at a concentration 
of 25 μg/mL, in the presence and absence of H2O2 (0.5 mM). The 
treatment was performed in both neutral (pH 7.4) and slightly acidic 
(pH 5.5) conditions to assess the pH-dependent efficacy of the nano
zymes. Following a 24-h incubation at 37 ◦C, the bacterial suspensions 
were serially diluted and spread onto LB agar plates for analysis [67]. 
The plates were incubated overnight at 37 ◦C, and the number of col
onies was counted to determine the CFU. Moreover, to investigate the 
effect of the POD activity of the nanozyme on bacteria growth inhibi
tion, different concentrations of AuPt with high POD activity were used 
in the presence of different concentrations of H2O2 (0 to 8 mM).

The bacteria's viability was assessed using live/dead staining with 
Hoechst 33342 and Ethidium Homodimer-1 (EthD-1). Bacterial sus
pensions treated with nanozymes and H2O2 were centrifuged, and the 
pellets were resuspended in PBS. Hoechst (10 μg/mL) and EthD-1 (2 μM) 
were added to the bacteria and incubated in the dark at room temper
ature for 20 min, followed by washing with PBS. Fluorescence micro
scopy (ZEISS Axio Observer microscope) was performed to visualize 
bacteria. Moreover, the ROS level in bacteria was measured using the 
fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH- 
DA).

4.11. In vivo wound healing

All animal experiments were approved by the Animal Care Com
mittee of Tongji Medical College, Huazhong University of Science and 
Technology (Approval Number 4831). A diabetic wound model was 
established using male C57BL/6 mice (6 weeks old, 15–25 g). To induce 
diabetes, streptozotocin (STZ, 50 mg/kg body weight; Biosharp, China) 
was injected intraperitoneally once daily for a period of five days. To 
enhance STZ absorption and diabetes induction efficiency, mice were 
fasted for 6 h prior to each injection. Fasting blood glucose levels were 
measured two weeks after the last injection by drawing blood from the 
tail vein and using a glucometer. Mice with fasting blood glucose levels 
≥16.7 mM in two consecutive readings were classified as diabetic. 
Diabetic mice were maintained on a standard diet and monitored for 
four additional weeks to ensure stable hyperglycemic conditions. Mice 
were anaesthetized with an intraperitoneal injection of 1% sodium 
pentobarbital (50 mg/kg; Sigma, USA), followed by shaving and steril
ization of the dorsal fur. A full-thickness circular skin wound (10-mm 
diameter) was created on the dorsum using a sterile biopsy punch. 
Following wound creation, mice were randomly assigned to three 
treatment groups (n = 5 per group); PBS (control), 40 μL of 25 μg/mL 
Au, and AuPt nanozyme (25 μg/mL) applied topically to the wound 
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surface using a micropipette. The 25 μg/mL dose was chosen as it 
showed strong intracellular catalytic activity while maintaining >80% 
fibroblast viability in vitro. Wound healing was monitored through 
photographs taken on days 0, 3, 7, 10, and 14 using a high-resolution 
digital camera. Wound areas were measured using ImageJ software to 
calculate the rate of closure over time. On day 14, wound tissues were 
collected, embedded in OCT compound, and cryosectioned into 8-μm- 
thick slices. To assess inflammation, granulation tissue formation, and 
re-epithelialization, sections underwent hematoxylin and eosin (H&E) 
staining. Additionally, collagen deposition and extracellular matrix 
remodeling were analyzed using Masson's trichrome staining. To eval
uate ROS levels, cryosectioned wound tissues (8 μm) were stained with 
dihydroethidium (DHE). Fluorescence microscopy was used to capture 
images of ROS signals, and quantitative analysis was conducted using 
ImageJ software.

4.12. Statistical analysis

All statistical analyses were carried out using GraphPad Prism 9.0 
(GraphPad Software, USA). Data are expressed as mean ± standard 
deviation (SD). For in vitro assays and enzyme kinetics, comparisons 
among groups were performed using one-way ANOVA followed by 
Tukey's multiple comparisons test. For wound closure rates and other 
time-dependent datasets, two-way ANOVA with repeated measures was 
applied, followed by Bonferroni post hoc test. A minimum of three in
dependent experiments were conducted for in vitro studies, and animal 
studies included n = [5] mice per group. Differences were considered 
statistically significant at p < 0.05.
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