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A B S T R A C T

The incorporation of hydrogels with biocompatible functional components to develop wound dressings exhib
iting potent antibacterial, antioxidant, anti-inflammatory, and angiogenic properties to promote diabetic wound 
healing is highly desirable yet continues to pose a significant challenge. In this study, wormwood essential oil 
(WEO) is successfully encapsulated within black phosphorus (BP) using a physical extrusion technique. Subse
quently, this composite is encapsulated within biocompatible gelatin methacrylate (GelMA) and hyaluronic acid 
methacrylate (HAMA) hydrogels to create multifunctional hydrogel dressing (WEO@BP/GH). In comparison to 
traditional hydrogels, BP enhances the encapsulation stability of WEO and improves the microenvironmental 
regulation capabilities through NIR-triggered release of WEO. Systemic in vitro experiments demonstrate that 
synergistic interaction between the diverse bioactive components of WEO and photothermal effects of BP results 
in highly effective antibacterial activities against S. aureus and E. coli, antioxidant of scavenging ROS, anti- 
inflammation of downregulating M1/M2 macrophages ratio, and angiogenic properties. Moreover, the in vivo 
tests demonstrate that WEO@BP/GH hydrogel significantly enhances high-performance diabetic wound repair 
through the acceleration of hemostasis, promotion of collagen deposition, regulation of inflammatory responses, 
and facilitation of vascularization. The findings indicate that WEO@BP/GH hydrogel holds considerable promise 
as a candidate for microenvironment regulation and effective diabetic wound healing across various clinical 
applications.

1. Introduction

Diabetes mellitus is a significant public health issue due to its link to 
rising mortality and morbidity rates [1,2]. By 2045, around 700 million 

people are expected to have diabetes, with many at risk of developing 
diabetic wounds (DW) [3,4]. These wounds often become chronic and 
non-healing because of factors like metabolic stress, hypoxia, ischemia, 
and infection [5,6]. A DW often becomes stuck in a harmful 
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inflammatory cycle due to factors like impaired growth factor response, 
poor circulation, ongoing proinflammatory cytokine release, excess 
reactive oxygen species (ROS), and other microvascular issues [7,8]. 
Basic wound care may be insufficient, necessitating targeted in
terventions at different healing stages due to the multifactorial nature of 
DW complications [9,10]. Despite the rapid growth of diabetic patients 
worldwide, there are currently no effective therapeutic strategies for 
diabetic wound healing, which underscores the need to identify new 
therapeutic approaches.

Recently, interest has surged in using hydrogels for biomaterials- 
based microenvironment modulation [11–13]. Hydrogels, made of hy
drophilic polymers, can retain water at wound sites and offer stability 
through their cross-linked network, making them ideal for localized 
wound management [14,15]. They stand out in tissue repair and 
regeneration by enabling the incorporation of bioactive molecules or 
cells [16,17]. Bioactive molecules in hydrogels can be gradually released 
for sustained therapeutic effects [18,19]. Among various strategies, 
ROS-scavenging hydrogels are commonly used [8,20]. Many nano
particles are loaded in hydrogels for ROS-scavenging, including 
self-propelled nanovesicles and PtCuTe nanosheets [21–23]. However, 
solely targeting ROS is ineffective in addressing hyperinflammation, 
persistent infection, and ischemia in diabetic wound healing [24,25]. 
Thus, we aimed to create a wound dressing with enhanced microenvi
ronment regulation and wound-healing properties.

Advancements in phytochemistry have led to the use of essential oils 
as mild microenvironment regulation agents due to their bioactive 
components [26]. The main components of wormwood essential oil 
include camphor, eugenol, and germacrene D. They have rich biological 
effects, including antibacterial, anti-inflammatory, ROS-scavenging, and 
promoting the polarization of M2-type macrophages. These rich effects 
can effectively regulate the microenvironment of diabetic wounds, thus 
promoting the healing of diabetic wounds [1]. However, their hydro
phobic nature complicates integration with hydrophilic hydrogel 
dressings, and their volatility limits effective penetration into biofilms, 
reducing their effectiveness in treating diabetic wounds [27,28]. 
Encapsulating essential oils in colloidal delivery systems with surfac
tants improves their payload and water stability [29]. However, many 
surfactants, particularly anionic and cationic types, can disrupt lipid 
membranes and cause skin irritation, limiting their biocompatibility 
[30]. Additionally, surfactant-stabilized emulsions often lack thermal 
stability, complicating their use in thermal polymerization [4,31]. 
Therefore, efficiently integrating hydrophobic essential oils with hy
drophilic hydrogels to create a biocompatible wound dressing that en
hances microenvironment regulation is crucial for improving diabetic 
wound healing.

Photothermal therapy (PTT) is a novel approach that utilizes pho
tothermal agents (PTAs) to convert the optical energy of near-infrared 
(NIR) light into localized physical heat energy. PTT has several advan
tages of broad-spectrum antibacterial activity, deep tissue penetration, 
and good biosafety, which making PTT gradually become an ideal 
treatment strategy to replace antibiotic therapy [32,33]. Black phos
phorus (BP) generally shows strong absorption of NIR radiation and 
excellent photothermal conversion due to its adjustable bandgap 
(0.3–2.0 eV) [34]. This can greatly improve the effectiveness and safety 
of photothermal treatment in biomedical applications, particularly for 
minimally invasive, effective sterilization in anti-infection diabetic 
wound treatments [35,36]. BP can degrade and form phosphate in the 
environment of oxygen and water, making the surface of black phos
phorus negatively charged and hydrophilic. Hydrophilic BP, combined 
with its unique planar structure and large specific surface area, can form 
oil-in-water particles with hydrophobic essential oils, thus effectively 
loading the essential oil [37,38]. Additionally, the degraded non-toxic 
phosphate and phosphonate by BP in biological environments can 
integrate safely into human phosphorus metabolism [39,40]. Therefore, 
the development of BP nanoplatforms loaded with essential oils, which 
have a combination of NIR response, the ability to regulate the 

microenvironment, and improved wound healing, is an intriguing 
strategy for diabetic wounds.

In this study, BP nanosheets and photo-crosslinking 3D network were 
used to integrate natural wormwood essential oil (WEO) with biocom
patible gelatin methacrylate (GelMA) and hyaluronic acid methacrylate 
(HAMA) hydrogel to construct a class of “4A Hydrogel” wound dressing 
with antibacterial, antioxidant, anti-inflammation, and angiogenic ac
tivities (Fig. 1). A nanoparticle extruder was employed to create a nano 
shelter structure with BP nanosheets on the exterior and WEO inside. 
Gelatin methacrylate (GelMA) and hyaluronic acid methacrylate 
(HAMA) were photo-crosslinked to form a stable 3D network capable of 
drug loading. This structure effectively encapsulated WEO in the BP 
nanosheets and hydrogel, creating a microenvironment-regulating 
hydrogel dressing (WEO@BP/GH). Unlike traditional hydrogel-based 
WEO delivery, BP nanosheets boost loading efficiency, provide NIR- 
responsive release, and enhance the antibacterial properties of 
WEO@BP/GH through a synergistic photothermal effect. In addition, 
the 3D network of WEO@BP/GH provides excellent swelling and he
mostatic properties, allowing for effective exudate absorption and 
bleeding prevention. Its abundant hydroxyl and amino groups enhance 
skin adhesion, making it suitable for clinical use. These features enable 
WEO@BP/GH hydrogel to effectively heal diabetic wounds in rats, 
highlighting its potential for treating acute wounds and chronic infec
tious wounds.

2. Results and discussion

2.1. Fabrication and physicochemical characterization

Wound dressings play a crucial role in wound management by acting 
as a protective barrier against external infections and serving as a 
scaffold to facilitate the reorganization of skin cells, as well as the 
infiltration and integration of host tissues, thereby significantly 
enhancing the wound healing process [41]. An optimal skin wound 
dressing should fulfill several key criteria: (1) excellent biocompati
bility, ensuring it does not induce toxicity or inflammation; (2) effective 
moisture retention, which maintains a moist wound environment 
conducive to cell hydration and possesses the capacity to absorb wound 
exudate. (3) adequate physical and mechanical strength to maintain 
structural integrity and prevent the infiltration of external bacteria due 
to material failure; and (4) an optimal surface microstructure and 
biochemical properties to facilitate cell adhesion, proliferation, and 
differentiation [42,43]. Consequently, selecting suitable materials and 
proper structure is vital to construct wound dressings with good 
biocompatibility, superior physicochemical properties, and rich bio
logical characteristics.

2.1.1. Preparation and characterization of WEO@BP nanoparticles
BP nanosheets were meticulously selected as carriers for the fabri

cation of WEO-in-BP nanoparticles via a physical extrusion technique 
utilizing 400 nm polycarbonate membranes. The BP nanosheets were 
synthesized through a modified liquid exfoliation process of BP bulk 
[34]. The lamellar structure of the dispersed nanosheets was charac
terized using scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM), as depicted in Figs. S1A and C. Additionally, 
energy-dispersive X-ray spectrometry (EDX) analysis confirmed the 
presence of phosphorus within the nanosheets, as shown in Fig. S1B. The 
majority of the BP nanosheets (80.33 %) exhibited a diameter distri
bution within the range of 0–396 nm (Fig. S1D), consistent with the 
dimensions of BP nanosheets documented in existing literature [39]. 
The atomic force microscopy (AFM) image confirms the 
two-dimensional sheet-like morphology of the BP nanosheets, with an 
average thickness measured at 5.58 ± 1.72 nm (Figs. S1E and F). These 
findings suggest the successful fabrication of BP nanosheets.

The schematic representation of the structure and controlled release 
mechanism of WEO@BP nanoparticles is depicted in Fig. 2A. SEM and 
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TEM analyses revealed spherical structures of WEO, as shown in Fig. 2B 
and D. Following extrusion through an extruder, the WEO nanoparticles 
were encapsulated within BP nanosheets, as illustrated in Fig. 2C and E. 
The size distribution of the WEO@BP nanoparticles was determined 
using dynamic light scattering (DLS), with the majority (88.88 %) of the 
particles measuring between 0 and 400 nm (Fig. 2F). Specifically, the 
peak values at 200 nm and 400 nm correspond to the particles of WEO 
and WEO@BP, respectively. The size of these particles is consistent with 
the results observed under SEM and TEM. The encapsulation efficiency 
(EE%) and loading capacity (LC%) of WEO within the WEO nano
hydrogels were calculated to be 58.2 % and 3.6 %, respectively. This 
demonstrates the substantial WEO-loading capacity attained by the 
nanocarriers. The chemical composition of the synthesized WEO was 
analyzed using gas chromatography (GC), as depicted in Fig. 2G. The 
analysis identified eucalyptol, camphor bicyclo[5.2.0]nooane, furan, 2- 
ethyl-5-methyl-, bicyclo[2.2.1]heptan-2-ol, trans-Chrysanthenol, thujo
neBicyclo[3.1.0] hexan-3-one, and terpinyl formate (Table S1), which 
collectively constituted 31.9 % of the total content. To assess the 

controlled release of WEO@BP/GH hydrogels, near-infrared (NIR) laser 
irradiation was utilized. Following a 5-min period of NIR irradiation, a 
significant increase in the release of WEO was observed. Furthermore, 
following three cycles of irradiation, the cumulative release of WEO 
reached 32.73 %. Hydrogels subjected to NIR irradiation exhibited a 
significantly higher release rate compared to those not exposed to NIR 
irradiation (Fig. 2H). Extending the observation period to 120 h resulted 
in the release of a majority of the WEO (91.94 %), which was substan
tially higher than that observed in hydrogels without NIR irradiation 
(Fig. 2I). These findings demonstrate the successful construction of 
WEO@BP nanoparticles with an effective NIR-responsive release 
capability.

2.1.2. Fabrication and characterization of the hydrogels
Optical images of the fabricated hydrogels were collected (Fig. 3A). 

Transparent white color was observed in GH hydrogel, while black color 
was observed in BP/GH hydrogel. The uniform black color of BP/GH 
hydrogel indicated that BP nanosheets were dispersed evenly in GH 

Fig. 1. Schematic illustration of the preparation of the WEO@BP/GH hydrogel and its mechanism to promote diabetic wound healing through antibacterial, 
antiinflammation, antioxidant, and angiogenic properties.
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hydrogel. After introducing WEO into the BP/GH hydrogel, the color of 
hydrogel changed into gray. This may be owing to the dilution of the BP 
nanosheets resulting in the fading of color, and the combination of WEO 
and BP resulting in the blocking of the color of BP was also an important 
reason. To conduct a more detailed examination of the microscopic to
pology of hydrogels, SEM was employed on freeze-dried hydrogel 
samples (Fig. 3B). The GH, BP/GH, and WEO@BP/GH hydrogels 
demonstrated a porous, three-dimensional interconnected architecture, 
which is conducive to exudate absorption and cellular proliferation [44,

45]. Particularly, SEM images at higher magnifications revealed that the 
interior surface of the GH hydrogel appeared smooth, while the interior 
of the WEO@BP/GH hydrogel exhibited a rough texture. This roughness 
is attributed to the incorporation of WEO@BP nanoparticles, as indi
cated by the red arrows. In order to evaluate the effect of different 
GelMA/HAMA ratios on the structure of hydrogels, four kinds of 
hydrogels (5G2H, 15G2H, 10G5H, and 10G10H) were prepared and 
observed under SEM (Fig. S2A). It can be seen that the pore size of all 
groups of hydrogels was small and uneven, which was not conducive to 

Fig. 2. Fabrication and characterization of the WEO@BP nanoparticles. A) Schematic illustration of the fabrication and NIR-trigged release of the WEO@BP 
nanoparticles. B, C) SEM images of WEO and WEO@BP nanoparticles, respectively. Scale bar: 200 nm. D, E) TEM images of WEO and WEO@BP nanoparticles, 
respectively. Scale bar: 200 nm. F) DLS evaluation of WEO@BP nanoparticles. G) Gas chromatography analysis of WEO nanoparticles. H, I) Cumulative release of 
WEO@BP/GH hydrogels with and without NIR irradiation within 30 min (H) and 120 h (I).
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Fig. 3. Physiochemical characterization of the hydrogels. A) Optical images of the fabricated GH, BP/GH, and WEO@BP/GH hydrogels. B) SEM images of the 
hydrogels at different magnifications. The red arrow refers to WEO@BP nanoparticles. Scale bar in low magnification: 200 μm. Scale bar in high magnification: 20 
μm. C) Raman spectra of the hydrogels. D) Dynamic rheological evaluation of the UV-crosslinking processes of GH and WEO@BP/GH hydrogels. E-H) Rheological 
analysis of the strain sweep (E), dynamic step-strain (F), frequency sweep (G), and viscosity (H) of GH and WEO@BP/GH hydrogels. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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the exchange of nutrients and the expansion of cells [46,47].
To verify the chemical structure of the scaffolds, Fourier Transform 

Infrared (FTIR) spectroscopy was conducted, as depicted in Fig. S3A. 
The observed stretching vibrations of the dissociated carboxyl group 
(-COO− ) at 1420 cm− 1 and the methylene group (-CH2) at 2923 cm− 1 

confirm the successful modification of carboxymethyl groups in GH. 
Additionally, the asymmetrical deformation vibration associated with 
the protonation of the amine group (-NH3

+) at 1595 cm− 1, along with the 
stretching vibrations of aromatic amines (-CN) at 1321 cm− 1, indicate 
the presence of amino groups in GH [48]. The stretching vibrations of 
amide I (1645 cm− 1) and the bending vibrations of amide II (1591 cm− 1) 
suggest the formation of amide bonds (-NHCO-) within the hydrogels as 
a result of UV-induced crosslinking reactions [49,50]. However, the 
FTIR spectroscopy was unable to detect the presence of BP nanosheets 
within the BP/GH and WEO@BP/GH hydrogels, likely due to the low 
concentration of BP (0.3 % w/v) incorporated. Raman spectroscopy, on 
the other hand, is extensively utilized for the characterization of 
carbon-based materials, primarily because the presence of conjugated 
and double carbo-carbon bonds results in significant Raman signal in
tensities [34,51]. In this study, the Raman spectrum was employed to 
identify the components of the hydrogels, as illustrated in Fig. 3C. The 
characteristic peaks corresponding to BP were observed at 354, 433, and 
462 cm− 1 within the BP/GH and WEO@BP/GH hydrogels, indicating 
the successful incorporation of BP into the GH hydrogel matrix [52]. 
These findings, corroborated by both FTIR and Raman spectroscopy, 
confirm the successful synthesis of the WEO@BP/GH hydrogel.

Subsequently, we assessed the water uptake and retention properties 
of the hydrogels. The water uptake profiles (Fig. S4A) indicated similar 
absorption patterns among the GH, BP/GH, and WEO@BP/GH hydro
gels. An initial rapid water uptake was observed within the first 5 min, 
transitioning to a gradual stabilization after 240 min. Under equilibrium 
conditions, the water absorption rate of GH (11.4 ± 0.4 %) exceeded 
that of WEO@BP/GH (9.4 ± 0.3 %), implying that the incorporation of 
WEO@BP enhanced the crosslinking characteristics of the hydrogel [3]. 
To evaluate the water retention capacity, the hydrogels were subjected 
to a drying process within a fume hood maintained at 37 ◦C until their 
weights stabilized, indicating no further changes. The WEO@BP/GH 
hydrogels demonstrated a slightly enhanced water retention capacity 
compared to GH, as illustrated in Fig. S4B. These results suggest that the 
WEO@BP/GH hydrogels synthesized in this study possess exceptional 
water uptake and retention properties. Consequently, they are 
well-suited for effectively absorbing wound exudates and maintaining 
an optimal moisture environment, which is essential for the healing of 
DW [52,53].

Successively, the rheological characteristics of GH and WEO@BP/ 
GH hydrogels were comprehensively assessed. Hydrogel dressings were 
required to exhibit adequate mechanical resilience and self-healing 
properties to adapt effectively to the dynamic and intricate microenvi
ronment of wounds [14,54]. As illustrated in Fig. 3D, exposure to ul
traviolet irradiation resulted in a substantial enhancement of the 
hydrogel’s mechanical properties, with the storage modulus (G′) 
increasing approximately 100-fold from 10 Pa to 1000 Pa. Furthermore, 
strain sweep experiments were performed to determine the linear 
viscoelastic region of the hydrogels (Fig. 3E). The WEO@BP/GH 
hydrogel exhibited a gelation threshold at approximately 100 % strain, 
signifying a transition to a colloidal state beyond this strain level. 
Furthermore, we investigated the frequency-dependent rheological 
properties by employing oscillatory frequencies ranging from 0.1 to 10 
Hz (Fig. 3F). Across the tested frequency spectrum, the storage modulus 
(G′) of all hydrogels consistently exceeded the loss modulus (G″), thereby 
confirming their elastic nature [55,56]. In addition, dynamic amplitude 
tests were performed to evaluate the self-healing properties of hydro
gels. Fig. 3G demonstrated the application of a substantial strain 
amplitude of 200 % to disrupt the cross-linked hydrogel network, fol
lowed by a mild strain amplitude of 1 % to assess the hydrogel’s re
covery capacity. At a strain amplitude of 200 %, the G′ exhibited a less 

pronounced reduction compared to the G″, indicating the occurrence of 
fracturing within the hydrogel. However, upon reducing the strain back 
to 1 %, both G′ and G″ returned to their original values, signifying a rapid 
recovery of the hydrogel. The cyclic disruption and reformation of the 
hydrogel network demonstrated its exceptional self-healing capabilities. 
Furthermore, the viscosity of the WEO@BP/GH hydrogel exhibited 
consistent stability over time (shear rate: 10 rad/s, 37 ◦C), indicating 
strong adhesion of the synthesized hydrogel (Fig. 3H) [57,58]. Based on 
these findings, the WEO@BP/GH hydrogels exhibited enhanced me
chanical properties and self-healing abilities, facilitating their seamless 
application and intended function in complex diabetic wound 
environments.

2.2. Microenvironment regulation performances in vitro

Wound healing is a complex process with four stages: hemostasis, 
inflammation, proliferation, and remodeling, involving various cells and 
cytokines [59,60]. Unlike acute wounds, diabetic wounds heal slower 
due to ongoing inflammation, high oxidative stress, stubborn infections, 
and reduced growth factor activity [7,8]. In addition, chronic hyper
glycemia hinders new vessel formation, restricting oxygen and nutrient 
supply to wounds [6,61]. While diabetic wounds heal similarly to 
normal wounds, they often stagnate at some stage, especially in the 
inflammation stage, due to a disrupted microenvironment [62]. Regu
lating this microenvironment is crucial for the orderly progression of the 
four stages of diabetic wound healing.

2.2.1. Hemostasis and hemolysis assessment
The hemostasis stage initiates wound healing, and an ideal wound 

dressing should quickly stop bleeding with minimal or no hemolysis [53,
63]. Rat tail injury models tested the hydrogel’s hemostatic effectiveness 
under bleeding conditions (Figs. S5A and B) [44]. Normal PBS resulted 
in 111.4 ± 14.0 mg bleeding on filter papers, whereas hydrogels and 
gauze showed minimal blood loss (<50.0 mg). In addition, the hydro
gel’s hemocompatibility was also evaluated by an in vitro hemolysis 
assay [64]. GH, BP/GH, WEO@BP/GH, and WEO@BP/GH + NIR 
hydrogels were incubated with blood at 37 ◦C for 24 h, then centrifuged 
to obtain supernatants. Fig. S6A showed that these supernatants were 
nearly colorless with red blood cells settled at the bottom, similar to the 
negative 0.9 % NaCl control. In contrast, the positive 0.1 % Triton X-100 
group was vividly red. The hemolysis rates for the hydrogel groups were 
below 5 %, indicating they were safe for medical use (Fig. S6B) [65]. 
These findings confirmed that our hydrogels did not cause hemolysis. In 
general, the tests indicated that incorporating WEO@BP into the 
GelMA-HAMA hydrogel was non-toxic, showing effective hemostasis 
and low hemolysis. This may be due to: (1) The hydrogel’s stable 
crosslinking network, which minimizes nanoparticle’s explosive release 
into red blood cells, and (2) BP nanosheets degrading into non-toxic 
substances in biological environments [36,66].

2.2.2. Photothermal performances of the hydrogels in vitro
The NIR photothermal properties of WEO@BP/GH hydrogels were 

thoroughly studied. Hydrogels were exposed to an 808 nm laser at 
different power levels, and infrared images were taken (Fig. 4A). After 5 
min of exposure, WEO@BP/GH hydrogel reached temperatures of 
38.8 ◦C, 55.6 ◦C, and 69.4 ◦C at 0.5 W cm− 2, 1.0 W cm− 2, and 1.5 W 
cm− 2, respectively (Fig. 4B). Additionally, the WEO@BP/GH hydrogels 
maintained consistent temperature profiles after four heating and 
cooling cycles, demonstrating excellent photothermal stability (Fig. 4C). 
Compared to the WEO@BP/GH hydrogel, the BP/GH hydrogel exhibited 
a comparable photothermal heating capacity (Figs. S7A–C). For 
example, the central temperature of the BP/GH hydrogel reached 
39.5 ◦C, 54.5 ◦C, and 68.0 ◦C at 0.5 W cm− 2, 1.0 W cm− 2, and 1.5 W 
cm− 2 for 5 min, respectively. Moreover, according to the absorbances of 
samples at 808 nm and plot fitting of samples during the cooling phase, 
the photothermal conversion efficiency of BP/GH and WEO@BP/GH at 
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Fig. 4. Antibacterial abilities of the hydrogels in vitro. A) Infrared thermal images of the WEO@BP/GH hydrogel. B) Temperature rise curves of the WEO@BP/GH 
hydrogel under various NIR power intensities (0.5, 1.0, and 1.5 W/cm2). C) Photothermal stabilities of the WEO@BP/GH hydrogel under 1.0 W/cm2 NIR power 
intensity within four heating and cooling cycles. D) Digital images of the viable S. aureus and E. coli bacterial clones on agar plates treated with PBS and different 
hydrogels. E) Live/dead staining of the S. aureus and E. coli bacteria. Scale bar: 100 μm. F, G) The corresponding bacterial survival ratios of S. aureus (F) and E. coli (G) 
were calculated in agar plates. H, I) Quantitative analysis of the relative PI fluorescence ratio of S. aureus (H) and E. coli (I) in live/dead staining. ns: not significant, 
**p < 0.01, and ***p < 0.001.
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808 nm was calculated as 11.2 % and 7.1 %, respectively (Figs. S8A–C). 
These results demonstrated that the incorporation of WEO into BP 
nanosheets had no significant effect on the photothermal performance of 
BP nanosheets.

Furthermore, these qualities underscore the potential of WEO@BP/ 
GH hydrogels for photothermal-assisted WEO release, which lay the 
foundation for the WEO@BP/GH dressing to efficiently manipulate the 
diabetic wound microenvironment for ideal beneficial effects [67,68].

2.2.3. Antibacterial evaluation in vitro
The inflammatory phase starts right after an injury, lasting hours to 

days in acute wounds, but extending to weeks or months in diabetic 
wounds due to persistent infection and inflammation [7,69]. Thus, 
wound dressings are needed to combat drug-resistant bacteria without 
promoting further resistance [68]. The study shows that BP effectively 
practices photothermal heating to kill bacteria without inducing resis
tance. In addition, WEO contains antibacterial compounds like euca
lyptol, camphor, trans-chrysanthenol, and terpinyl formate, which work 
together to target multiple pathways and reduce the risk of 
drug-resistant bacteria [1,36]. We tested the antibacterial effectiveness 
of GH, BP/GH, WEO@BP/GH, and WEO@BP/GH + NIR against 

S. aureus and E. coli, comparing them to a control group (Fig. 4D). 
Almost no bacteria colonies grew in the WEO@BP/GH + NIR group. 
Fig. 4F and G showed that GH group had a survival ratio of 47.9 ± 6.0 % 
for S. aureus and 77.6 % ± 3.1 % for E. coli, respectively. Furthermore, 
the WEO@BP/GH group showed a survival rate of 20.7 % ± 3.0 % for 
S. aureus and 12.3 % ± 1.6 % for E. coli due to antibacterial compounds 
that captured and inactivated pathogens. After NIR irradiation (1.0 W 
cm− 2, 3 min), 99.8 % of both S. aureus and E. coli were eliminated by the 
hydrogels. These results indicated that the WEO@BP/GH hydrogels’ 
matrix, which captured bacteria, combined with WEO’s antibacterial 
compounds and BP’s photothermal sterilization, provided robust anti
bacterial activity [28,50].

To additionally investigate the antibacterial effects of WEO@BP/GH 
hydrogels, a SYTO9/PI live/dead staining assay was performed. SYTO9 
stained live bacteria green, while PI labeled dead bacteria red. Fig. 4E 
showed that most S. aureus and E. coli treated with PBS displayed green 
fluorescence, with minimal red fluorescence. The GH group also showed 
some red fluorescence. In the BP/GH and WEO@BP/GH groups, the red 
color intensified over time. Following 3 min of NIR irradiation (1.0 W 
cm− 2), the WEO@BP/GH group showed the strongest red fluorescence, 
indicating a combined antibacterial effect on S. aureus and E. coli 

Fig. 5. Antioxidant abilities of the hydrogels in vitro. A, B) Calcein-AM/PI staining (A) and ROS staining (B) of HaCaT cells treated with 500 μM H2O2 and different 
hydrogels. Scale bar: 200 μm. C, D) Quantitative analysis of dead cell percentage (C) and relative DCF fluorescence (D) after treatments with 500 μM H2O2 and 
different hydrogels. E) CCK-8 analysis of the HaCaT cells viability after co-culturing with 500 μM H2O2 and different hydrogels. ns: not significant, *p < 0.05, and 
***p < 0.001.
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(Fig. 4H and I). Both fluorescence experiments and plate counting tests 
confirmed similar antibacterial trends, highlighting the potential of 
WEO@BP/GH hydrogels for antibacterial treatment through the syn
ergy of bacterial capture, antibacterial compounds, and photothermal 
therapy [70].

2.2.4. Antioxidant performance in vitro
Reactive oxygen species (ROS) play a key role in wound healing, 

with moderate levels needed to combat damage [8,25]. However, 

excessive ROS and reduced antioxidants cause redox imbalance, leading 
to nonhealing diabetic wounds. Thus, managing ROS is vital for con
trolling inflammation [64,71,72]. After H2O2 treatment the HaCaT cells’ 
viabilities were evaluated using live/dead staining. The GH and BP/GH 
groups showed significantly higher red fluorescence than the 
WEO@BP/GH and WEO@BP/GH + NIR groups (Fig. 5A and C). 
Furthermore, we visualized ROS production in HaCaT cells exposed to 
H2O2 using DCFH-DA labeling. Fig. 5B showed fluorescence intensity 
indicating ROS formation. The WEO@BP/GH hydrogel exhibited lower 

Fig. 6. Anti-inflammation capacities of the hydrogels in vitro. A) Fluorescence microscopic images of CD206 (green) and CD86 (red) in THP-1 cells treated with 
various samples. B, C) Quantitative analysis of relative fluorescence of CD206 (B) and CD86 (C) in THP-1 cells. D-I) qRT-PCR analysis of the relative mRNA expression 
of CD206 (D), IL-10 (E), CD86 (F), IL-1β (G), TNF-α (H), and IL-6 (I) in THP-1 cells treated with various samples. ns: not significant, *p < 0.05, **p < 0.01, and ***p 
< 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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ROS signals compared to GH and BP/GH hydrogels. Under NIR radia
tion, the WEO@BP/GH + NIR group had the lowest ROS signals than 
other groups (Fig. 5D). In addition, The CCK-8 assay showed that 
WEO-based hydrogels had significantly higher cell viability than other 
groups when exposed to H2O2 (Fig. 5E). These findings suggest that 
WEO@BP/GH hydrogels have the best effect in removing ROS and 
providing antioxidant effects under near-infrared (NIR) response. This 
may be attributed to: (1) The antioxidant properties of polyphenols in 
wormwood essential oil, such as 5-fluoro-2-hydroxyacetophenone and 
terpinene, and (2) BP’s encapsulation and hydrogel’s network structure, 
which contribute to the controlled release of WEO [1,73]. In addition, 

these controlled releases of WEO could be enhanced by NIR-triggered 
temperature increases.

2.2.5. Anti-inflammation evaluation in vitro
As integral components of the innate immune system, macrophages 

perform critical functions in host defense, immune regulation, and 
wound healing. These adaptable cells demonstrate significant plasticity 
and can differentiate into various phenotypes, conventionally classified 
into two categories: the "classically activated" M1 phenotype, which 
triggers inflammatory responses, and the "alternatively activated" M2 
phenotype, which contributes to immunomodulation and tissue 

Fig. 7. Cytocompatibility and angiogenic properties of the hydrogels in vitro. A, B) Microscopic images of calcein-AM/PI staining (A) and the quantitative analysis of 
calcein-AM ration (B) of HaCaT cells treated with PBS and different hydrogels for 1 d, 3 d, and 5 d. Scale bar: 200 μm. C) CCK-8 results of HaCaT cells after co- 
culturing with PBS and different hydrogels. D) Microscopic images of wound healing using HaCaT cells treated with different hydrogels at 0 and 24 h. Scale bar: 
500 μm. E) Quantitative analysis of the wound healing ratios. F) Microscopic images of tube formation using HUVECs treated with different hydrogels at 2 h and 4 h. 
Scale bar: 200 μm. G, H) Quantitative analysis of the branch points (G) and tube length (H). ns: not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
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remodeling [10,74]. In the context of diabetic wounds, the transition 
from the M1 to M2 phenotype is impaired, leading to sustained 
inflammation and delayed wound healing. The presence of phenolic and 
flavonoid compounds in WEO endows it with immunomodulatory 
properties [1,75]. Consequently, this study examined the capacity of 
WEO@BP/GH to promote the polarization of macrophages from the M1 
to the M2 phenotype in vitro. The immunofluorescence staining 
revealed a noticeable elevation in CD206 (a marker of M2 macrophages) 
and a reduction in CD86 (a marker of M1 macrophages) in 
WEO@BP/GH + NIR treatment group compared to control group 
(Fig. 6A–C). Furthermore, RT-PCR analysis revealed a substantial 
upregulation of M2 markers, specifically CD206 and IL-10, in macro
phages co-cultured with WEO@BP/GH + NIR. In contrast, the expres
sion levels of M1 markers, specifically CD86, IL-1β, TNF-α, and IL-6, 
show a marked reduction (Fig. 6D–I). These findings indicated that 
WEO@BP/GH hydrogels, when subjected to NIR irradiation, effectively 
facilitated the polarization of macrophages from the M1 to the M2 
phenotype. This transition results in the suppression of 
pro-inflammatory mediators and the enhancement of anti-inflammatory 
mediators, thereby advancing the healing process of diabetic wounds 
[10,62]. The observed anti-inflammatory effects of WEO may be 
attributed to its ability to inhibit JAK/STAT signaling pathways and 
scavenge reactive oxygen species, leading to decreased protein and 
mRNA expression levels of inflammatory factors [76].

2.2.6. Cytocompatibility and angiogenesis assessment in vitro
In clinical settings, hydrogels used for wound dressings must be 

highly biocompatible [76]. To evaluate this, we performed a leaching 
assay with HaCaT cells, exposing them to PBS, GH, BP/GH, 
WEO@BP/GH, and WEO@BP/GH + NIR extraction solutions for 1, 3, 
and 5 days. Live cells appeared green due to calcein-AM staining, while 
dead cells were red from propidium iodide (PI) staining. Fluorescence 
images showed similar green fluorescence intensity across all hydrogel 
groups compared to the control (Fig. 7A). The relative calcein-AM ratios 
at 1, 3, and 7 days revealed no significant differences between the 
groups (Fig. 7B). Additionally, the CCK-8 assay indicated that cell 
viability in the hydrogel groups exceeded 80 %, demonstrating negli
gible toxicity of the hydrogels (Fig. 7C).

During the proliferation stage, endothelial and fibroblast cells aid 
angiogenesis and ECM formation [45,77]. To evaluate WEO-based 
hydrogels, we conducted scratch tests with HaCaT (Fig. 7D) and tube 
formation experiments with HUVEC (Fig. 7F) to assess their abilities to 
enhance fibroblast migration and angiogenesis in vitro. Fig. 7E showed 
that the WEO@BP/GH group (68.1 ± 2.5 %) had better scratch healing 
than the PBS group (31.1 ± 2.9 %), GH group (47.4 ± 1.9 %), and 
BP/GH group (48.7 ± 4.1 %) at 24 h due to the release of WEO. After 
introducing NIR irradiation, the WEO@BP/GH + NIR group notably 
exhibited a faster wound healing rate (91.9 ± 2.7 %) at the 24-h mark. 
To further assess the hydrogel’s ability to promote angiogenesis, we 
tested it with HUVECs (Fig. 7F). At 2 h, the PBS, GH, and BP/GH groups 
showed minimal tubular structures, while the WEO@BP/GH and 
WEO@BP/GH + NIR groups displayed more mature and intact forma
tions. By 4 h, the WEO@BP/GH + NIR group had significantly more 
branch points and longer capillaries, suggesting that NIR-triggered WEO 
release from the hydrogels enhanced vessel formation (Fig. 7G and H). 
To have a better validation of the angiogenesis effects of hydrogels, 
scratch test was also conducted using HUVEC. Similar results were 
observed that the WEO@BP/GH + NIR group notably exhibited a faster 
wound healing rate (94.1 ± 1.7 %) at 24 h post-incubation 
(Figs. S9A–B). The WEO@BP/GH hydrogel’s improved cell migration 
and angiogenesis under NIR irradiation are due to the controlled release 
of WEO nanoparticles, which reduce oxidative stress barriers and 
enhance angiogenesis abilities [2,78]. These findings demonstrate that 
hydrogel does not impede cell migration or angiogenesis, highlighting 
its excellent biocompatibility alternatively.

2.3. Promoting diabetic wound healing and its mechanism in vivo

Our results in vitro thus far indicate that the WEO@BP/GH hydrogel 
has effective microenvironment regulation properties, including anti
bacterial, antioxidant, and angiogenic effects. In addition, these effects 
could be enhanced due to the NIR-triggered WEO release. Consequently, 
it is crucial to investigate the impact of WEO@BP/GH hydrogel on 
wound healing in diabetic rat models in the subsequent phase of 
research [57,79]. These models enable researchers to replicate the 
typical wound conditions observed in diabetic patients, assess the 
hydrogel’s efficacy in enhancing wound repair, and examine its effects 
on various stages of the wound healing process [7,59]. This investiga
tion will contribute to a deeper understanding of the mechanisms un
derlying diabetic wound healing and offer valuable insights for clinical 
applications [9].

2.3.1. Diabetic wound healing evaluation in vivo
We evaluated the healing effects of synthesized hydrogels on diabetic 

rat wounds by creating 8 mm wounds on their backs and treating them 
with various substances (Fig. 8A). The control group received PBS, while 
experimental groups were treated with GH, BP/GH, and WEO@BP/GH 
hydrogels, with one group also exposed to NIR laser irradiation. Wounds 
were monitored and photographed on days 0, 3, 7, 10, and 14 (Fig. 8B 
and C). NIR irradiation did not alter the temperature in the control and 
GH groups. The BP/GH and WEO@BP/GH groups showed a temperature 
rise, highlighting the photothermal properties of BP nanosheets (Fig. 8D 
and E). Given the risk of bacterial infection in diabetic wounds, we 
tested the hydrogels’ antibacterial effects in vivo. On day 2, wound se
cretions were cultured on agar plates. Bacteria were present in samples 
from the control and GH groups but were scarce in those from the BP/ 
GH and WEO@BP/GH groups. The WEO@BP/GH group showed the 
highest antimicrobial activity under diabetic conditions (Figs. S10A and 
B). After three days, the.

WEO@BP/GH + NIR group significantly reduced wound area, 
achieving a remaining wound area of 30.5 ± 3.8 % after 7 days, out
performing other groups. By day 14, the PBS group still had larger 
wounds (28.0 ± 1.4 %), while the WEO@BP/GH + NIR group exhibited 
the best healing, with only 4.9 ± 2.1 % of the wound area remaining 
(Fig. 8F). Therefore, the WEO@BP/GH hydrogel with 808 nm NIR 
irradiation proved highly effective for diabetic wound healing.

14 days post-operation, we collected wound and surrounding skin 
tissues for histological analysis, revealing the hydrogel’s effects on 
diabetic wound healing (Fig. 9A and B). H&E staining indicated nearly 
complete recovery in WEO@BP/GH + NIR group-treated wounds, with 
dense granulation tissue and a fully restored epidermis, and scar width 
reduced to 0.58 ± 0.09 mm (Fig. 9C). In contrast, the PBS group showed 
crust formation and inflammation. The BP/GH and WEO@BP/GH 
groups showed underdeveloped granulation tissue and incomplete 
epidermal bridges, with scar widths of 2.30 ± 0.17 mm and 1.11 ± 0.13 
mm. Collagen deposition is vital for cell growth, differentiation, and 
wound healing [80]. Masson staining revealed that the WEO@BP/GH 
hydrogel treated with NIR light had collagen fibers aligned parallel to 
hair follicles, indicating the most orderly collagen deposition (Fig. 9D).

Delayed wound healing is primarily caused by prolonged inflam
mation. An effective wound dressing should have anti-inflammatory 
properties [4,81]. After 7 days of PBS treatment, the control group 
showed more inflammation and fewer blood vessels. In contrast, the GH, 
BP/GH, and WEO@BP/GH groups showed reduced neutrophils and 
more blood vessels (Fig. S11A). Notably, the WEO@BP/GH + NIR group 
exhibited no significant inflammation and numerous blood vessels 
(Figs. S11B and C). 14 days post-operation, we conducted immunohis
tochemical staining for myeloperoxidase (MPO) and immunofluores
cence staining for Interleukin 6 (IL-6). The PBS group showed the 
highest MPO and IL-6 expression. In contrast, the GH, BP/GH, 
WEO@BP/GH, and WEO@BP/GH + NIR groups exhibited progressively 
lower expression levels, indicating that WEO@BP/GH + NIR treatment 
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reduced the wound’s inflammatory response (Fig. 10A–C, I, and K). To 
investigate the mechanisms of anti-inflammatory effects, we examined 
the changes in the macrophages, which were crucial in immune re
sponses to post-tissue injury [74]. Specifically in diabetic wounds, a 
slow shift from pro-inflammatory (M1) to anti-inflammatory (M2) 
macrophages hinders tissue healing [20]. Hence, immunofluorescent 
staining was used to evaluate this, with CD86 marking M1 and CD206 
marking M2 macrophages. Fig. 10E, F, M, and N showed that 
hydrogel-treated groups had a significantly lower percentage of CD86 
fluorescence coverage compared to the untreated group, while the 
fluorescence coverage of CD206 increased. Notably, the WEO@BP/GH 
+ NIR group had the fewest CD86 positive cells and the highest CD206 
marker expression. These results suggest that WEO@BP/GH hydrogel 
with NIR irradiation can accelerate M1 macrophages’ transition to M2, 
thus decreasing inflammation in wounds.

Neovascularization is vital for wound healing, aiding oxygen, 
nutrient, and immune cell delivery to the injury site, which supports cell 
growth, collagen production, and re-epithelialization [7,64]. On day 14, 
immunostaining for CD31 and VEGF, which were used to assess new 
blood vessels in granulation tissue, revealed faint positive expression in 
the negative PBS group (Fig. 10B–D, J, and L). Nevertheless, CD31 and 

VEGF expression increased significantly in the group treated with 
WEO@BP/GH, especially when exposed to NIR at the injury site. This 
indicated that WEO@BP/GH + NIR treatment had the strongest angio
genic effect in new skin tissue. The findings showed that WEO@BP/GH 
hydrogel with NIR irradiation effectively enhances neovascularization 
in diabetic wounds, aiding the transition from inflammation to repair 
and remodeling. Besides, the ROS content at the wound site was assessed 
using DHE staining (Fig. 10G and O). On day 14, the WEO@BP/GH +
NIR group showed significantly lower ROS levels (red fluorescence 
density) compared to other groups, demonstrating the effective in vivo 
ROS scavenging ability of WEO in the hydrogels with NIR-triggered 
release. In addition, immunofluorescence staining of MMP-9 to the 
samples on day 14 was evaluated (Fig. 10H and P). The results showed 
that the fluorescence level of MMP-9 in the WEO@BP/GH + NIR group 
was significantly decreased, suggesting that the degradation rate of 
collagen was slowed down, which could promote the process of wound 
remodeling and repair.

2.3.2. Diabetic wound healing mechanisms of WEO@BP/GH hydrogel
To investigate the underlying effects of the WEO@BP/GH hydrogel, 

we conducted RNA sequencing analysis on wound tissues obtained from 

Fig. 8. Diabetic wound healing performance of the hydrogels in vivo. A) Schematic illustration of the diabetic wound modeling, treatment, and evaluation. B) 
Optical images of the wounds under various treatments on days 0, 3, 7, 10, and 14 (n = 4). Scale bar: 1 mm. C) Schematic diagram of wounds under various 
treatments on days 0, 3, 7, 10, and 14. Scale bar: 1 mm. D) Infrared thermal images of SD rats under NIR irradiation. E) Temperature rise curves of different groups 
under NIR irradiation. F) Wound remaining areas of different groups at various time points. ns: not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
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diabetic rats on day 14 following hydrogel treatment [82]. A total of 
30452 genes were found to be co-expressed in tissues from experimental 
groups. Among these, approximately 20589 genes exhibited differential 
expression between the control (PBS) group and the WEO@BP/GH +
NIR group, while approximately 353 genes showed differential expres
sion with a |log2FC| ≥1 and p-value ≤0.05. We utilized GeneCard and 
OMIM-Gene-Map-Retrieval to retrieve 5517 genes associated with the 
healing process of diabetic wounds (Fig. 11A). These genes were inter
sected with differentially expressed genes (DEGs) with |log2FC| ≥1 and 
p-value ≤0.05 between the two groups to obtain 51 intersection genes. 
Fig. 11B and C displayed the volcano plot and heatmaps of the inter
section genes. The intersection genes were further examined through 
protein-protein interaction (PPI) network analysis (Fig. 11D). The size of 
each node in the PPI network indicated the strength of their association 
with other protein molecules. The PPI network results identified key 
signaling molecules involved in inflammation regulation and cell 
migration promotion, including IL1B, LEP, MMP13, and IL1A [82]. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis of the 51 intersection genes (Fig. 11E) showed that those genes 
were significantly enriched in cytokine-cytokine receptor interaction, 
IL-17 signaling pathway, NF-kappa B signaling pathway, TNF signaling 
pathway, and AMPK signaling pathway [83]. This observation served as 
a reminder that the combination of WEO@BP/GH hydrogel and NIR 
irradiation may potentially reduce inflammatory.response, regulate 
immune response, and promote angiogenesis in the mechanisms of 
promoting diabetic wound healing. Subsequently, a Gene Ontology (GO) 
enrichment analysis was conducted (Fig. 11F and G). The analysis 
revealed several significantly enriched biological processes, including 

regulation of inflammatory response, positive regulation of 
interleukin-6 and interleukin-8 production, and positive regulation of 
vascular endothelial growth factor production. The findings depicted in 
Figs. 7 and 10 demonstrated that following treatment with 
WEO@BP/GH + NIR, there was an increase in cell migration rate, 
angiogenesis, and a decrease in the positive rate of IL-6 immunofluo
rescence staining, which aligns with the transcriptome data.

2.3.3. Biosafety evaluation in vivo
Finally, the biosafety assessment of the synthesized hydrogels was 

conducted to ascertain their suitability for application in diabetic wound 
healing [84]. Firstly, the in vitro degradation properties of BP were 
evaluated (Figs. S12A–C). Through observing the optical change of the 
black phosphorus solution with the extension of time, we found that the 
color of the solution gradually became lighter, indicating that the black 
phosphorus gradually degraded. Furthermore, we detected the phos
phate content in the supernatant of black phosphorus. Results exhibited 
that the phosphate content gradually increased with the extension of 
time and the increase rate was accelerated under NIR irradiation. These 
results indicated that black phosphorus could be degraded into 
non-toxic phosphate in aqueous solution. As illustrated in Fig. S13A, 
major organs, including the heart, liver, spleen, lung, and kidney, were 
harvested from rats 14 days post-operation and subjected to HE staining. 
The results indicated an absence of significant pathological abnormal
ities or damage in these organs across all experimental groups. 
Furthermore, blood biochemical analyses and blood routine examina
tion revealed no significant deviations in any parameters between the 
treated groups and the control group (Figs. S13B–I). Based on these 

Fig. 9. Histological evaluation of the wound tissues in vivo. A, B) H&E (A) and Masson’s trichrome (B) staining of the wound tissues on day 14 after various 
treatments. Scale bars: 1 mm and 100 μm. C, D) Quantitative analysis of scar width (C) and collagen deposition (D) on day 14 after various treatments. ns: not 
significant, *p < 0.05, **p < 0.01, and ***p < 0.001.

M. Tao et al.                                                                                                                                                                                                                                     Materials Today Bio 32 (2025) 101751 

13 



Fig. 10. Immunohistochemical and immunofluorescence staining of the wound tissues in vivo. A, B) Immunohistochemical staining of MPO (A) and VEGF (B) in 
tissue sections on day 14. Scale bar: 100 μm. C-H) Immunofluorescence staining of IL-6 (C), CD31 (D), CD86 (E), CD206 (F), DHE (G), and MMP-9 (H) in tissue 
sections on day 14. Scale bar: 100 μm. I-P) Quantitative analysis of MPO (I), VEGF (J), IL-6 (K), CD31 (L), CD86 (M), CD206 (N), DHE (O), and MMP-9 (P) in tissue 
sections on day 14. ns: not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
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results, it is evident that these hydrogels have great potential for clinical 
application.

3. Conclusion

In summary, we have effectively engineered a highly promising 
multifunctional hydrogel, designated as WEO@BP/GH, which in
tegrates WEO@BP nanoparticles with a biocompatible GelMA/HAMA 

hydrogel matrix, exhibiting robust microenvironmental regulatory 
properties. The incorporation of bio-friendly BP nanosheets significantly 
enhances the encapsulation stability of WEO and augments the hydro
gel’s microenvironmental regulation capabilities through the NIR- 
triggered release of WEO. Comprehensive in vitro and in vivo experi
ments have demonstrated that the WEO@BP/GH hydrogels play a 
crucial regulatory role in four key areas, including: 1) Remarkable 
synergistic antibacterial effects attributed to the antibacterial 

Fig. 11. Diabetic wound healing mechanisms. A) Venn diagram of the differential gene counts in WEO@BP/GH + NIR group, control group, and diabetic wound 
healing. B, C) The volcano plot (B) and heatmap (C) of the significantly differentially expressed genes in wound sites after WEO@BP/GH + NIR treatment relative to 
the control group. D) Protein-protein interaction network of the significantly differentially expressed genes. E, F) KEGG pathway enrichment evaluation. G) GO 
enrichment analysis of the differentially expressed genes.
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compounds in WEO and the photothermal properties of BP nanosheets. 
2) Outstanding antioxidant capacities through efficient scavenging of 
ROS. 3) Effective anti-inflammatory capabilities by modulating the M1/ 
M2 macrophage ratio. 4) Enhancing angiogenic properties through 
WEO-associated vasotropic components, thereby accelerating vascular 
regeneration. Collectively, this strategy presents significant potential as 
an ideal therapeutic approach for promoting the healing of diabetic 
wounds.

4. Experimental section

The Supplementary date contains all materials and methods.
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