
Materials & Design 253 (2025) 113839

Available online 14 March 2025
0264-1275/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Prussian blue nanohybrid hydrogel combined with specific far-infrared 
based on graphene devices for promoting diabetic wound healing

Tingting Yu a,1, Jiamin Zhang b,1, Junwei Lai a,1, Manjiao Deng c, Ziying Zhou d, Zhanbin Xia c,  
Caiying Zhong b, Xinyue Feng c, Yimin Hu c, XuRan Guo e, Wei Wei e, Weichen Gao e,  
Yi Zhang f,*, Zhaobin Guo g,*, Ke Hu b,*

a Department of Medical Genetics, School of Basic Medical Science, Nanjing Medical University, Nanjing 211166 Jiangsu, China
b School of Biomedical Engineering and Informatics, Nanjing Medical University, Nanjing 210009 Jiangsu, China
c Shenzhen Grahope Graphene Research Institute, Shenzhen 518063, China
d College of Materials Science and Engineering, Donghua University, Shanghai 201620 China
e Tianyuan Honor School, Nanjing Medical University, Nanjing 211166 Jiangsu, China
f Department of Colorectal Surgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing 210029 Jiangsu, China
g Institute of Interdisciplinary Integrative Medicine Research, Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China

A R T I C L E  I N F O

Keywords:
Nanozymes
Graphene
Nanohybrid
Hydrogel
Energy medicine

A B S T R A C T

Diabetic wounds are difficult to treat in nature due to their distinct pathophysiological characteristics, such as 
inflammation and/or oxidative stress, which offers an opportunity to employ nanozymes. However, nanozymes 
may cause safety concerns regarding the balance between enzymatic activity and cytotoxicity, as well as unclear 
metabolic pathways when used as free nanoparticles. To address this issue, we developed a Prussian blue 
nanohybrid hydrogel by pre-coupling of polymer materials and inorganic nanomaterials via covalent bond, 
improving the stability of the organic–inorganic interface as well as nanozymes within the nanohybrid hydrogel. 
The nanohybrid hydrogel retained the enzymatic activities of Prussian blue nanoparticles, and its enzymatic 
activities displayed temperature-dependent characteristics when in proximity to physiological temperature. In 
light of this, we combined graphene-based far-infrared photothermal therapy with nanohybrid hydrogel mate
rials, in order to promote wound healing by thermal effects and improved enzymatic activity. Animal experi
ments demonstrated that this combination significantly accelerates diabetes wound healing, alleviating wound 
inflammatory responses, and promote collagen deposition and neovascularization. This innovative approach 
holds considerable promise for advancing the therapeutic potential of diabetic wound healing and offers new 
avenues for the development of next generation wound healing treatments.

1. Introduction

Diabetic wounds, due to their distinct pathophysiological charac
teristics and difficult-to-treat nature, have been extensively investigated 
[1]. The high blood glucose levels, microvascular damage, hypoxia, and 
abnormal inflammatory responses associated with diabetes lead to 
elevated levels of reactive oxygen species (ROS), which impair the ac
tivity of growth factors, disrupt cellular signaling, and hinder collagen 
synthesis and degradation [2]. Reducing ROS levels in the wound 
microenvironment has the potential to alleviate inflammation, promote 
collagen synthesis, and enhance the activity of growth factors, thereby 

improving wound healing [3]. If successful, these approaches hold sig
nificant promise for advancing diabetic wound healing therapies.

Nanozymes, a distinctive class of nanomaterials, have garnered 
considerable attention due to their enzyme-like activities, which mimic 
the functions of natural enzymes [4,5]. Since their discovery, substantial 
research has focused on the biomedical applications of nanozymes, 
including in vitro diagnostics [6–8], drug delivery [9], photodynamic/ 
photothermal therapy [10], and tissue engineering [11]. Particularly, 
their superior catalase-like and superoxide dismutase-like activities 
have demonstrated substantial potential for wound healing [12,13]. 
However, challenges remain regarding the balance between enzymatic 
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activity and cytotoxicity, as well as unclear metabolic pathways when 
used as free nanoparticle. To overcome these obstacles, researchers have 
increasingly explored the enhancement of nanozyme applications in 
wound healing through hybridization with other inorganic or organic 
materials, with composite hydrogel systems emerging as a prominent 
approach [14,15].

Hydrogels, characterized by their high water content and custom
izable functional groups within polymer networks, offer notable ad
vantages in the development of composite materials [16,17]. Several 
strategies have been employed to combine nanozymes with hydrogels, 
including mechanical mixing, dispersion within the hydrogel network, 
and non-covalent interactions that form weak bonds with the hydrogel 
matrix [18]. Numerous studies have reported the development of com
posite materials using these methods, particularly for controlled drug 
[19] release and tissue repair [20]. However, these composite systems 
also exhibit limitations in wound healing applications. For example, the 
instability of organic–inorganic composite materials may lead to the 
release of nanomaterials into the circulatory system before they can 
achieve an ideal therapeutic effect [21]. Therefore, there is a need for 
more advanced strategies that combine nanozymes with hydrogels in a 
manner that integrates the advantages and functionalities of both ma
terials while ensuring stability, thus providing valuable insights for 
designing novel wound-healing materials.

Nanohybrid materials, which consist of two or more distinct nano
scale components, leverage the unique properties of each constituent 
[22,23]. The nanoscale hybridization of these components often results 
in enhanced or entirely new properties, generating synergistic effects 
that improve the overall performance of the material [24]. Typically, 
nanohybrid materials are characterized by superior mechanical prop
erties, stability, and biocompatibility compared to individual compo
nents or traditional composites [25]. Several reports have highlighted 
their application in diabetic wound healing, which mainly through 
regulating the interplay between oxidative stress and inflammatory re
sponses [26–30]. Although nanohybrid materials have found applica
tions in biomedicine, their integration with hydrogels remains relatively 
underexplored, with most studies focusing primarily on enhancing the 
mechanical properties of hydrogels. This limitation can be attributed to 
the inert nature of the inorganic nanomaterials previously used. By 
coupling nanozymes with commonly used hydrogel polymer monomers, 
it is possible to create nanohybrid units that maintain the adjustable 
mechanical properties of hydrogels while incorporating the catalytic 
activity of nanozymes. This approach satisfies the basic requirements for 
anti-inflammatory and wound-healing materials. Moreover, physical 
therapy techniques such as heat therapy, magnetic field treatment, and 
electrical stimulation are commonly employed in clinical settings to 
promote wound healing [31–33]. However, these therapies often fail to 
achieve synergistic effects when used in combination with conventional 
non-responsive wound healing materials. In contrast, some nanozymes 
are responsive to specific physical stimuli, with their therapeutic effi
cacy closely correlated to their enzymatic activity [34]. Therefore, 
integrating physical treatment methods with nanozyme-based hybrid 
hydrogels could potentially enhance wound healing, providing a novel 
paradigm for therapeutic interventions.

Building upon our previous research in nanozymes, biomimetic 
hydrogels, and non-invasive photothermal therapy [35–40], this study 
proposes a novel strategy for promoting diabetic wound healing through 
the use of Prussian blue nanohybrid hydrogels combined with far- 
infrared photothermal therapy. This approach offers several key ad
vantages: (1) covalent coupling of Prussian blue nanozymes with gelatin 
methacrylate – previous studies on nanohybrid hydrogels have pre
dominantly focused on combining polymer materials and inorganic 
nanomaterials during gelation, using chemical or physical methods to 
incorporate the nanomaterials into the hydrogel network via either co
valent or non-covalent interactions. In contrast, the present study in
volves the pre-coupling of polymer materials and inorganic 
nanomaterials via covalent bonds, which are then employed as 

crosslinkers to construct the nanohybrid hydrogel. This methodology 
enhances the stability of the organic–inorganic interface, improves 
crosslinking efficiency, and increases the stability of the nanozymes 
within the nanohybrid hydrogel. (2) Integration of far-infrared photo
thermal therapy with nanohybrid hydrogel – this strategy combines 
graphene-based far-infrared photothermal therapy with the nanohybrid 
hydrogel materials. Far-infrared radiation promotes wound healing 
through thermal effects, thereby enhancing the enzymatic activity of the 
nanozymes and improving the wound-healing efficacy of the nano
hybrid hydrogel. Taken together, this novel strategy may offer a new 
paradigm for the treatment of chronic diabetic wounds.

2. Experimental section

2.1. Preparation and enzyme activity testing of Prussian blue nanohybrid 
units (PB@GelMA)

Prussian blue nanoparticles (PB NPs) were provided by Nanjing 
Dongna Biotechnology Co., Ltd. The preparation method is as follows: 
FeCl3⋅6H2O (0.2703 g, 0.001 mol) and C6H8O7⋅H2O (0.6307 g, 0.003 
mol) were added to 20 mL deionized water to form solution A. K4[Fe 
(CN)6]⋅3H2O (0.4224 g, 0.001 mol) was dissolved in 20 mL deionized 
water to form solution B. Prior to the reaction, 10 mL of solution A was 
added to a reaction flask containing 60 mL deionized water to prepare 
PB NPs with different sizes and crystallinity. While stirring vigorously at 
60 ◦C, 10 mL of solution A and 20 mL of solution B were added simul
taneously at a rate of 40 mL/h. After the double injection, the reaction 
mixture was stirred for 2 h to obtain the final product. To purify the 
product, 20 mL of PB NPs solution was placed in a dialysis bag (mo
lecular weight cutoff = 200 kDa) and soaked in 5 L deionized water for 5 
days, with the external deionized water replaced multiple times during 
dialysis. The as-prepared Prussian blue nanoparticles (PB NPs) were 
subjected to elemental analysis using inductively coupled plasma (ICP) 
technique to determine their iron content. Accordingly, all PB NPs 
concentrations in this study were uniformly expressed in terms of iron 
concentration to ensure the accuracy and comparability of experimental 
data.

Construction of PB@GelMA Nanohybrid Unit: 2 mL PB NPs (0.25 
mg/mL), 0.001 g 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC, 5.216 × 10− 6 mol), and 8 mL deionized water were mixed under 
mechanical stirring (500 rpm) at 37 ◦C for 15 min. Afterward, 10 mL of 
0.04 % GelMA solution was added, followed by magnetic stirring for 30 
min. The mixture was dialyzed at 55 ◦C for purification (molecular 
weight cutoff = 200 kDa).

Catalase-like Activity Test: 200 µL of phosphate buffer (pH = 8.23) 
was prepared, to which 20 µL of PB@GelMA (15.6 µg/mL) and 30 µL 
H2O2 solution (10 M) were added. The change in dissolved oxygen was 
measured using an oxygen meter (Presens OXY-1.ST, NTH needle-type 
probe).

Superoxide Dismutase (SOD)-like Activity Test: The total SOD ac
tivity was determined using a commercial SOD assay kit (WST-8 
method). The SOD assay buffer and WST-8/enzyme working solution 
were prepared according to the kit’s instructions. Different concentra
tions of PB@GelMA (Fe concentration: 0.75 µg/mL, 1.5 µg/mL, 4 µg/mL, 
10 µg/mL) were set up, with sample and blank control groups as per the 
kit protocol. After incubating at 37 ◦C for 30 min, the absorbance at 450 
nm was measured using a microplate reader to calculate the inhibition 
percentage.

Peroxidase-like Activity Test: TMB was chosen as the substrate for 
the colorimetric reaction. PB@GelMA dispersion (15.6 mg/L), TMB (10 
mg/mL), H2O2 (10 M), and HAc-NaAc buffer (pH = 4.0) were mixed in a 
2:1:3:20 ratio. The absorbance at 650 nm was recorded using a micro
plate reader, with measurements taken every 10 s for a total of 20 
readings. The experiment was repeated in triplicate at 25 ◦C, 37 ◦C, and 
43 ◦C.
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2.2. Preparation of Prussian blue nanohybrid hydrogel

Gelatin methacrylate (GelMA, Jiangyin StamiBiotech Co., Ltd., Mw. 
200 K, 8 % w/w), hyaluronic acid methacrylate (Shanghai Yujy Tech
nology Co., Ltd., Mw. 150 k, 0.5 % w/w), and PB@GelMA (15 mg/L) 
were dispersed in deionized water. The nanohybrid hydrogel without 
PB@GelMA was used as the control, consisting of GelMA (8 % w/w) and 
hyaluronic acid methacrylate (0.5 % w/w) dispersed in deionized water. 
The mixture was stirred at 60 ◦C for 2 h until all components were 
completely dissolved and residual impurities were removed. Lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Jiangyin Stam
iBiotech Co., Ltd., 0.5 % w/w) was added to the solution and sonicated 
until fully dissolved, followed by rapid filtration to remove impurities. 
The pre-polymer solution was injected into molds and subjected to 
photopolymerization (405 nm, intensity 500 mW/cm2 for 5 min). Unless 
otherwise stated, all chemicals were purchased from Sigma-Aldrich.

2.3. Mechanical properties of Prussian blue nanohybrid hydrogels

The Young’s modulus and stress relaxation of the hydrogels were 
characterized using a nanoindenter (Piuma, Optics11, Netherlands). The 
spherical optical probe of the nanoindenter had a tip radius of 47 µm and 
a stiffness of 0.35 N m− 1. During the Young’s modulus measurement, the 
probe was set to indent 10 µm within 2 s, followed by a 1-second hold 
before unloading (mapping points: 25 points).

2.4. Enzyme activity tests of Prussian blue nanohybrid hydrogels

Catalase-like Activity of Nanohybrid Hydrogels: 30 µL of H2O2 (10 
M) was mixed with 100 µL PBS buffer (pH = 8.23) at room temperature, 
then added dropwise onto pre-prepared nanohybrid hydrogel wells for 
imaging.Peroxidase-like Activity of Nanohybrid Hydrogels: TMB (10 
mg/mL), H2O2 (30 %), and HAc-NaAc buffer (pH 4.0) were mixed in a 
1:2:10 ratio, then added dropwise onto pre-prepared nanohybrid 
hydrogel wells for imaging.

2.5. Cell culture, in vitro antioxidant test, and live/dead staining

Raw 264.7 mouse macrophage leukemia cells were purchased from 
ATCC. Hydrogels in 24-well plates were sterilized, and 1 mL of α-MEM 
complete culture medium (with 10 % FBS) was added to each well for 
pre-culture at 37 ◦C and 5 % CO2 for 24 h. The medium was then 
removed, and Raw 264.7 cells were seeded at a density of 40,000 cells 

per well. After 5 days of culture, the cells were stimulated with 400 µM 
H2O2 for 4 h, followed by PBS washing (3 times). Live/dead cell staining 
was performed according to the manufacturer’s instructions, and live 
(green) and dead (red) cells were observed under an inverted fluores
cence microscope.

2.6. Infrared emission characteristics of graphene devices

Graphene devices were provided by Grahope New Materials Tech
nologies Inc. The infrared emission spectrum was collected using a 
Fourier-transform infrared spectrometer (Thermo Fisher, Nicolet iS50). 
The light source was set to external, and the detector was a deuterated 
triglycine sulfate (DTGS) detector. The beam splitter used was KBr. 
Single-beam mode was selected, and the measurement range was 
400–4000 cm− 1 with a resolution of 8 cm− 1, performing a total of 48 
scans. The data were converted to wavelength to obtain the final spec
trum. Infrared absorption spectra were also measured using the Fourier- 
transform infrared spectrometer (Thermo Fisher, Nicolet iS50). The 
external fiber probe with a germanium tip was coupled to the FTIR 
system using an attenuated total reflectance (ATR) configuration. The 
measurement range was 400–4000 cm− 1 with a resolution of 8 cm− 1, 
performing a total of 64 scans. The probe was placed in the air for 
background data collection, then applied to the surface of the test sub
ject (mouse or human) and pressed for approximately 1 min to collect 
data. The resulting data were processed with advanced ATR correction.

2.7. Animal model, wound healing experiments, and related analysis

Sixty 8-week-old male SD rats (250–300 g) were injected with 
streptozotocin (40 mg/kg) dissolved in citrate buffer (pH = 4.5). Three 
weeks later, rats with blood glucose levels > 16.1 mmol/L on two 
consecutive measurements were defined as diabetic rats. The diabetic 
rats were anesthetized with 4 % pentobarbital sodium (30 mg/kg) via 
intraperitoneal injection, and hair was shaved from the back. A full- 
thickness wound of 10 mm diameter was created using a skin biopsy 
punch on both sides of the back. The wounds were treated with: 1) blank 
control, 2) graphene device only irradiation, 3) GelMA hydrogel, 4) 
PB@GelMA hydrogel, 5) PB@GelMA hydrogel + graphene irradiation. 
Groups 1 and 2 received physiological saline post-wounding, while 
groups 3, 4, and 5 received hydrogel treatment. Each group had 6 rats. 
Graphene device irradiation conditions: after stabilizing the device 
surface temperature at 100 ◦C, the rats were placed 15 cm from the 
graphene device surface and irradiated for 40 min twice daily. Wound 

Fig. 1. Schematic illustration of the construction of nanohybrid hydrogels from Prussian Blue (PB) nanohybridization and their synergistic promotion of diabetic 
wound healing in conjunction with graphene-based devices through special far-infrared radiation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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images were taken on days 0, 6, and 9, and wound tissues were excised 
on days 6 and 9 for histological analysis. Hematoxylin and eosin (H&E) 
and Masson’s trichrome staining were performed on day 6 and day 9. 
Immunofluorescence staining for CD86 and CD206, as well as immu
nohistochemistry for IL-10 and TNF-α, were conducted to evaluate the 
inflammatory response in the wounds. Immunohistochemistry for 
collagen was performed to assess collagen deposition in granulation 
tissue, and immunohistochemistry for CD31 and α-SMA was performed 
to analyze vascularization and smooth muscle cell activity. The animal 
experiment was approved by the Experimental Animal Welfare Ethics 
Committee of Nanjing Medical University (IACUC-2304002).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 
8.2.1). For all experiments with error bars, the standard deviation (SD) is 
calculated, and the data are presented as mean ± SD. Data represent the 
average of at least three independent experiments (n = 3) or represen
tative data from independent experiments. Co-localization analysis was 
performed using ImageJ (Fiji-win64 version) and the “Color2” plugin to 
calculate the Pearson correlation coefficient (R value). P < 0.05 is 
considered as statistically significant.

3. Results

We have developed Prussian blue nanohybrid units (PB@GelMA) 

based on Prussian blue nanoparticles (PBNPs) with clinical translation 
potential and methacrylated gelatin (GelMA). Building on this, we used 
the nanohybrid unit as a crosslinking site and co-polymerized it with 
methacrylated hyaluronic acid (HAMA) and GelMA to fabricate bio
mimetic nanohybrid hydrogels, which were subsequently applied to 
promote diabetic wound healing. Fig. 1 illustrates our design strategy. 
This biomimetic nanohybrid hydrogel effectively adapts to the me
chanical environment of the wound tissue, while also performing cata
lase (CAT)-like and superoxide dismutase (SOD)-like activities by 
scavenging reactive oxygen species (ROS), thus promoting wound 
healing. Furthermore, we integrated the nanohybrid hydrogel with 
infrared non-invasive photothermal therapy based on a special graphene 
device, a concept we previously proposed. By elevating the wound 
temperature, this approach not only provides thermal therapy but also 
enhances the enzymatic activity of the nanohybrid hydrogel, achieving 
synergistic treatment to alleviate inflammation and promote tissue 
regeneration (Fig. 1).

3.1. Construction and characterization of PB@GelMA nanohybrid 
hydrogels

To characterize the structure and fundamental properties of the 
Prussian blue nanohybrid units, we performed imaging and elemental 
analysis using scanning transmission electron microscopy (STEM) 
(Fig. 2A). The results revealed that the Prussian blue nanoparticles 
exhibited well-formed crystallinity. Elemental analysis further showed a 

Fig. 2. Construction of PB@GelMA nanohybridization hydrogel: A) Scanning transmission electron microscopy (STEM) characterization of the PB@GelMA hybrids; 
B) Hydrodynamic size of the nanohybrid units; C) UV–Vis spectral characteristics; D) Peroxidase-like activity; E) Superoxide dismutase (SOD)-like activity; F) 
Peroxidase-like activity at different temperatures. Scale bars represent 200 nm.

T. Yu et al.                                                                                                                                                                                                                                       



Materials & Design 253 (2025) 113839

5

distinct carbon layer surrounding the core, indicating the successful 
coupling of GelMA with the citric acid on the surface of Prussian blue. 
Hydrodynamic size measurements indicated a significant increase in the 
size of the nanohybrid units compared to the original particles, while 
still maintaining excellent size uniformity (Fig. 2B). UV–Vis spectros
copy results demonstrated a clear absorption peak around 720 nm 
(Fig. 2C), consistent with the characteristic absorption of Prussian blue 
in the visible light range. The Prussian blue nanohybrid units exhibited 
strong catalase-like activity (Fig. 2D), superoxide dismutase-like activity 
(Fig. 2E), and peroxidase-like activity (Fig. 2F). Additionally, enzyme 
activity was significantly enhanced at elevated temperatures, providing 
a solid foundation for subsequent biological applications. This temper
ature elevation provides higher kinetic energy to molecules in the re
action system, effectively reducing the activation energy and 
significantly enhancing the catalytic reaction rate. This phenomenon is 

consistent with the photothermal catalytic enhancement effects re
ported in numerous studies [41,42]. Considering the relationship be
tween Prussian blue (PB) concentration and absorption characteristics, 
we systematically investigated the UV–Vis absorption spectral features 
by establishing three concentration gradients (Fig. S1). The experi
mental data indicate that the absorbance of characteristic absorption 
peaks exhibits a distinct concentration-dependent enhancement with 
increasing PB concentration, providing a reliable basis for quantitative 
analysis.

PB@GelMA retains the polymerization capability of GelMA as a 
hydrogel monomer. Scanning electron microscopy (SEM) images 
revealed that PB@GelMA nanoparticles were uniformly dispersed 
within the hydrogel, providing preliminary evidence that the nano
particles serve as crosslinking points in the nanohybrid hydrogel 
(Fig. 3A, Fig. S2). Furthermore, the nanohybrid hydrogel maintained the 

Fig. 3. Fabrication of PB@GelMA nanohybrid hydrogels: A) Scanning electron microscopy (SEM) images of the PB@GelMA nanohybrid hydrogels; B) Peroxidase-like 
activity of the nanohybrid hydrogels; C) Catalase-like activity of the nanohybrid hydrogels; D) and E) Photographs of GelMA hydrogel and PB@GelMA hydrogel; F) 
and G) Three-dimensional (3D) heat maps of Young’s modulus mapping for GelMA hydrogel and PB@GelMA hydrogel; H) and I) Two-dimensional (2D) heat maps of 
Young’s modulus mapping for the hydrogels. Scale bars represent 200 nm.

T. Yu et al.                                                                                                                                                                                                                                       



Materials & Design 253 (2025) 113839

6

peroxidase-like (Fig. 3B) and catalase-like (Fig. 3C, Supplementary 
Movie 1) activities of the Prussian blue nanoparticles. In comparison 
with pure polymer hydrogels prepared by co-polymerization of GelMA 
and HAMA (Fig. 3D, Supplementary Movie 2), the nanohybrid hydrogel 
made using PB@GelMA as the crosslinker and GelMA and HAMA as the 
monomers exhibited a distinct bluish-green appearance (Fig. 3E). These 
results confirm the stable presence of Prussian blue, which did not un
dergo significant changes in its physicochemical properties during 
crosslinking. 3D mechanical heatmaps showed that the Young’s 
modulus of the Prussian blue nanohybrid hydrogel (Fig. 3F) was 
significantly higher than that of the pure polymer hydrogel (Fig. 3G). 
Additionally, 2D mechanical heatmaps indicated that the material were 
mechanically uniform, with properties closely resembling those of the 
wound tissue (Fig. 3H and I).

3.2. Biocompatibility of PB@GelMA nanohybrid hydrogels

We selected macrophage Raw 264.7 cells as the cell model to eval
uate the biocompatibility and antioxidant capacity of the Prussian blue 
nanohybrid hydrogel. Raw264.7 cells were cultured on the surface of the 
hydrogel, and live/dead cell staining results umber of cell deaths were 
observed on the surface of the pure polymer hydrogel, whereas signifi
cantly fewer cells died on the surface of the Prussian blue nanohybrid 
hydrogel (Fig. 4A). Quantitative analysis of the live/dead cell ratio 
confirmed this trend (Fig. 4B). These results indicate that the Prussian 
blue nanohybrid hydrogel possesses strong reactive oxygen species 
(ROS) scavenging capability, thereby protecting cells from ROS-induced 
damage. Prussian blue nanozymes (PBNs) synergistically scavenge ROS 
by mimicking the multi-enzyme activities of SOD, CAT, and POD. Their 
CAT-like activity decomposes H2O2 into water and oxygen, blocking the 
ROS cascade. By reducing ROS levels, PBNs alleviate oxidative stress and 
suppress the release of pro-inflammatory factors, while promoting 
macrophage polarization toward the anti-inflammatory M2 phenotype 
and enhancing the secretion of repair factors. This design accelerates 
diabetic wound healing through multi-enzyme synergistic antioxidant 
effects, regulation of the inflammatory microenvironment, and 
improvement of hypoxia, protecting cells from oxidative damage.

3.3. Synergistic promotion of diabetic wound healing by PB@GelMA 
nanohybrid hydrogels and graphene-based far-infrared emission devices

The results in Fig. 2 demonstrate that the enzymatic activity of the 
nanohybrid hydrogel increases with temperature. Based on these find
ings and our previous research on graphene-based non-invasive photo
thermal therapy [38,40], we hypothesize that the combination of this 
nanohybrid hydrogel with graphene photothermal therapy could have a 
synergistic therapeutic effect on wounds prone to bacterial infections, 
such as those in diabetic patients. To test this hypothesis, we developed a 

chronic wound model in diabetic rats and evaluated the effect of Prus
sian blue nanohybrid hydrogel combined with non-invasive photo
thermal therapy on wound healing. The experimental timeline and 
appearance of the graphene device are presented in Fig. 5A and B, 
respectively. Raman spectroscopy of the device confirmed that the core 
material is graphene monolayer (Fig. 5C). The electromagnetic waves 
emitted by the device upon electrical stimulation did not exhibit sig
nificant changes in the infrared spectral peaks with temperature varia
tions, and they matched the characteristic absorption window of 
infrared spectra for skin of both rats and humans (Fig. 5D, blue strip 
indicates the region). The device demonstrated excellent infrared 
emission stability and uniformity at different input powers (Fig. 5E, 
Figs. S3–S5). Additionally, the temperature of the rat wound site 
increased by approximately 3 ◦C after infrared irradiation, with the 
physiological status of the rats remaining normal before and after a 
single irradiation session (Fig. 5F).

To further compare the effects of Prussian blue hydrogel and gra
phene photothermal therapy on diabetic wounds, five experimental 
groups were established: Blank Control, Graphene Irradiation (GI) only, 
Control Hydrogel, PB@GelMA Hydrogel only, and PB@GelMA Hydro
gel + Graphene Irradiation (PB@GelMA Hydrogel + GI). Wound area 
measurements indicated that, on both day 6 and day 9, the GI group and 
the PB@GelMA Hydrogel group exhibited similar results, both signifi
cantly smaller than the Blank Control and Control Hydrogel groups. The 
PB@GelMA Hydrogel + GI group showed the smallest wound area 
(Fig. 5G and H). These findings suggest that both Prussian blue nano
hybrid hydrogel and graphene-generated far-infrared radiation indi
vidually promote wound healing, with the combined therapy showing 
the most significant healing effect. The results further validate our hy
pothesis that the far-infrared radiation generated by the graphene device 
not only promotes wound healing but also enhances the ability of the 
Prussian blue nanohybrid hydrogel to scavenge reactive oxygen species 
(ROS) at the wound site, thereby facilitating a synergistic anti- 
inflammatory effect and accelerating tissue regeneration.

Based on these findings, histological analysis of the wound tissue was 
conducted using hematoxylin-eosin (HE) staining and Masson’s tri
chrome staining. The staining results were consistent with the observed 
wound area reduction. HE staining demonstrated that both the special 
far-infrared radiation generated by the graphene device and the Prussian 
blue nanohybrid hydrogel effectively reduced inflammation, with their 
combined treatment showing a more pronounced effect (Fig. 6A). 
Masson’s trichrome staining revealed that collagen deposition in the 
graphene far-infrared group and the Prussian blue nanohybrid hydrogel 
group was greater than in the Blank Control and pure polymer hydrogel 
groups. Notably, the collagen deposition in the combined treatment 
group was significantly higher than that in all other groups (Fig. 6B).

We further performed immunofluorescence staining of pro- 
inflammatory (M1-type) macrophage marker CD86 (Fig. 7A) and pro- 

Fig. 4. In vitro antioxidant capacity characterization of PB@GelMA nanohybrid hydrogels: A) Live/dead cell staining images of PB@GelMA nanohybrid hydrogels; 
B) Quantitative statistical analysis of live/dead cell ratio. ** p < 0.01. Scale bars represent 100 μm.
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Fig. 5. Synergistic promotion of diabetic wound healing by the special far-infrared radiation generated from the graphene-based device in combination with 
PB@GelMA nanohybrid hydrogels. A) Schematic diagram of the animal experimental protocol; B) Photograph of the graphene device; C) Raman spectroscopy 
characterization of the graphene device; D) Comparison of the infrared emission spectra of the graphene device with the absorption spectra of human skin and rat 
skin (fur removal for experiment), highlighting the blue region; E) Thermographic imaging of the graphene device during heating; F) Optical images before and after 
infrared irradiation (left), thermographic images (middle), and fused images (right) of the experimental animals; G) Representative photographs of the wounds on 
days 0, 6, and 9; H) Statistical graph showing the trend of changes in wound area. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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Fig. 6. Histological staining of the wounded tissue: A) Hematoxylin and eosin (H&E) staining; B) Masson’s trichrome staining. Scale bars represent: 500 µm (left), 
1000 µm (right).
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wound healing (M2-type) macrophage marker CD206 (Fig. 7B) in 
wound tissues, followed by quantitative analysis of the number of cells 
positive for these markers. The results showed that, at day 6, both the 
Prussian blue nanohybrid hydrogel group and the graphene device 
group exhibited higher levels of CD206 and lower levels of CD86, with 
these trends being more pronounced in the combined treatment group. 
Additionally, on day 9, the same trends persisted, with the differences 
between groups becoming more pronounced. These findings indicate 
that both the Prussian blue nanohybrid hydrogel and graphene irradi
ation independently promote a reduction in M1 macrophages and an 

increase in M2 macrophages, with their combined application resulting 
in further enhancement of this effect.

To further confirm the anti-inflammatory effects of the combined use 
of Prussian blue nanohybrid hydrogel and the graphene device, we 
evaluated the pro-inflammatory cytokine marker TNF-α using immu
nohistochemical staining (Fig. 7C). On day 9, TNF-α expression in both 
the Prussian blue nanohybrid hydrogel group and the combined treat
ment group with graphene-generated far-infrared radiation was signif
icantly reduced compared to the Blank Control group. Moreover, while 
both the Prussian blue nanohybrid hydrogel and graphene far-infrared 

Fig. 7. Immunofluorescence staining of the wounded tissue: A) CD86; B) CD206; C) TNF-α; *p < 0.05, **p < 0.01. Scale bars represent: 50 µm (A and B), 100 µm (C).
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radiation individually decreased TNF-α expression, the combined 
treatment demonstrated a significantly stronger effect. These results 
further validate the ability of the combined therapy to effectively sup
press wound inflammation.

To assess neovascularization in the wound tissue, immunohisto
chemical staining for CD31 was performed (Fig. 8A). On day 9, the 
combined use of the nanohybrid hydrogel and the graphene device 
showed higher CD31 expression compared to other groups, which may 
be attributed to the ability of the nanohybrid hydrogel to ameliorate 
oxidative stress in the wound microenvironment. These findings suggest 
that the combination of graphene-generated far-infrared radiation with 
the nanohybrid hydrogel promotes neovascularization and supports 

diabetic wound healing.
Immunohistochemical staining for Collagen I was conducted to 

evaluate collagen deposition in the granulation tissue (Fig. 8B). Collagen 
deposition and its aligned orientation play critical roles in the remod
eling of the extracellular matrix (ECM). On day 9, the graphene far- 
infrared treatment group exhibited significantly higher Collagen I 
levels. This indicates that the combination of graphene-generated far- 
infrared radiation and the nanohybrid hydrogel facilitates diabetic 
wound healing by enhancing ECM formation and remodeling.

Fig. 8. Immunohistochemical staining characterization of the wounded tissue: A) CD31; B) Type I Collagen. *p < 0.05, **p < 0.01. Scale bars represent 100 μm.
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4. Discussion

In this work, a novel Prussian blue (PB) nanohybrid hydrogel, which 
differs from previously reported nanohybrid hydrogels in its construc
tion method, was reported. We first conjugated Prussian blue nano
particles with GelMA to form PB@GelMA nanohybrid units, and 
subsequently copolymerized these units with other polymer monomers 
to create the nanohybrid hydrogel. This method enables the hydrogel to 
better preserve the enzyme-like catalytic activity of the Prussian blue 
nanoparticles as well as the stability of these particles as crosslinking 
points within the gel network. Nanozymes, such as those used in this 
study, possess beneficial properties, including the ability to alleviate 
wound inflammation or oxidative stress. For example, platinum-based 
nanozymes particles and dual-network hydrogel dressings developed 
in our previous studies have demonstrated efficacy in modulating the 
diabetic wound microenvironment and scavenging oxidative stress in 
diabetic wounds [35]. However, free nanozymes may pose potential 
safety risks. To address this, several studies have employed approaches 
like microneedles to control the release of nanozymes, limiting their 
entry into the bloodstream and metabolic organs (such as the liver and 
kidneys), thus improving the safety profile of the materials [43].

In this study, for the first time, we reported a Prussian blue nano
hybrid hydrogel by covalently coupling Prussian blue nanoparticles as 
core sites with methacrylated gelatin (GelMA), forming a new nano
hybrid unit. This method covalently fixes the nanoparticles within the 
hydrogel network, thereby preventing the formation of free-floating 
nanoparticles and reducing the likelihood of their entry into the 
bloodstream via wound capillaries, all while maintaining the enzyme- 
like activity of the Prussian blue. As a result, the safety of the material 
in the wound healing process is enhanced.

Additionally, we observed a significant temperature dependence of 
the nanozymes activity within the nanohybrid hydrogel, with enzyme 
activity being notably higher at 43 ◦C compared to 37 ◦C. Therefore, we 
integrated this nanohybrid hydrogel with a novel graphene-based device 
developed in our previous work, which emits far-infrared (FIR) radiation 
to elevate the wound temperature. The combination of the two effec
tively alleviated inflammation, immune cell infiltration, and promoted 
wound repair in diabetic wounds. The FIR radiation emitted by the 
graphene device primarily exhibits a characteristic peak around 8 μm 
[38,40], which overlaps significantly with the infrared absorption 
window of human skin tissue. Both this study and previous research 
have confirmed that FIR radiation in this wavelength range is better 
absorbed by the body tissues via resonance effects [40]. Moreover, the 
graphene device used in this study differs considerably from conven
tional FIR emitters, as it does not follow classical Planck’s blackbody 
radiation law or Wien’s displacement law. Notably, the emission 
wavelength of the device remains stable at approximately 8 μm even 
with prolonged exposure, without significant blue shift due to changes 
in device temperature, which ensures higher energy absorption effi
ciency in the wound. This ability to precisely control the wound tem
perature enhances the safety of our FIR therapy, and the underlying 
mechanisms will be further elucidated in the following studies with 
visualizable in vitro systems such as organoids or organoids-on-chip 
models [44–46].

5. Conclusions

In this study, we developed a novel nanohybrid unit, PB@GelMA, 
which combines the high cellular affinity and excellent processability of 
GelMA as a biomimetic material with the nanozymes activity of PB 
nanoparticles. The resulting PB nanohybrid hydrogels exhibit mechan
ical properties that closely mimic those of biological tissues, and 
demonstrate superior reactive oxygen species (ROS) scavenging capa
bility. Furthermore, these hybrid hydrogels can be integrated with non- 
invasive photothermal therapy based on graphene devices, effectively 
suppresses inflammation in diabetic rat wounds and promotes wound 

healing and tissue regeneration. Taken together, this innovative 
approach holds considerable promise for advancing the therapeutic 
potential of diabetic wound healing, and offers new avenues for the 
development of next generation wound healing treatments.
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