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Abstract
Diabetic wound healing remains a significant clinical challenge because of hyperglycaemia-induced cellular 
senescence, impaired angiogenesis, and chronic inflammation. To address these issues, we developed a 
multifunctional hydrogel (GelMA/PNS/Alg@IGF-1) that integrates gelatine methacryloyl (GelMA), Panax notoginseng 
saponins (PNS), and sodium alginate microspheres encapsulating insulin-like growth factor-1 (IGF-1). This hydrogel 
was engineered to achieve gradient and sustained release of bioactive agents to target senescence and promote 
vascular repair. In vitro studies demonstrated that the hydrogel significantly reduced oxidative stress, suppressed 
senescence markers and senescence-associated secretory phenotypes, and restored endothelial cell function under 
high-glucose conditions by inhibiting NF-κB pathway activation. Transcriptomic analysis revealed the modulation 
of pathways linked to inflammation, apoptosis, and angiogenesis. This hydrogel accelerated diabetic wound closure 
in a rat model in vivo and enhanced collagen deposition, granulation tissue formation, and neovascularization. 
Furthermore, the hydrogel mitigated oxidative stress and cellular senescence and promoted tissue remodelling. 
The synergistic effects of PNS and IGF-1 within the hydrogel established a pro-regenerative microenvironment to 
address both pathological ageing and vascular dysfunction. These findings highlight GelMA/PNS/Alg@IGF-1 as a 
promising therapeutic platform for diabetic wound management, as this material offers dual anti-senescence and 
proangiogenic efficacy to overcome the complexities of chronic wound healing.
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Introduction
Chronic diabetic wounds pose a significant global health 
challenge and are characterized by delayed healing, per-
sistent inflammation, and impaired vascularization, 
which result from the pathological effects of hypergly-
caemia [1]. These wounds severely compromise patients’ 
quality of life and place a heavy financial burden on health 
care systems. Impaired angiogenesis, driven by endothe-
lial dysfunction, oxidative stress, and cellular senescence, 
represents one of the primary barriers to effective dia-
betic wound healing [2, 3]. Cellular senescence, a state of 
irreversible cell cycle arrest, is particularly exacerbated in 
the high-glucose environment of diabetic wounds, where 
it promotes chronic inflammation, inhibits angiogen-
esis, and delays tissue repair [4, 5]. Consequently, target-
ing cellular senescence and promoting angiogenesis are 
essential strategies for the development of effective thera-
pies for diabetic wound management.

Hydrogels have emerged as promising platforms for 
wound healing because of their ability to create a moist 
wound environment, deliver bioactive agents, and mimic 
the extracellular matrix (ECM) [6, 7]. Among these, mul-
tifunctional hydrogels that integrate biomaterials with 
therapeutic agents hold immense potential for address-
ing the complex pathophysiology of diabetic wounds. 
Gelatine methacryloyl (GelMA)-based hydrogels, in 
particular, have gained attention for their excellent bio-
compatibility, tunable mechanical properties, and capac-
ity to support cell adhesion, proliferation, and migration 
[8, 9]. When combined with bioactive molecules, GelMA 
hydrogels can be engineered to enable sustained drug 
delivery and exert synergistic effects, enhancing the 
wound healing process.

Panax notoginseng saponins (PNS), a group of natu-
ral compounds extracted from Panax notoginseng, 
possesses potent antioxidant, anti-inflammatory, and 
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proangiogenic properties, and thus it is a promising can-
didate for promoting vascularization and tissue repair 
[10, 11]. Similarly, insulin-like growth factor-1 (IGF-1), 
a crucial member of a multifunctional growth factor 
family, plays a pivotal role in tissue repair by mediating 
angiogenesis, cellular proliferation, and tissue remodel-
ling [12–14]. However, the clinical application of PNS 
and IGF-1 is hindered by their instability, short half-life, 
and rapid degradation in the wound environment, which 
significantly limits their therapeutic potential [15–17]. 
To address these challenges, the encapsulation of bioac-
tive agents within hydrogels offers an effective controlled 
delivery system that protects their bioactivity, ensures 
sustained release, and optimizes therapeutic efficacy [18].

An orderly and appropriate drug gradient release is crucial 
for effective wound healing [19]. The sequential release of 
anti-inflammatory agents, proangiogenic drugs, and growth 
factors aligns with the dynamic phases of diabetic wound 
healing [20]. However, limitations such as the short half-life, 
low bioavailability, and differential release profiles of thera-
peutic agents necessitate the development of advanced drug 
delivery systems [21]. Among various carriers, microspheres 
are particularly attractive because of their unique spherical 
polymeric network, which provides a large surface area-to-
volume ratio and spatiotemporal control over drug release, 
thereby enhancing the efficacy of encapsulated agents [22, 
23]. The integration of microspheres into hydrogels can fur-
ther optimize drug delivery and provides a multifunctional 
platform for sequential and sustained therapeutic release.

In this study, we developed a novel multifunctional 
GelMA hydrogel loaded with PNS and sodium alginate 
microspheres encapsulating IGF-1 (GelMA/PNS/Alg@
IGF-1). This hydrogel was designed to target cellular 
senescence and promote angiogenesis in diabetic wounds 
(Fig.  1). The dual-barrier delivery system of the GelMA 
hydrogel and microspheres enabled both gradient and 
sequential release of PNS and IGF-1, which addresses the 
requirements of different stages of wound healing. Com-
prehensive in vitro and in vivo evaluations of its physi-
cochemical properties, biocompatibility, and therapeutic 
efficacy were performed. The results demonstrated that 
the GelMA/PNS/Alg@IGF-1 hydrogel possesses excel-
lent stability, controlled release properties, and the ability 
to alleviate oxidative stress, suppress cellular senescence, 
and enhance angiogenesis. The multifunctional GelMA/
PNS/Alg@IGF-1 hydrogel holds great potential as an 
advanced wound dressing and could provide an effec-
tive solution for the treatment of this complex medical 
challenge.

Materials and methods
Reagents and materials
Gelatine (Gel), methacrylic anhydride (MA), sodium algi-
nate (Alg), PNS, and anhydrous calcium chloride were 

purchased from Macklin Biochemical Co., Ltd. (Shang-
hai, China). IGF-1 (712104) was purchased from BioLeg-
end, Inc. (San Diego, USA). Irgacure 2959 was purchased 
from Yinchang New Materials Co., Ltd. (Shanghai, 
China). Phosphate-buffered saline (PBS) was purchased 
from Dingguo Changsheng Biotechnology Co., Ltd. 
(Beijing, China). Streptomycin sulfate, foetal calf serum, 
trypsin, penicillin, EDTA, and CCK-8 were purchased 
from Beinuo Biotechnology Co., Ltd. (Shanghai, China). 
Lysozyme was obtained from Yuanye Bio-Technology 
Co., Ltd. (Shanghai, China). All other chemicals were of 
analytical reagent grade and were used without further 
processing.

GelMA synthesis
GelMA was synthesized according to a previous report 
[24], with some modifications. Briefly, 10  g of gelatine 
was dissolved in 100 mL of distilled water, after which 15 
mL of methacrylic anhydride was added to the gelatine 
mixture. The mixture was allowed to react at 50  °C for 
4 h. The resulting mixture was then dialyzed (molecular 
weight cut-off: 10  kDa) for 2–3 days and lyophilized at 
-80 °C.

Synthesis of Alg@IGF-1 microspheres
Alg@IGF-1 microspheres were synthesized according to 
a previous report [25]. A 2 wt% sodium alginate solution 
was prepared (aqueous phase). IGF-1 was then added to 
the alginate solution at a mass ratio of 10− 5 and stirred 
uniformly for subsequent use. The organic phase was 
prepared by mixing 1%wt Tween-80 into olive oil with 
mechanical stirring at 600–750 rpm for 1–2 h. Next, 20 
mL of the aqueous phase was added to 100 mL of the 
organic phase with mechanical stirring at 650–700 rpm; 
the mixture was then stirred at 750 rpm for 1 h. Subse-
quently, 40 mL of 96% calcium chloride solution was 
added to the mixture with stirring at 500  rpm for 1  h. 
Next, 10 mL of isopropyl ketone was added to this mix-
ture with mechanical stirring at 400 rpm for 30 min. The 
mixture was then centrifuged at 6000 rpm for 5–10 min, 
and the sediment was washed and centrifuged alternately 
with distilled water and isopropyl ketone 23 times at 
6000 rpm for 5–10 min. Finally, the sediment was freeze-
dried to obtain IGF-1-coated sodium alginate micro-
spheres (Alg@IGF-1).

Preparation of the GelMA/PNS/Alg@IGF-1 hydrogel
Four groups of hydrogel samples were obtained by mix-
ing GelMA, PNS, and Alg@IGF-1 at the concentrations 
presented in Supplementary Table 1. The GelMA hydro-
gel was obtained by mixing 10% (w/v) GelMA and 1% 
wt Irgacure 2959. This solution was then irradiated with 
UV light for 30 min to enable crosslinking of the hydro-
gel. A similar process was used to prepare the GelMA/
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Fig. 1  Preparation of the multifunctional GelMA/PNS/Alg@IGF-1 hydrogel (A) and the intricate mechanism through which it facilitates diabetic wound 
healing (B)
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PNS, GelMA/Alg@IGF-1, and GelMA/PNS/Alg@IGF-1 
hydrogels.

Characterization
A nuclear magnetic resonance (NMR) spectrometer 
(Bruker AV-500; Bruker, Germany) was used to inves-
tigate the nuclear magnetic properties of the hydrogel. 
Fourier transform infrared (FTIR) spectra of the hydro-
gel components were acquired via an FTIR spectrometer 
(Vertex 70; Bruker). Scanning electron microscopy (SEM, 
S-3400; Hitachi, Japan) was used to assess the micromor-
phology of the microspheres and hydrogel. A material 
testing machine (ElectroForce 3220, Bose, USA) was used 
to determine the compression properties of the hydrogel.

Swelling properties
The swelling property of the hydrogel was tested by plac-
ing the hydrogel on wet filter paper. The initial weight 
(Ws0) and swelling weight (Ws) of the hydrogel at differ-
ent time intervals were recorded, and the swelling ratio 
was calculated using the following equation: swelling 
ratio = (Ws – Ws0)/Ws0 [26].

In vitro degradation
The hydrogel was freeze-dried and immersed in a lyso-
zyme solution (1000 U/mL in PBS, pH 7.4). All samples 
were placed in a constant-temperature shaker (37  °C, 
70 rpm) and weighed at different time intervals. The ini-
tial weight and final weight of the remaining hydrogel 
after degradation were recorded as Wd0 and Wd, respec-
tively. The degradation ratio was calculated using the 
following equation: degradation ratio (%) = (Wd/Wd0) × 
100% [26].

In vitro release of PNS and IGF-1
The in vitro release of PNS was determined on the basis 
of the cumulative release rate. High-performance liquid 
chromatography (HPLC 15235, Waters, USA) was used 
to determine the release rate of PNS. An IGF-1 ELISA 
kit (Magellan, Switzerland) was used to determine the 
entrapment efficiency and in vitro release rate of IGF-1.

Cell culture
HUVECs (human umbilical vein endothelial cells) and 
NHDFs (normal human dermal fibroblasts) were pur-
chased from the Cell Bank of Typical Culture Preserva-
tion Committee of the Chinese Academy of Sciences. 
The cells were maintained at 37  °C in a humidified 
atmosphere with 5% CO₂, and the culture medium was 
replaced every 48  h. HUVECs were seeded into 6-well 
plates at a density of 3 × 10⁶ cells per well. The GelMA, 
GelMA/PNS, GelMA/Alg@IGF-1, and GelMA/PNS/
Alg@IGF-1 hydrogels were subsequently placed in the 

upper chamber of a Transwell plate, and the cells were 
cocultured for further experiments.

Cytocompatibility test
The hydrogel extract was prepared and stored at 4  °C 
until use. Fibroblasts, whose density was maintained at 
105 cells/mL, were seeded in a 96-well plate (100 µL/well; 
experimental group [EG]). A blank control group (CG, 
100 µL of culture media without cells) and a negative 
control group (NG, 100 µL of culture media with cells) 
were also prepared. The cells were cultured in growth 
medium at 37  °C in an atmosphere of 5% CO2. Follow-
ing the attachment of the cells to the well, the culture 
medium was replaced with 100 µL of leach liquor. At a 
predetermined time point, the leach liquor was removed, 
and 100 µL of fresh culture media containing 10 µL of 
CCK-8 reagent was added to each well, after which the 
cells were incubated for 4  h. The absorbance value was 
measured at 450  nm in a microplate reader (Magellan). 
All the tests were conducted in quintuplicate. The rela-
tive growth rate (RGR) was calculated according to the 
following equation: RGR (%) = (ODEG – ODCG)/ODNG × 
100%.

Assessment of apoptosis
A Hoechst 33,342/propidium iodide (PI) Kit (Beyotime; 
China) was used to assess the number of apoptotic cells 
according to the manufacturer’s instructions. Red and 
blue hyperfluorescence was observed in necrotic cells.

Cell migration assay
Cell migration ability was evaluated via a Transwell assay. 
To establish the coculture system, the GelMA, GelMA/
PNS, GelMA/Alg@IGF-1, and GelMA/PNS/Alg@IGF-1 
hydrogels were individually placed in the lower chamber 
of a 24-well Transwell plate (Corning, USA). The cell sus-
pensions were diluted in serum-free medium and seeded 
into the upper chamber, while complete medium was 
added to the lower chamber. After 24  h of incubation, 
nonmigrated cells on the upper membrane were carefully 
removed. The migrated cells on the lower surface were 
fixed and stained with crystal violet (Beyotime, China). 
Following washing with PBS, the stained cells were quan-
tified under a light microscope.

Tube formation assay
HUVECs (3 × 103 cells/well) were seeded into 96-well cul-
ture plates precoated with Matrigel™ Matrix Growth Fac-
tor Reduced (BD Biosciences, USA). After the cells were 
incubated at 37  °C for 6  h, an inverted phase contrast 
microscope (Leica Microsystems GmbH, Germany) was 
used to count the number of capillary network meshes in 
five random fields per culture plate well.
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Transcriptome sequencing
After the treated cells were collected, TRIzol was used for 
cell lysis and total RNA extraction. The cDNA libraries 
were subjected to sequencing on the Illumina sequencing 
platform by Genedenovo Biotechnology Co. Ltd. (Guang-
zhou, China). DEGs were determined by an FDR < 0.05 
and|log2FC|>1. A bioinformatic analysis was performed 
via OmicsMart, a real-time interactive online platform 
for data analysis (http://www.omicsmart.com).

Network pharmacological analysis
We utilized the Traditional Chinese Medicine Systems 
Pharmacology (TCMSP), HERB, and SwissTargetPredic-
tion (STP) databases to identify potential therapeutic tar-
gets of PNS. Additionally, key targets related to diabetic 
wounds or diabetic ulcers were identified via the Online 
Mendelian Inheritance in Man (OMIM) database, Gen-
eCards database, Disease Gene Network (DisGeNet) 
database, DRUGBANK database, and Therapeutic Tar-
get Database (TTD). Furthermore, the GeneMANIA 
database was used to visualize the interaction network 
of IGF-1. For gene set functional enrichment analysis, 
we used the R software package clusterProfiler (version 
3.14.3) to obtain the results of the gene set enrichment.

Senescence-Associated β-Galactosidase (SA-β-gal) staining
In accordance with the protocol of the SA-β-gal Staining 
Kit (Beyotime; China), the cells were washed with PBS 
and incubated in stationary liquid for 15  min at room 
temperature. After three washes in PBS for 3  min each 
time, the cells were incubated in the staining working 
solution at 37 °C without CO2 for 14 h. The following day, 
the staining working solution was discarded, and the cells 
were washed three times with PBS. Finally, the samples 
were examined under a microscope.

Detection of ROS
After they were washed with PBS, the treated cells were 
incubated with the DCFH-DA fluorescent probe (Beyo-
time; China) for 30  min at 37  °C. Once the incubation 
was complete, the cells were washed to remove any 
unbound probe. The ROS fluorescence intensity was then 
measured via fluorescence microscopy. Fresh wound tis-
sue can be analysed via DHE staining.

Mitochondrial membrane potential (φM)
The lipophilic cationic dye JC-1 (MCE, USA), which is 
selectively taken up by mitochondria, was employed to 
visualize the mitochondrial membrane potential. JC-1 
was added to the HUVEC culture at a final concentra-
tion of 2 μm, and after a 15-min incubation, changes in 
the mitochondrial membrane potential were evaluated 
by observing alterations in the fluorescence intensity of 
monomers and multimers via fluorescence microscopy.

Quantitative Real-Time polymerase chain reaction (qRT‒
PCR)
The expression levels of p21 and p53 were detected by 
qRT‒PCR. RNA was extracted using a TRIzol kit (Life 
Technologies, USA), and first-strand cDNA was synthe-
sized via reverse transcription using a gDNAEr Reagent 
Kit (Takara, Japan) according to the manufacturer’s pro-
tocol. qRT‒PCR was performed using a Bestar®SybrGreen 
qPCR Master Mix (DBI, Germany). The sequences of the 
primers used for qRT‒PCR are shown in Supplementary 
Table 2.

Western blot
Proteins from cultured cells were extracted with RIPA 
lysis buffer (MIK, China). The total concentration of 
protein collected from the cells was calculated using a 
BCA protein assay kit (Solarbio, China). Protein samples 
were separated by SDS‒PAGE and transferred to PVDF 
membranes (Millipore, USA). After the membranes were 
blocked, they were incubated overnight at 4 °C with pri-
mary antibodies against GAPDH (60004-1-Ig), NF-κB 
p65 (10745-1-AP), phospho-NF-κB p65 (80379-2-RR), 
IκBα (10268-1-AP), and phospho-IκBα (82349-1-RR). An 
HRP-labelled secondary antibody was used to detect the 
antibody reactivity. The protein signal was detected via 
chemiluminescence western blotting detection solution 
(Bio-Rad, USA).

Enzyme-linked immunosorbent assay (ELISA)
To detect the release of SASP factors (IL-1β and IL-6), 
ELISA was performed using a human ELISA kit (Meim-
ian, China), and the absorbance at 450 nm was measured 
with a microplate reader within 15 min after the reaction 
was stopped.

In vivo diabetic wound healing test
All animal experimental procedures were approved by 
the Institutional Review Board of the First Affiliated Hos-
pital of Sun Yat-Sen University. During the animal study, 
the rats were raised in a specific pathogen-free environ-
ment with an adequate supply of food and water. The rat 
model of diabetes was established according to a previous 
study [27]. Healthy female Sprague–Dawley rats weighing 
250 g were intraperitoneally injected with streptozotocin 
(65 mg/kg). One week later, the rats with blood glucose 
levels greater than 16 mmol/L and other symptoms, i.e., 
polyphagia, polydipsia, polyuria, and weight loss, were 
considered successful type 1 diabetic model rats.

Before surgery, all rats were anaesthetized with pen-
tobarbital sodium (30 mg/kg), and their dorsal hair was 
shaved. Two circular full-thickness skin wounds 2.0  cm 
in diameter were generated on the backs of each rat by 
excising the skin tissue with sterile dissecting scissors. All 
rats were randomly assigned to one of 4 groups, and their 

http://www.omicsmart.com
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wounds were covered with each of 4 different hydrogel 
dressings; the dressings were fixed in place with a surgi-
cal cord. All the rats were housed in individual cages after 
surgery. The wounds were observed on postoperative 
days 3, 7, 14, and 21.

Histologic analysis
Samples obtained at 7, 14, and 21 days after surgery were 
fixed in 4% paraformaldehyde for at least 24 h. The sam-
ples were then dehydrated in a graded series of ethanol 
and embedded in paraffin for haematoxylin‒eosin (H&E) 
staining and Masson’s trichrome staining. The stained 
sections were observed under an optical microscope.

Immunofluorescence staining
The paraffin sections were deparaffinized, cleared 3 times 
in xylene for 15 min, and then rehydrated in absolute eth-
anol two times for 5 min each time, one time each in 85% 
ethanol and 75% ethanol for 5 min, and finally, one time 
in distilled water. The slides were then incubated over-
night at 4  °C with primary antibodies against α-smooth 
muscle actin (α-SMA) and CD31. After they were rinsed 
3 times in PBS (pH 7.4) for 5 min, the slides were incu-
bated with secondary antibodies at room temperature 
for 50 min. Subsequently, the slides were incubated with 
DAPI in the dark for 10  min after additional washes in 
PBS. The sections were observed with a confocal laser 
scanning microscope.

Immunohistochemistry (IHC)
The paraffin sections were deparaffinized and washed 
according to the method described above. The sections 
were blocked with 3% BSA blocking buffer for 30  min. 
The slides were then incubated overnight at 4  °C with 
primary antibodies against p16, IL-6, TGF-β1, TGF-β3, 
TNF-α, and CD31. After they were rinsed 3 times in 
PBS (pH 7.4) for 5 min each time, the slides were incu-
bated with secondary antibodies at room temperature for 
50 min. The slides were then incubated with DAB solu-
tion and counterstained with haematoxylin.

Statistical analysis
The statistical trends of the different groups were anal-
ysed with GraphPad Prism 9.5. Data from at least three 
individual experiments are presented as the means ± stan-
dard deviations (means ± SDs). Data were considered sta-
tistically significant when P < 0.05.

Results
Synthesis of the GelMA/PNS/Alg@IGF-1 hydrogel
The successful synthesis of the GelMA/PNS/Alg@IGF-1 
hydrogels was verified through a combination of mor-
phological and structural characterizations. The mor-
phology of the Alg@IGF-1 microspheres was examined 

via SEM, as shown in Fig. 2A. The microspheres exhib-
ited a spherical shape with a uniform particle size dis-
tribution, and the average hydrodynamic diameter was 
measured to be 48.6 μm (Fig. 2B). The structural modi-
fication of the Gel to generate GelMA was confirmed via 
NMR spectroscopy. Figure 2C shows the NMR spectra of 
both the Gel and GelMA. Compared with the spectrum 
of the pure Gel, the spectrum of GelMA exhibited char-
acteristic peaks at δ = 5.4 and 6.4 ppm, which correspond 
to methacrylate groups. These results clearly demonstrate 
the successful introduction of methacrylate functional 
groups and confirm the successful synthesis of GelMA. 
FTIR spectroscopy was further employed to analyse 
the chemical composition of the hydrogels, as shown 
in Fig.  2D. Infrared spectroscopy can detect the char-
acteristic functional groups, molecular structure, and 
chemical composition of organic compounds. The char-
acteristic absorption peak of the amide bond appeared at 
1540 cm− 1, which further confirms that GelMA was suc-
cessfully synthesized. The characteristic absorption peak 
of PNS appeared at 2927.89  cm− 1 in GelMA/PNS and 
GelMA/PNS/Alg@IGF-1, which indicates that PNS was 
successfully loaded within these two hydrogel samples.

Characteristics of the GelMA/PNS/Alg@IGF-1 hydrogel
The rheological properties of the hydrogels were assessed, 
and the results are presented in Fig. 2E. Gʹ and Gʺ rep-
resent the stiffness (storage modulus) and viscoelastic-
ity (loss modulus) of the hydrogel, respectively. Gʹ was 
significantly greater than Gʺ at room temperature for all 
four hydrogel samples; this finding indicates that the MA 
material improved the stability of gelatine at room tem-
perature and enabled GelMa to remain in the hydrogel 
state at body temperature. The compression properties 
of the hydrogels are shown in Fig. 2F. Following the addi-
tion of PNS and Alg@IGF-1, the compressive strength of 
the hydrogel decreased slightly, but this decrease was not 
significant.

The swelling behaviour of the hydrogels, shown in 
Fig. 2G, reflects their fluid absorption and water retention 
capacities. The swelling ratio increased rapidly during the 
first 2 h and reached equilibrium at 24 h. The equilibrium 
swelling ratios of GelMA, GelMA/PNS, GelMA/Alg@
IGF-1, and GelMA/PNS/Alg@IGF-1 were 35.51% ± 5.4%, 
40.24% ± 1.59%, 70.24% ± 2.70%, and 64.53% ± 2.96%, 
respectively. The increased swelling ratios of GelMA/
Alg@IGF-1 and GelMA/PNS/Alg@IGF-1 were attrib-
uted to the hydrophilic properties of alginate in the Alg@
IGF-1 microspheres.

The degradation profiles of the hydrogels were evalu-
ated in a lysozyme solution to simulate the in vivo envi-
ronment, as shown in Fig.  2H. The hydrogels exhibited 
gradual weight loss due to enzymatic hydrolysis, with 
residual weights on day 21 of 12.54% ± 3.18%, 13.33% ± 
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Fig. 2 (See legend on next page.)
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3.35%, 17.61% ± 2.20%, and 21.82% ± 1.24% for GelMA, 
GelMA/PNS, GelMA/Alg@IGF-1, and GelMA/PNS/
Alg@IGF-1, respectively. The GelMA/PNS/Alg@IGF-1 
hydrogel exhibited the highest resistance to enzymatic 
degradation, which indicates its prolonged stability. 
Thermogravimetric analysis (TGA) (Fig. 2I) revealed that 
all the GelMA-based materials presented similar ther-
mal degradation profiles, with GelMA/PNS/Alg@IGF-1 
displaying slightly greater residual weights, suggesting 
improved thermal stability due to the incorporation of 
PNS and IGF-1. These results indicate that the hydrogel 
formulation offers prolonged functional stability, which 
would reduce the frequency of dressing replacements.

The release profiles of PNS from the GelMA/PNS and 
GelMA/PNS/Alg@IGF-1 hydrogels are presented in 
Fig.  2J. Both hydrogels demonstrated similar sustained-
release trends, with release rates of 19.48% ± 0.60% and 
18.47% ± 0.69% on day 3 and 88.19% ± 2.78% and 85.59% 
± 2.78% on day 14. These findings indicate that the incor-
poration of Alg@IGF-1 did not affect the release profile 
of PNS. The sustained release of PNS ensures its presence 
throughout the wound-healing process and minimizes 
the need for frequent dressing replacements. The encap-
sulation efficiency of IGF-1 within Alg@IGF-1 micro-
spheres was 71.81% ± 2.08%. The release rates of IGF-1 
from Alg@IGF-1, GelMA/Alg@IGF-1, and GelMA/PNS/
Alg@IGF-1 are shown in Fig.  2K. On day 4, the release 
rates from Alg@IGF-1, GelMA/Alg@IGF-1, and GelMA/
PNS/Alg@IGF-1 were 24.18% ± 3.15%, 16.27% ± 0.98%, 
and 9.88% ± 0.66%, respectively, and by day 14, the 
release rates were 55.99% ± 1.60%, 52.72% ± 0.21%, and 
47.42% ± 1.60%, respectively. The slower release rates of 
the GelMA-based hydrogels suggest a more controlled 
and sustained release of IGF-1 and ensure its availability 
during the middle and late stages of wound healing.

The cytocompatibility of the hydrogels was evaluated 
via a CCK-8 assay using fibroblasts cultured for 1, 3, and 
5 days. As shown in Fig. 2L, no significant differences in 
cell viability were observed among the GelMA, GelMA/
PNS, GelMA/Alg@IGF-1, GelMA/PNS/Alg@IGF-1, and 
control groups, which indicates excellent biocompat-
ibility of the hydrogels for direct application to wound 
surfaces. SEM analysis revealed that all the hydrogel sam-
ples exhibited a spongy 3D porous structure, with Alg@
IGF-1 microspheres embedded within the GelMA/Alg@
IGF-1 and GelMA/PNS/Alg@IGF-1 hydrogels (Fig. 2M). 
The average pore sizes for GelMA, GelMA/PNS, 
GelMA/Alg@IGF-1, and GelMA/PNS/Alg@IGF-1 were 

39.47 ± 14.14  μm, 40.39 ± 16.00  μm, 35.63 ± 11.54  μm, 
and 29.97 ± 14.46 μm, respectively, and no significant dif-
ferences were observed among the different hydrogels 
(Fig. 2N).

Angiogenic effect of the GelMA/PNS/Alg@IGF-1 hydrogel 
under High-Glucose conditions
To explore abnormalities in the wound healing process 
of diabetic wounds, we cultured HUVECs in high-glu-
cose medium to mimic diabetic conditions in vitro. The 
initial assessment of HUVEC viability in a high-glucose 
(HG) environment revealed that prolonged exposure 
significantly damaged the cells and induced apoptosis. 
However, all the treatment groups demonstrated vary-
ing degrees of restored cell viability, and the GelMA/
PNS/Alg@IGF-1 hydrogel group showed the most pro-
nounced antiapoptotic effect (Fig. 3A, B). The migration 
and tube formation of endothelial cells are critical steps 
needed to achieve therapeutic effects. Under the influ-
ence of a high-glucose environment, HUVEC migration 
and tube formation abilities are significantly impaired. 
However, treatment with the GelMA/PNS/Alg@IGF-1 
hydrogel markedly restored HUVEC migration, which 
was superior to that of cells treated with other hydrogels 
and resulted in the formation of a more distinct vascular 
network (Fig. 3C-F).

To further investigate the potential mechanisms by 
which the GelMA/PNS/Alg@IGF-1 hydrogel promotes 
vascularization, we performed transcriptome sequencing 
of HUVECs. Compared with the high-glucose-treated 
cells, the GelMA/PNS/Alg@IGF-1 hydrogel-treated cells 
presented significant changes in gene transcription, with 
a total of 2,642 differentially expressed genes (DEGs) 
identified. Among these genes, 554 genes were upregu-
lated, and 2,088 genes were downregulated (Fig. 3G, H). 
To gain deeper insight into the functional significance 
of these DEGs, we performed KEGG pathway enrich-
ment analysis. The enriched pathways were predomi-
nantly related to the TNF signalling pathway, NF-kappa 
B signalling pathway, apoptosis pathway, P53 signalling 
pathway, and NOD-like receptor signalling pathway 
(Fig. 3I). We also classified the DEGs through GO path-
way analysis and focused on three main domains: bio-
logical process (BP), molecular function (MF), and 
cellular component (CC) (Fig. 3J). In the BP category, the 
DEGs were enriched primarily in pathways related to the 
response to stress and the response to cytokines, which 
highlights the hydrogel’s ability to modulate endothelial 

(See figure on previous page.)
Fig. 2  Fabrication and physicochemical properties of the hydrogels. SEM images of the microspheres. B Particle size distribution of the microspheres. C 
Nuclear magnetic analyses. D Fourier transform infrared spectroscopy. E, F, G, H, I Rheological properties, compressive properties, swelling characteristics, 
degradation rates, and thermogravimetric analysis of GelMA, GelMA/PNS, GelMA/Alg@IGF-1, and GelMA/PNS/Alg@IGF-1. J Release ratios of IGF-1 in Alg@
IGF-1, GelMA/Alg@IGF-1 and GelMA/PNS/Alg@IGF-1. K Release ratios of PNS in GelMA/PNS and GelMA/PNS/Alg@IGF-1. L Biocompatibility test. M, N SEM 
images and pore size statistics of the hydrogels
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cell adaptive responses under pathological conditions. 
For the MF domain, the most enriched terms were bind-
ing and protein binding, which suggests that the hydrogel 
might regulate interactions between key proteins and sig-
nalling molecules and potentially contribute to enhanced 
cell communication and function. In the CC domain, the 
DEGs were enriched mainly in intracellular anatomical 
structures and intracellular membrane-bound organelles, 
indicating the impact of the hydrogel on intracellular 
organization and membrane dynamics.

Target analysis of the PNS and IGF-1 in relation to diabetic 
wounds
On the basis of the above findings, we discovered that the 
combined delivery of IGF-1 and PNS can exert a more 
potent proangiogenic effect. Considering the increasing 
availability of various target databases, bioinformatics 
approaches were utilized to further explore the connec-
tion between these agents and diabetic wound healing. 
First, we retrieved potential targets for PNS from the 
HERB, TCMSP, and STP databases. After merging the 
results, we identified a total of 96 target genes associ-
ated with PNS (Fig. 4A and Supplementary Information 
1). These 96 genes were enriched primarily in pathways 
such as the PI3K-Akt signalling pathway and cellular 
senescence (Fig. 4B), which suggests that PNS may play 
a role in regulating cell survival, proliferation, and age-
ing, which are critical for wound repair. In parallel, we 
utilized several disease-related databases, including 
OMIM, GeneCards, DRUGBANK, DisGeNet, and TTD, 
to identify 3,207 key target genes associated with diabetic 
wounds or diabetic ulcers (Fig.  4C and Supplementary 
Information 1). By performing an intersection analysis 
between these 3,207 targets and the 96 PNS-related tar-
gets using a Venn diagram, we identified 66 overlapping 
genes for subsequent bioinformatics analysis (Fig.  4D). 
These shared targets suggest that the therapeutic effects 
of PNS on diabetic wounds occur primarily through 
pathways such as the PI3K‒Akt signalling pathway and 
cellular senescence (Fig. 4E).

Furthermore, we employed the GeneMANIA database 
to visualize the interaction network of IGF-1 (Fig.  4F). 
Enrichment analysis of the downstream targets of IGF-1 
revealed that IGF-1 is predominantly involved in regulat-
ing pathways such as the longevity regulating pathway, 
the AMPK signalling pathway, and the FoxO signalling 
pathway (Fig.  4G). Notably, the involvement of path-
ways such as cellular senescence and longevity regulation 

suggest that IGF-1 and PNS may mitigate the adverse 
effects of cellular ageing on wound repair, addressing a 
critical challenge in the context of diabetes.

Anti-Senescence activity of the GelMA/PNS/Alg@IGF-1 
hydrogel
Guided by bioinformatics findings, we investigated the 
anti-senescence effects of the GelMA/PNS/Alg@IGF-1 
hydrogel on endothelial cells under high-glucose condi-
tions. Senescence in HUVECs was assessed by stain-
ing for SA-β-gal, a widely recognized marker of cellular 
senescence. The HG group displayed intense SA-β-gal 
staining (Fig.  5A), which indicates a robust induction 
of senescence. In contrast, cells treated with various 
hydrogels presented reduced SA-β-gal staining, with the 
GelMA/PNS/Alg@IGF-1 hydrogel demonstrating the 
most pronounced suppression of senescence (Fig.  5B). 
At the molecular level, this hydrogel significantly down-
regulated the mRNA expression of the key senescence 
markers p21 and p53 and also suppressed the secretion of 
factors associated with senescence-associated secretory 
phenotypes (SASPs), such as IL-1β and IL-6 (Fig. 5G, H). 
These results indicate that the GelMA/PNS/Alg@IGF-1 
hydrogel alleviates both cellular senescence and the asso-
ciated inflammatory microenvironment. Mitochondria, 
which are central to cellular homeostasis, are directly 
involved in the senescence process [28, 29]. High-glu-
cose conditions disrupt mitochondrial function, leading 
to increased ROS production and a loss of mitochon-
drial membrane potential, both of which are hallmarks 
of cellular ageing [28, 29]. Our results also reveal that 
the GelMA/PNS/Alg@IGF-1 hydrogel significantly sup-
pressed HG-induced ROS overproduction while restor-
ing the mitochondrial membrane potential (Fig. 5C-F).

Further GSEA revealed that treatment with the 
GelMA/PNS/Alg@IGF-1 hydrogel under high-glucose 
conditions significantly activated oxidative phosphoryla-
tion pathways but inhibited the NF-κB signalling pathway 
(Fig.  5I, J). The western blot results further confirmed 
that under high-glucose conditions, total IκBα protein 
levels were decreased, phosphorylated IκBα (p-IκBα) 
levels were increased, total p65 protein levels remained 
unchanged, and phosphorylated p65 (p-p65) levels were 
increased. However, intervention with the GelMA/PNS/
Alg@IGF-1 hydrogel reversed this effect by suppress-
ing the phosphorylation of both IκB-α and p65, thereby 
preventing excessive activation of the NF-κB signalling 
pathway (Fig.  5K). These findings demonstrate that the 

(See figure on previous page.)
Fig. 3  Effect of the GelMA/PNS/Alg@IGF-1 hydrogel on angiogenesis under high-glucose conditions. A, B Representative fluorescence images and 
statistical analysis of cell apoptosis. C, D Representative images and statistical analysis of cell migration. E, F Representative images and statistical analysis 
of the results of the tube formation assay. G Volcano map of the differentially expressed genes between the high glucose (HG)-treated group and the 
GelMA/PNS/Alg@IGF-1 hydrogel-treated group. H Statistical plot of the differentially expressed genes. I KEGG pathway enrichment factor map of the dif-
ferentially expressed genes. J GO pathway enrichment factor map of the differentially expressed genes. (**** indicates p < 0.001)
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Fig. 4  Analysis of the PNS and IGF-1 targets via network pharmacology. A Schematic diagram of target screening for PNS. B KEGG pathway enrichment 
analysis of PNS targets. C Schematic diagram of target screening for diabetic wounds or ulcers. D Summary of target genes from multiple databases. E 
KEGG pathway enrichment analysis of overlapping targets. F Schematic diagram of key interacting targets of IGF-1. G KEGG pathway enrichment analysis 
of key interacting targets of IGF-1
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Fig. 5 (See legend on next page.)
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GelMA/PNS/Alg@IGF-1 hydrogel mitigates oxidative 
stress, restores mitochondrial function, and suppresses 
senescence signalling through the NF-κB pathway.

In vivo wound healing effects of the GelMA/PNS/Alg@IGF-1 
hydrogel
The wound healing efficacy of the GelMA/PNS/Alg@
IGF-1 hydrogel was evaluated in a diabetic skin wound 
model. Figure 6A outlines the in vivo treatment strategy. 
Representative images of the healing process are shown 
in Fig.  6B. Compared with those in the control group, 
the wounds treated with the GelMA/PNS, GelMA/Alg@
IGF-1, and GelMA/PNS/Alg@IGF-1 hydrogels exhib-
ited more rapid healing progression (Fig.  6C). Notably, 
the GelMA/PNS/Alg@IGF-1 group demonstrated the 
most pronounced increase in wound healing (Fig.  6D). 
While the GelMA/PNS and GelMA/Alg@IGF-1 hydrogel 
groups demonstrated significantly faster healing than the 
control, their healing rates were still less than the heal-
ing rate of the GelMA/PNS/Alg@IGF-1 hydrogel group. 
These findings suggest that the combined application of 
PNS and IGF-1 within the hydrogel synergistically pro-
mote diabetic wound healing more effectively than either 
agent alone.

To further evaluate the wound healing process, his-
tological analysis was conducted on days 7 and 14. Fig-
ure  6E shows HE-stained skin tissue. Compared with 
the other groups, the GelMA/PNS/Alg@IGF-1 hydrogel 
group exhibited a higher rate of granulation tissue for-
mation on day 7 (Fig. 6F). By day 14, all the groups pre-
sented a newly formed epidermis; however, the GelMA/
PNS/Alg@IGF-1 hydrogel group presented a thicker, 
more natural, and mature epidermal layer than the other 
groups (Fig. 6G). Collagen deposition, a critical factor in 
wound remodelling, was assessed via Masson’s trichrome 
staining (Fig.  6H). Compared with the control group, 
all the treatment groups presented increased collagen 
content. However, compared with the other groups, the 
GelMA/PNS/Alg@IGF-1 hydrogel group presented sig-
nificantly greater collagen deposition on both day 7 and 
day 14 (Fig. 6I). These findings indicate that this hydro-
gel formulation not only accelerates granulation tissue 
formation and re-epithelialization but also enhances col-
lagen synthesis and remodelling, which are essential for 
robust wound healing.

To evaluate the angiogenic potential of the hydro-
gel in vivo, we assessed the expression levels of CD31, a 

key marker associated with angiogenesis (Fig. 6J). CD31 
staining revealed significantly greater neovasculariza-
tion in wounds treated with the GelMA/PNS/Alg@IGF-1 
hydrogel than in those in the control group (Fig. 6K). This 
significant increase demonstrates that the GelMA/PNS/
Alg@IGF-1 hydrogel effectively promotes angiogenesis, 
which addresses the angiogenic deficiencies in diabetic 
wounds. The synergistic combination of PNS and IGF-1 
establishes a favourable microenvironment for angiogen-
esis and facilitates efficient and complete tissue repair.

Anti-Senescence effects of the GelMA/PNS/Alg@IGF-1 
hydrogel on angiogenesis
Measurements of ROS levels in in vivo experiments 
revealed that all hydrogel formulations reduced oxida-
tive stress and that the GelMA/PNS/Alg@IGF-1 hydro-
gel exhibited the most pronounced antioxidant effect 
(Fig. 7A, B). This reduction in oxidative stress plays a piv-
otal role in improving vascular function. CD31/α-SMA 
double immunofluorescence staining further confirmed 
the proangiogenic effects of this hydrogel. Compared 
with wounds treated with other hydrogels, wounds 
treated with the GelMA/PNS/Alg@IGF-1 hydrogel pre-
sented a significantly greater number of mature blood 
vessels throughout the healing process, which highlights 
the ability of this hydrogel to promote sustained angio-
genesis (Fig. 7C, D and Supplementary Fig. 1).

To further investigate its anti-senescence effects, IHC 
was used to assess the expression of the senescence 
marker p16 and factors associated with SASPs, including 
IL-6 and TNF-α. Although the expression of these mark-
ers was reduced in all treatment groups, the GelMA/
PNS/Alg@IGF-1 hydrogel exhibited the most significant 
suppressive effects (Fig.  7E, F). Additionally, during the 
wound healing process, the expression levels of TGF-β1 
and TGF-β3 were notably greater in wounds treated with 
the GelMA/PNS/Alg@IGF-1 hydrogel than in the other 
groups (Fig. 7G, H). The elevated levels of these growth 
factors suggest that this hydrogel further enhances angio-
genesis by establishing a pro-healing microenvironment 
that supports both structural and functional recovery of 
the vasculature.

Discussion
This study demonstrated that the multifunctional 
GelMA/PNS/Alg@IGF-1 hydrogel effectively addresses 
key pathological features of diabetic wounds, including 

(See figure on previous page.)
Fig. 5  Anti-senescence effects of the GelMA/PNS/Alg@IGF-1 hydrogel in a high-glucose environment. A, B Representative images and statistical analysis 
of SA-β-gal staining. C, D Representative images and statistical analysis of ROS fluorescence staining. E, F Representative images and statistical analysis of 
mitochondrial membrane potential fluorescence staining. G RT‒qPCR analysis of senescence markers (p21 and p53). H ELISA analysis of factors associated 
with SASPs (IL-1β and IL-6). I GSEA comparing the high glucose (HG)-treated group and the GelMA/PNS/Alg@IGF-1 hydrogel-treated group. J Heatmap of 
gene expression related to the NF-κB signalling pathway in the HG-treated group and the GelMA/PNS/Alg@IGF-1 hydrogel-treated group. K Western blot 
bands and quantitative analysis of the expression of proteins in the NF-κB signalling pathway. (** indicates P < 0.01, **** indicates P < 0.001)
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oxidative stress, cellular senescence, and impaired angio-
genesis. By combining PNS and IGF-1 in a hydrogel plat-
form with controlled release properties, this formulation 
provides synergistic therapeutic effects and establishes 
a favourable microenvironment for tissue repair and 
regeneration.

The successful synthesis and characterization of the 
GelMA/PNS/Alg@IGF-1 hydrogel confirmed its struc-
tural stability, biocompatibility, and suitability for wound 
healing applications. The rheological and degradation 
properties demonstrated its ability to remain stable dur-
ing wound healing, while the controlled release of PNS 
and IGF-1 over 14 days minimized the need for frequent 
dressing replacements. The optimal swelling ratios and 
pore sizes support a moist wound environment and facil-
itate cell migration, both of which are critical for wound 
healing and tissue regeneration [30, 31].

High glucose levels impair vascular function in dia-
betic wounds, which contributes to delayed healing and 
chronic inflammation [32, 33]. The GelMA/PNS/Alg@
IGF-1 hydrogel significantly improved endothelial cell 
viability, migration, and tube formation under high-glu-
cose conditions, which indicates its ability to restore vas-
cular function. Transcriptome analysis revealed that this 
hydrogel modulates vascular repair through pathways 
such as the NF-κB, PI3K-Akt, and TNF signalling path-
ways. These pathways are crucial for promoting endothe-
lial cell survival, neovascularization, and wound repair, as 
they reduce inflammation and enhance adaptive cellular 
responses to stress [34, 35]. The integration of bioinfor-
matics and experimental data provides valuable insights 
into the molecular mechanisms that drive the therapeutic 
effects of PNS and IGF-1.

Cellular senescence induced by high-glucose condi-
tions is a major factor that inhibits wound healing in 
diabetic patients [36–38]. The network pharmacology 
results revealed that PNS and IGF-1 have significant 
anti-senescence potential. The GelMA/PNS/Alg@IGF-1 
hydrogel effectively suppressed the expression of HG-
induced markers of senescence (SA-β-gal, p21, p53) and 
SASPs (IL-1β, IL-6), alleviating the proinflammatory 
microenvironment associated with senescence. The abil-
ity of the hydrogel to reduce ROS production and restore 
the mitochondrial membrane potential underscores 
its capacity to disrupt the cycle of oxidative stress and 
mitochondrial dysfunction that perpetuate cellular age-
ing [28, 29]. Western blot results further confirmed the 

dissociation of the NF-κB/IκB-α complex and the activa-
tion of the NF-κB signalling pathway under high-glucose 
conditions [39, 40]. The NF-κB pathway plays a crucial 
role in inflammation and senescence-associated dysfunc-
tions [41]. By inhibiting NF-κB signalling, the hydrogel 
further mitigated the feedback loop between oxidative 
stress and senescence-associated inflammation, promot-
ing vascular repair [39, 42, 43].

As previously mentioned, wound healing is a complex 
and dynamic process involving multiple stages, including 
inflammation, granulation tissue formation, re-epithelial-
ization, and collagen remodelling [44]. The rapid develop-
ment of advanced biomaterials has led to faster and more 
effective wound healing [45, 46]. Insufficient angiogenesis 
caused by pathological factors is a common characteris-
tic of diabetic wounds, which highlights the importance 
of angiogenesis in tissue repair [47, 48]. The diabetic 
wound model demonstrated that the GelMA/PNS/Alg@
IGF-1 hydrogel significantly accelerated wound healing, 
as evidenced by enhanced granulation tissue formation, 
collagen deposition, and re-epithelialization. The upregu-
lation of angiogenic markers such as CD31 confirmed the 
efficacy of this hydrogel in promoting neovascularization, 
a critical factor for oxygen and nutrient delivery to heal-
ing tissues [49, 50]. More importantly, hydrogels not only 
alleviate senescence in the wound environment but also 
reduce the inflammatory microenvironment associated 
with SASP-related factor secretion, which is essential for 
promoting angiogenesis and facilitating wound repair 
[51].

Recent studies highlight the promising potential of 
advanced dual-delivery biomaterials in wound healing. 
For example, platelet-rich fibrin and simvastatin-loaded 
3D-printed bilayer scaffolds promote angiogenesis and 
cellular proliferation for skin regeneration [52]. Simi-
larly, vanillin- and IGF-1-loaded dual-layer wound dress-
ings enhance cell migration, angiogenesis, and collagen 
deposition to accelerate healing [53]. The dual delivery of 
PNS and IGF-1 produced a synergistic effect and estab-
lished a favourable microenvironment for vascular repair 
and tissue remodelling. Increased levels of TGF-β1 and 
TGF-β3 further support the ability of our hydrogel to 
regulate inflammation resolution and promote extracel-
lular matrix remodelling, which are both essential for 
robust and sustained healing [54, 55]. These findings 
highlight the effectiveness of multitargeted therapies 
combined with advanced biomaterials for optimal wound 

(See figure on previous page.)
Fig. 6  In vivo evaluation of the effects of different hydrogels on diabetic wound healing. A Treatment schedule for diabetic wounds treated with differ-
ent hydrogels. B, C Representative images and wound healing trajectories of diabetic wounds at various time points. D Quantitative analysis of wound 
healing rates after treatment. E HE staining of wound sections from all groups on days 7 and 14. (WA: Wound Area, Ep: Epidermis, D: Dermis). F Statistical 
analysis of granulation tissue thickness on day 7. G Quantitative analysis of epidermal thickness on day 14. H Masson staining images of wounds from 
all groups on days 7 and 14. (WA: Wound Area, HF: Hair follicle). I Quantification of collagen deposition on days 7 and 14. J, K Images of immunohisto-
chemical staining and statistical analysis showing CD31-labelled neovasculature in wound tissues on day 7. (** indicates P < 0.01, **** indicates P < 0.001)
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healing. Expanding the multifunctionality of biomaterials 
and diversifying their applications to address a broader 
disease spectrum represent a critical focus for future 
research and development [56, 57].

Due to its anti-senescence and proangiogenic prop-
erties, the GelMA/PNS/Alg@IGF-1 hydrogel offers a 
promising therapeutic strategy for the management of 
diabetic wounds by addressing the challenges of delayed 
healing and chronic inflammation. While the encourag-
ing in vitro and in vivo results highlight its potential, fur-
ther studies are necessary to assess its long-term safety, 
scalability, and clinical efficacy. Evaluations in larger 
animal models and eventual clinical trials will be crucial 
for translating this innovative platform into practical 
applications for chronic wound management. By effec-
tively targeting oxidative stress, cellular senescence, and 
impaired angiogenesis, the GelMA/PNS/Alg@IGF-1 
hydrogel has strong potential as a multifunctional solu-
tion for advanced wound care.
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