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A B S T R A C T

Bacterial infections and long-term inflammation cause serious secondary damage to chronic diabetic wounds and 
hinder the wound healing processes. Currently, multifunctional hydrogels have shown promising effects in 
chronic wound repair. However, traditional hydrogels only keep the wound moist and protect it from bacterial 
infection, and cannot provide mechanical force to contract the wound edges to achieve facilitated wound closure. 
Here, an asymmetric composite dressing was created by combining biaxially oriented nanofibers and hydrogel, 
inspired by the double-layer structure of the traditional Chinese medicinal plaster patch, for managing chronic 
wounds. Specifically, electrospun Poly-(lactic acid-co-trimethylene carbonate) (PLATMC) nanofibers and 
methacrylate gelatin (GelMa) hydrogel loaded with Epinecidin-1@chitosan (Epi-1@CS) nanoparticles are 
assembled as the temperature-responsive self-contracting nanofiber/hydrogel (TSNH) composite dressing. The 
substrate layer of PLATMC nanofibers combines topological morphology with material properties to drive wound 
closure through temperature-triggered contraction force. The functional layer of GelMa hydrogel is loaded with 
Epi-1@CS nanoparticles that combine satisfactory cytocompatibility, and antioxidant, anti-inflammatory, and 
antibacterial properties. Strikingly, in vivo, the TSNH dressing could regulate the diabetic wound microenvi-
ronment, thereby promoting collagen deposition, facilitating angiogenesis, and reducing the inflammatory 
response, which promotes the rapid healing of chronic wounds. This study highlights the potential of synergizing 
mechanical and biochemical signals in enhancing chronic wound treatment. Overall, this TSNH composite 
dressing is provided as a reliable approach to solving the long-standing problem of chronically infected wound 
healing.

1. Introduction

Bacterial chronic wound infection is one of the severe complications 
of diabetic mellitus, affecting 42.2 % of diabetic patients [1]. In 
particular, diabetic foot ulcers can lead to disability and even death and 
are characterized by easy diagnosis, difficult treatment, long treatment 
duration, high medical expenses, and frequent recurrence [2–4]. This 
situation significantly impacts the quality of life and both physical and 
mental health, imposing a burden on families and society. Therefore, 
diabetic wound research has garnered widespread attention from the 
global medical community and society. Research data indicate that 

approximately 15 % of diabetic patients develop lower limb ulcers, 4 %– 
10 % experience foot ulcers, and 40 %–60 % of non-traumatic lower 
limb amputees are caused by diabetic feet [5]. In the worst-case sce-
nario, an estimated lower limb amputation occurs globally every 30 s 
[6]. Currently, the healing of diabetic-infected wounds remains one of 
the major challenges facing clinical treatment. Therefore, there is an 
urgent need to develop more effective strategies to combat bacterial 
infections, improve the wound microenvironment, and accelerate dia-
betic wound healing.

Wound healing progresses through several stages: inflammation, 
proliferation, epithelialization, angiogenesis, granulation tissue 
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formation, and matrix remodeling [7,8]. However, in diabetic wounds, 
this process is disrupted and manifests as long-term inflammation, with 
neutrophils and macrophages continuously producing large amounts of 
inflammatory cytokines, further damaging normal tissues and fibro-
blasts within the wound [9–11]. Fibroblasts lose their normal function 
and slow down the deposition of extracellular matrix (ECM) is the main 
reason for hindering or delaying wound healing [12]. Additionally, the 
hyperglycemic environment in diabetic wounds creates favorable con-
ditions for bacterial growth, leading to prolonged bacterial infections 
and increasing the risk of secondary infections in patients [13]. 
Non-surgical clinical treatments for diabetic wounds mainly include 
blood sugar control, negative pressure drainage, and wound dressings 
[14]. Currently, various types of wound dressings have been explored, 
such as gauze, foam, films, hydrogels, and alginate dressings [15]. 
However, these treatment strategies often lack patient compliance and 
have various limitations. Besides, many studies have focused on deliv-
ering bioactive substances, such as growth factors, stem cells, exosomes, 
and platelet-rich plasma, which may lead to skin hyperplasia and sub-
sequently affect skin aesthetics [16–18]. Existing treatment strategies 
often ignore the active role of mechanical forces in skin wound healing 
and only focus on the biochemical factors of wound dressings [19–21]. A 
good example is the clinical application of negative pressure wound 
therapy (NPWT). Although the main purpose of NPWT is to remove 
wound exudate, recent studies have shown that dynamic mechanical 
loads may induce “micro deformation” forces along the wound edge 
during treatment, thereby inducing fibroblast proliferation and migra-
tion, secretion of growth factors and formation of new blood vessels 
[22–24]. Therefore, it may be a potential strategy to design an engi-
neering wound dressing with programmed mechanical contraction 
ability to achieve enhanced wound healing without the need for NPWT. 
Notably, diabetic wounds are warmer than normal skin due to a series of 
inflammatory reactions [25]. Accordingly, using a 
temperature-responsive material Poly-(lactic acid-co-trimethylene car-
bonate) (PLATMC) to design a self-contraction substrate layer is an 
active and effective strategy for diabetic wound healing.

Conventional antibiotics are the most widespread treatment for 
bacterial infections. However, multi-drug resistance is emerging as a 
huge challenge in the clinical management of bacterial infections, 
especially for chronic non-healing wounds, which increase the 
morbidity and mortality of patients [26]. There is an urgent need to 
develop “non-antibiotic” strategies to combat associated infections 
caused by drug-resistant bacteria. Antimicrobial peptides (AMPs) are an 
important component of the innate immune system and widely exist in 
natural organisms [27]. Due to the different antibacterial mechanisms of 
AMPs compared to conventional antibiotics, the likelihood of bacterial 
resistance is low, and it can be used as a substitute for antibiotics. 
Epinecidin-1 (Epi-1) is extracted from the orange-spotted grouper 
(Epinephelus coioides) and consists of 21 amino acids [28]. Epi-1 pep-
tide has been demonstrated to possess various pharmacological activ-
ities, including antimicrobial, immunomodulatory, and wound-healing 
properties [29–31]. However, the potential toxicity and low stability of 
Epi-1 greatly limit its application in diabetic-infected wounds. To 
address these application limitations, formulations of antimicrobial 
peptides, including nanoparticles and hydrogels, have been studied for 
localized delivery [4]. Epi-1 peptide non-covalently loaded onto nano-
particles or hydrogels are not affected by protein hydrolysis, thereby 
prolonging the half-life in vivo and contributing to enhanced efficacy and 
reduced host cell toxicity [32]. Additionally, the slow and controlled 
release of Epi-1 peptides can be achieved to prolong their effectiveness. 
Therefore, we hypothesized that combining Epi-1 with wound dressings 
would minimize the risk of infection and reduce the overuse of 
antibiotics.

In this study, we propose a design of a temperature-responsive self- 
contracting nanofiber/hydrogel (TSNH) composite dressing (see Scheme 
1). It has a two-layer structure consisting of a biaxially oriented PLATMC 
nanofiber substrate and a hydrogel functional layer loaded with 

AMP@CS nanoparticles. The TSNH dressing was thoroughly analyzed to 
assess its compatibility with wounds, including its hydrophilicity, 
swelling ability, and mechanical behavior. In vitro and in vivo tests were 
performed to evaluate the efficacy of the TSNH dressing. The antimi-
crobial activity of the TSNH dressing against Staphylococcus aureus 
(S. aureus), Escherichia (E. coli), and Methicillin-resistant staphylo-
coccus aureus (MRSA) by studying the inhibition of bacterial growth on 
the hydrogels and the ability to destroy bacterial biofilm. Following this, 
the evaluation of the bioactivity was performed by in vitro culturing 
with Mouse embryonic fibroblast cells (NIH3T3), Mouse fibroblast cells 
(L929), Human umbilical vein endothelial cells (HUVEC) and Mouse 
leukemia cells of monocyte-macrophage (Raw264.7). Finally, the in vivo 
wound healing performance of TSNH dressing in situ studies of S. aureus- 
infected full-thickness wounds in a type II diabetes mice model and 
assessed wound-healing responses including tissue granulation, in-
flammatory responses, and neovascularization. Overall, this work offers 
a potentially temperature-responsive self-contraction nanofiber/hydro-
gel wound dressing for the treatment of diabetic-infected wounds.

2. Materials and methods

2.1. Materials

PLATMC (M:88~117k) purchased from Jinan Daigang Biotech-
nology Co., Ltd. Chitosan (CS, Deacetylation:95 %) purchased from 
Beijing Bailingwei Technology Co., Ltd. Gelatin (Adhesive 
strength~250 g Bloom), Methyl methacrylate, and sodium tripoly-
phosphate were purchased from Shanghai Macklin Biochemical Tech-
nology Co., Ltd. Phenyl (2,4,6-trimethyl benzoyl) lithium phosphite 
(LAP) was purchased from Shanghai Adamasbeta Chemical Reagent Co., 
Ltd. Epinecidin-1 (M:2334.87) purchased from Shanghai Chutai 
Biotechnology Co., Ltd. Gram-negative bacterium E. coli (ATCC 25922) 
and Gram-positive bacterium S. aureus (ATCC 6538) were purchased 
from the Shanghai Collection Center for Biological Sciences. L929 cells, 
NIH3T3 cells, HUVEC cells, and RAW264.7 cells were purchased from 
Beijing Beina Chuanglian Biotechnology Research Institute.

2.2. Preparation of substrate layer nanofiber membrane

The random nanofiber membrane (PLATMC-R) was prepared by 
electrospinning. Simply put, 1.3 g of PLATMC was completely dissolved 
in 10 mL of HFIP and electrospun using the following parameters: needle 
G21 (inner diameter 0.5 mm), spinning voltage 10 Kv, the distance 
between needle and collector 12 cm, solution flow rate 1.2 mL/h, col-
lector speed 100 rpm/min. Similarly, the uniaxially oriented nanofiber 
membrane (PLATMC-U) was obtained by increasing the rotation speed 
(2500 rpm/min) of the collector, while the biaxially oriented nanofiber 
membrane (PLATMC-B) was obtained by changing the direction of the 
collector vertically.

2.3. Preparation of chitosan nanoparticles loaded with Epi-1 (CS-Epi-1)

Chitosan (10 mg/mL) was dissolved in 1 % acetic acid (v/v, pH = 5). 
After the whole dissolution, Epi-1 (53 μM) was added and stirred at 4 ◦C 
for 24 h. Subsequently, the sodium tripolyphosphate solution (2.5 mg/ 
mL, pH = 4) was added to the above solution in a 1:3 ratio and stirred in 
an ice-water bathtub for 4 h. The nanoparticles have been purified by 
low-temperature centrifugation and washing. Finally, the prepared CS- 
Epi-1 was freeze-dried for future use.

2.4. Preparation of functional layer (methacrylate gelatin) GelMa 
hydrogel

GelMa (10 % w/v) was dissolved in ultrapure water, and different 
amounts of CS-Epi-1 were added. The LAP (0.1 % w/v) was added to the 
above solution and stirred evenly in the dark conditions. Hydrogel was 
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Scheme 1. Diagrammatic illustration of the temperature-responsive self-contraction nanofiber/hydrogel composite dressing facilitates the healing of diabetic- 
infected wounds. (a) Preparation process of CS-Epi-1 nanoparticles. (b) GelMa synthesis route and functional layer hydrogel preparation process. (c) The prepa-
ration process of PLAMC-R, PLAMC-U, and PLAMC-B nanofibers, as well as the preparation process of TSNH composite dressings. (d) TSNH composite dressing has 
the functions of mechanical contraction, antibacterial, anti-inflammatory, and promoting angiogenesis.
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fashioned after ultraviolet irradiation with a wavelength of 405 nm.

2.5. Preparation of TSNH dressing

The PLATMC-B was cut into round shapes with a diameter of 2 cm. A 
round mold with an internal diameter of 1 cm was positioned in the 
middle of the nanofiber membrane, and 500 μL of hydrogel containing 
CS-Epi-1 nanoparticle was added. The mixture was to be uncovered to 
UV mild for 15 s to solidify the hydrogel.

2.6. Hydrogel swelling

The swelling ability of hydrogel was evaluated using the gravimetric 
method. Initially, the hydrogel was weighed (W0) and then immersed in 
phosphate-buffered saline (PBS) at a temperature of 37 ◦C (n = 5). At 
different time intervals, the hydrogel was removed from PBS and 
entirely sucked off the surface liquid with filter paper, and then weighed 
again (Wt). The method for the hydrogel swelling ratio can be calculated 
with the use of the following equation: 

Swelling Ratio (%) = [(Wt - W0) / W0] × 100%                                   

2.7. In vitro release of Epi-1

The release characteristics of Epi-1 in GelMa hydrogel containing CS- 
Epi-1 nanoparticles (G-CSE) were studied in PBS to determine its effi-
cacy during use. Specifically, 500 μL of hydrogel was positioned in 5 mL 
of PBS and incubated in a shaker at 37 ◦C and 60 rpm (n = 5). At various 
time intervals, 1 mL of supernatant was collected, and an equal quantity 
of PBS was added. The release rate of Epi-1 in G-CSE was then analyzed 
using a Micro BCA protein assay kit.

2.8. In vitro antimicrobial activity

The antibacterial effect of functional layer hydrogel against E. coli, 
S. aureus, and MRSA was verified by plate coating technology and 
scanning electron microscope. The hydrogel was incubated with 1 × 106 

CFU/mL bacterial solution for 12 h (n = 5). The bacterial suspension was 
diluted to 1 × 104 CFU/mL and coated on the surface of the solid me-
dium. After 24 h of incubation, the bacteria on the agar plate were 
enumerated using a plate counter, and the antibacterial rate was sub-
sequently calculated. The hydrogel was co-culture with 1 × 106 CFU/mL 
bacteria for 12 h, then treated with 2.5 % glutaraldehyde for 60 min and 
freeze-dried (n = 3). The bacterial morphology was observed using a 
scanning electron microscope (SEM) after gold spraying. The biofilm 
destruction experiment has been conducted, and additional details be 
found in the Supporting Information.

2.9. In vitro biocompatibility experiments

Specific methods for staining live and dead cells, blood compati-
bility, cell migration, Trans-well, and in vitro anti-inflammatory exper-
iments as previously reported [51]. The detailed methods are provided 
in the Supporting Information.

2.10. In vivo antimicrobial and wound healing study

Induction of Type II Diabetes in Mice: Animal experiments procedures 
were approved by the Animal Research Committee of Binzhou Medical 
University (NO.2023-042). Four-week-old C57/BL6J mice were chosen 
and given a high-fat diet for a continuous period of four weeks. After 
fasting for 12 h, 0.45 % streptozotocin (STZ) (50 mg/kg, prepared with 
pH 4.5 and 1 % citrate buffer) was injected intraperitoneally for 4 
consecutive days. The mice were fed 2 h after injection, and 5 % glucose 

water was provided after 4 h and switched to normal water 10 h after 
injection. The mice need to be fasted for 12 h before each injection. Mice 
with fasting blood glucose levels over 11.1 mmol/L and exhibiting 
symptoms such as polydipsia, polyuria, and overeating were selected for 
follow-up experiments.

Establishment of Diabetic Infected Wounds: Diabetic mice were anes-
thetized by intraperitoneal injection of 7 % chloral hydrate (100 μL/20 
g). Remove back hair with an electric shaver and clean with hair 
removal cream. Researchers created a wound by making an incision on 
the back of each mouse, then applied 10 μL of 1 × 108 CFU/mL of 
S. aureus bacterial solution. A breathable gauze was applied to cover the 
wound for 24 h to ensure infection. After the mice wounds were suc-
cessfully infected, cover the mouse wounds with dressings from the 
blank group, G-CS group (GelMa hydrogel containing chitosan nano-
particles), P-G-CS group (TSNH composite dressing containing chitosan 
nanoparticles), and P-G-CSE group (TSNH composite dressing contain-
ing CS-Epi-1 nanoparticles). Dressings were replaced on the 7th day. 
Wounds were photographed on days 0, 3,7,10, and 14 using a digital 
camera. ImageJ software was used to quantify wound size, and wound 
healing rate (%) = (At/A0) × 100 %, where A0 is the initial wound area, 
and At is the wound area at the specified time.

Histopathological Study: Mice wound tissue specimens were collected 
on the 7th and 14th days. The samples were fixed in a 4 % para-
formaldehyde solution for 12 h, then embedded in paraffin and 
sectioned into 5 μm tissue slices. The tissue was stained using Masson’s 
trichrome and hematoxylin-eosin (HE) staining. Immunohistochemical 
staining was used to track the inflammatory response, where expressions 
of TNF-α and IL-10 were detected. Immunofluorescence staining tracks 
changes in angiogenesis and macrophages and detects the expression of 
CD31, CD206, and F4/80. Semi-quantitative analysis was conducted 
using ImageJ software.

2.11. Statistical analysis

Data were expressed as mean ± standard deviation (SD). All the data 
were performed by GraphPad Prism6.0 software. The statistical analysis 
was calculated by one-way analysis of variance (ANOVA) followed by 
Turkey’s multiple comparison tests. The significant difference was 
considered at *p < 0.05 and **p < 0.01.

3. Result

3.1. Characterization of the substrate layer nanofibers membranes

PLATMC-R, PLATMC-U, and PLATMC-B nanofibers membranes were 
successfully prepared by adjusting the orientation of the collector during 
electrospinning. All nanofibers exhibited a smooth, continuous, and 
bead-free homogeneous morphology as shown in Fig. 1A and B. The 
orientation angles of the three types of nanofibers were measured, as 
shown in Fig. 1C. Among them, the angular distribution of PLATMC-R 
nanofibers varied from 0◦ to 180◦ with nonuniform angular distribu-
tion and large fluctuations. In contrast, the PLATMC-U nanofibers with a 
single orientation exhibit an ordered topographic structure with fiber 
angles concentrated around 90◦. The PLATMC-B nanofibers showed 
good alignment in both horizontal and vertical directions and were 
perpendicular to each other. Notably, the nanofiber orientation does not 
affect the nanofiber diameter (Fig. S1).

The substrate of the compound dressing was a temperature- 
responsive polymer PLATMC with a glass transition temperature close 
to 37 ◦C which is programmed to respond to the temperature change of 
the infected wound [26]. Nanofibers with different orientations exhibit 
different shrinkage responses to temperature changes (Fig. 1D). As 
shown in Fig. 1E, the PLATMC-R nanofibers membrane exhibited 
disordered contraction with inconsistent directions at 37.8 ◦C. The 
PLATMC-U nanofibers membrane shrank unidirectionally from circular 
to curly along the fiber axis. In contrast, the PLATMC-B nanofiber 
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membrane contracts from the periphery to the center along the fiber 
biaxial direction. This centripetal contraction method is more conducive 
to providing effective external force support for wound closure. As 
shown in Fig. 1F, at 37.8 ◦C, the shrinkage rate of PLATMC-R in the first 
5 min was 27.24 ± 3.8 %, while the shrinkage rates of PLATMC-U and 
PLATMC-B were 58.93 ± 5.32 % and 51.84 ± 6.34 %, respectively. The 
shrinkage rate of three fiber membranes almost reached the maximum 
after 30 min. The shrinkage rates of PLATMC-R, PLATMC-U, and 
PLATMC-B were 63.24 ± 7.3 %, 77.45 ± 7.5 %, and 90.79 ± 3.3 % at 
90 min, respectively. The result was attributed to the high alignment of 
fibers in both horizontal and vertical directions.

An ideal wound dressing should provide sufficient mechanical sup-
port to withstand stretching and abrasion during application while 
protecting the wound from the external environment [33]. The repre-
sentative tensile stress-strain curves of PLAMC-R, PLAMC-U, and 
PLAMC-B are shown in Fig. 1G. All curves showed a linear elastic region 
followed by a plastic deformation beyond the yield point as the stress 
increased. Fig. 1H–J displayed elongation, ultimate tensile strength 
(UTS), and Young’s modulus of the membranes, respectively. Specif-
ically, the elongation of the PLAMC-U (817.33 ± 67.10 %) was signifi-
cantly greater than that of PLAMC-R (68.81 ± 25.55 %), and PLAMC-B 
(163.40 ± 22.08 %) (p < 0.01), because the PLAMC-U only stretched in 
one direction and the orientation units were arranged along the 

stretching direction (Fig. 1H). The UTS of PLAMC-B (11.78 ± 1.13 MPa) 
was enhanced significantly as compared with the PLAMC-R (6.03 ±
0.94 MPa), and PLAMC-U (1.39 ± 0.17 MPa) (Fig. 1I). Analogously, 
Young’s modulus in the PLAMC-B (203.64 ± 10.99 MPa) was signifi-
cantly higher than that of the PLAMC-R (54.73 ± 9.35 MPa), and 
PLAMC-U (6.55 ± 0.51 MPa) (p < 0.01) (Fig. 1J). The results indicate 
that although the biaxial orientation structure sacrifices material strain, 
it greatly enhances mechanical strength and better meets the re-
quirements of ideal wound dressings. As a substrate layer, the nanofiber 
membrane should have excellent hydrophobicity to prevent bacterial 
adhesion. Fig. 1K showed that the water contact angles of the three 
nanofiber membranes were all greater than 90◦, indicating strong hy-
drophobicity. The results demonstrated that the substrate nanofiber 
membrane provided good mechanical support and protection for wound 
healing.

3.2. Characterization of the functional layer hydrogel

The antimicrobial peptide-chitosan nanoparticles were prepared 
using a particle gelation method as previously described. In this study, 
Epi-1 is an antimicrobial peptide with broad-spectrum antimicrobial, 
anti-inflammatory, and pro-angiogenic properties [28]. Chitosan nano-
particles loaded with Epi-1 were prepared by electrostatic adsorption of 

Fig. 1. Preparation and characterization of the PLATMC nanofibers substrate. (A) SEM images and schematic diagrams of PLAMC-R, PLAMC-U, and PLAMC-B 
nanofibers. (B) Schematic diagram of PLAMC-R, PLAMC-U, and PLAMC-B nanofibers. (C) Angle distribution diagram of the PLAMC-R, PLAMC-U, and PLAMC-B 
nanofibers. (D) Photographs of the contraction of the PLAMC-R, PLAMC-U, and PLAMC-B nanofibers after incubation at 37.8 ◦C for 90 min. (E) Schematic dia-
gram of shrinkage of PLAMC-R, PLAMC-U, and PLAMC-B nanofibers. (F) The contraction rate of the PLAMC-R, PLAMC-U, and PLAMC-B nanofibers at 37.8 ◦C. (G) 
Stress-strain, (H) Elongation, (I) Tensile strength, and (J) Young’s modulus of the PLAMC-R, PLAMC-U, and PLAMC-B nanofibers membranes. (K) The water contact 
angle of the PLAMC-R, PLAMC-U, and PLAMC-B nanofibers.
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the bioactive molecule chitosan with Epi-1 through Sodium tripoly-
phosphate (TPP). The microstructures of the CS and CS-Epi-1 nano-
particles were characterized by SEM and transmission electron 
microscope (TEM) as shown in Fig. 2A. SEM images show that the CS 
and CS-Epi-1 nanoparticles have a similar spherical morphology. Energy 
dispersive spectroscopy (EDS) spectra acquired during TEM observa-
tions showed that carbon, oxygen, and nitrogen elements were evenly 
distributed in CS nanoparticles. Importantly, a uniform distribution of 
sulfur elements can be observed around the CS nanoparticles, 
evidencing the Epi-1 absorbed on the surface of CS nanoparticles. As 
shown in Fig. 2B, the average particle sizes of CS and CS-Epi-1 nano-
particles were roughly distributed at 74.23 nm and 154.62 nm. This is 
because the Epi-1s were modified onto the surface of chitosan nano-
particles, increasing in particle size. The encapsulation effectivity (EE%) 
and drug loading (LC%) of Epi-1 in CS-Epi-1 have been measured at 562 
nm using the Micro BCA protein method. The consequences confirmed 

that following the standard curve of Epi-1 (Fig. S2), the EE and LC of 
CS-Epi-1 have been 74.57 % and 3.73 %, respectively.

Fig. 2C demonstrates the zeta potential values of Epi-1, TPP, CS, and 
CS-Epi-1 nanoparticles. The zeta potential value of CS nanoparticles was 
+49.73 ± 1.85 mV, which is higher than that of CS-Epi-1 (+42.46 ±
3.62 mV), further proving the successful doping of Epi-1 into CS nano-
particles. Since TPP is a negatively charged compound, while chitosan 
and Epi-1 have positively charged groups, both CSNPs and CS-Epi-1NPs 
have positive zeta potential values. The positive charge on Epi-1 binds to 
part of the TPP, causing a decrease in zeta potential value when loaded 
with antimicrobial peptides. Further, CS-Epi-1 nanoparticles were 
combined with GelMa hydrogels to form a mixed biomaterial system for 
controlling drug delivery [34]. The GelMa hydrogel was chosen because 
of its good biocompatibility and tunable physical properties [35]. The 
1H NMR spectrum of GelMa showed a new signal peak at approximately 
1.8 ppm, corresponding to the methyl functional group of the 

Fig. 2. Preparation and characterization of functional layer hydrogel. (A) SEM, TEM, and EDS images of CS and CS-Epi-1 nanoparticles. (B) Particle size distribution 
maps of CS and CS-Epi-1 nanoparticles. (C) The Zeta potential of CS and CS-Epi-1 nanoparticles. (D) SEM images of GelMa, G-CS, G-CSE hydrogels, and longitudinal 
section of the TSNH composite dressing. (E) Adhesion image of hydrogel to pigskin. (F) Adhesion image of GelMa hydrogel and PLATMC nanofiber film. (G) Adhesion 
force data of GelMa hydrogel and PLA MC nanofiber membrane. (H) Swelling ratio of GelMa, G-CS, and G-CSE hydrogels. (I) Limit stress diagram of GelMa, G-CS, and 
G-CSE hydrogels. (J) Physical image of “plaster type” composite dressing. (K) In vitro release curve of Epi-1 from G-CSE hydrogel in PBS.

Y. Huang et al.                                                                                                                                                                                                                                  Materials Today Bio 28 (2024) 101214 

6 



methacrylate grafted onto the gelatin structure. In addition, the signals 
of the two acrylic acid protons on the methacrylate functional group 
appear at 5.5 ppm and 5.3 ppm, which is the main difference in the 
nuclear magnetic resonance hydrogen spectra between gelatin and 
GelMa (Fig. S3). The signal at 2.9 ppm (peak a) corresponds to lysine 
methylene, and its integral can be used to quantify the methacrylation 
process. It can be concluded that the grafting rate of our synthesized 
GelMa is approximately 86.7 %. The internal microstructure of hydrogel 
was analyzed by SEM (Fig. 2D). All hydrogel exhibited a uniformly 
distributed three-dimensional porous structure, which would promote 
nutrient exchange in the wound site. In addition, SEM of the longitu-
dinal section of TSNH showed that the outer nanofiber structure was 
dense and thin, while the inner hydrogel remained porous structure and 
thick, and they were closely connected. Moreover, the nanoparticles 
added to the hydrogel were stained and the hydrogel was scanned at 
different heights using a confocal laser microscope (Fig. S4). The 3D 
scanning results show that the nanoparticles were uniformly distributed 
in the hydrogel although they had certain aggregations. We used pig 
skin tissue to simulate the wound skin to verify the adhesion strength of 
hydrogel. It can be seen from Fig. 2E that hydrogel has strong adhesion 
to pig skin, with a maximum of 100g. The results show that the prepared 
hydrogel had a strong adhesive ability on skin tissue and could be used 
in complex wound environments. The macroscopic view of the TSNH 
composite dressing is shown in Fig. 2J. The overall structure is similar to 
the shape of traditional Chinese medicine plaster, which is divided into 
the outer layer (fibrous membrane) and the functional inner layer 
(hydrogel). As a composite material, the adhesion between the nano-
fiber membrane and the functional layer hydrogel was tested. As shown 
in Fig. 2F, the hydrogel was placed between two nanofiber membranes 
and the relationship between the adhesion force and displacement was 
tested by a universal testing machine (Fig. 2G). The results show that the 
adhesion strength between the hydrogel and nanofiber membrane is 
0.105 ± 0.35 MPa. In addition, we tested the in vitro degradation of 
TSNH composite dressings. According to Fig. S5, the degradation rate of 
the composite dressing in the physiological environment simulated by 
PBS reached 40.22 ± 4.13 % on the seventh day and 65.13 ± 0.95 % on 
the fourteenth day. The results indicate that the composite dressing had 
good degradation ability in vitro.

The hydrogel was chosen as the functional layer because its porous 
structure keeps the wound moist and removes excess exudate [36]. 
Fig. 2H shows the swelling behavior of different hydrogels within 2h. 
The swelling rate of GelMa hydrogel was 511 ± 77.44 %, while that of 
G-CS and G-CSE hydrogels was 608.66 ± 66.06 % and 677 ± 83.73 %, 
respectively. This is because the addition of nanoparticles increases the 
crosslinking degree of hydrogels, and also increases the volume and 
expansion rate of hydrogels after solvent absorption. In addition, the 
swelling rate of all hydrogels reached the maximum within 1 h and 
entered a swelling equilibrium state over time, which indicated that 
hydrogels had good stability. This is because during swelling, solvent 
molecules attempt to enter the interior of the network structure, causing 
volume swelling and leading to the extension of the three-dimensional 
molecular network. The cross-linked molecular chains have a certain 
elastic contraction force, which causes the hydrogel network to shrink. 
When the two balance, the swelling balance is reached. According to the 
strain amplitude scanning test (Fig. 2I), it is found that the storage 
modulus of G-CS and G-CSE hydrogels drops sharply and drops below 
the loss modulus after reaching about 164.11 % of the yield strain, 
which indicates the collapse of the hydrogel network. At this time, the 
intersection of the storage modulus and the loss modulus corresponds to 
the ultimate stress of the hydrogel. Notably, the limit stress of GelMa 
hydrogel (107.62 ± 5.78 %) was less than that of G-CS (164.11 ± 4.32 
%) and G-CSE (164.11 ± 4.86 %) groups, indicating that the addition of 
nanoparticles improved the mechanical strength of the hydrogel system. 
The release behavior of Epi-1 from the G-CSE hydrogel is shown in 
Fig. 2K. A slow and controlled Epi-1 release was achieved based on the 
adsorption effect of chitosan on AMPs, with the accumulated release 

percentage of 73.26 ± 2.65 % on day 21.

3.3. In vitro antimicrobial performance

Skin damage in diabetic patients often leads to bacterial infections 
due to the high glucose environment, especially infections by MRSA, 
hindering wound healing [37]. Antimicrobial peptides are now the 
preferred alternative to antibiotics for combating drug-resistant bacte-
rial infections [38]. As shown in Fig. 3A, the colony count of the G-0.1CS 
(add 0.1 % CS nanoparticle) group was significantly lower than that of 
the control and GelMa groups because chitosan has certain antibacterial 
ability. The colony count of S. aureus, E. coli, and MRSA decreased 
significantly with the increase of CS-Epi nanoparticle content in the 
hydrogel. In particular, there were almost no colonies on the agar plates 
of the G-0.3CSE (add 0.3 % CS-Epi-1 nanoparticle) and G-0.5CSE (add 
0.5 % CS-Epi-1 nanoparticle) groups. Furthermore, the inhibition rates 
against E. coli (Fig. 3B), S. aureus (Fig. 3C), and MRSA (Fig. 3D) were 
calculated by counting the number of plate colonies. The result revealed 
that the inhibition rate of G-0.1CSE (add 0.1 % CS-Epi-1 nanoparticle), 
G-0.3CSE, and G-0.5CSE against the three bacterial strains was greater 
than 90 % at 24 h, which was far better than those of the hydrogel 
without Epi-1. More specifically, the inhibition rates of G-0.3CSE, and 
G-0.5CSE were almost 100 % against S. aureus, E. coli, and MRSA at 24 h. 
It is worth noting that the G-0.1CSE, G-0.3CSE, and G-0.5CSE groups 
also showed good antibacterial effects against MRSA, indicating that the 
addition of Epi-1 gave hydrogel the ability to resist drug-resistant bac-
teria. Meanwhile, the bacterial morphology observed by SEM is shown 
in Fig. 3E. The results showed that the outer membrane of E. coli treated 
with G-0.1CSE, G-0.3CSE, and G-0.5CSE completely collapsed in an 
irregular shape compared to the control group, indicating bacterial 
death. Similarly, S. aureus and MRSA on the surfaces of the G-0.1CSE, 
G-0.3CSE, and G-0.5CSE exhibited apparent injury, and abnormal forms 
such as depression and shrinkage were observed. In comparison, bac-
teria treated with GelMa had regular morphologies and smooth surfaces. 
This may be due to the interaction between antimicrobial peptides and 
bacterial cell membranes, which disrupts membrane integrity and cau-
ses the leakage of cytoplasm, thereby killing bacteria [39]. Additionally, 
the number of bacteria on G-0.1CSE, G-0.3CSE, and G-0.5CSE was less 
than that of GelMa, indicating that the presence of Epi-1 prevents bac-
terial adhesion. Overall, the above results suggest that CS and Epi-1 in 
GelMa hydrogel could exert an outstanding antibacterial synergistic 
function, effectively preventing antibiotic misuse and avoiding bacterial 
resistance.

In addition, most chronic and refractory wounds are susceptible to 
bacterial infection and biofilm formation, which causes the wound to 
remain in the inflammatory stage for a long time and hinder the healing 
process [40]. The effect of the functional layer hydrogel on pre-formed 
biofilms was tested using crystal violet staining. As depicted in Fig. 3F, 
bacterial biofilms formed in the control group, GelMa, and G-0.1CS. 
However, with the addition of Epi-1, the pre-formed biofilm gradually 
disintegrated in groups G-0.1CSE, G-0.1CSE, and G-0.5CSE. Subse-
quently, the hydrogel-treated residual S. aureus biofilm was collected, 
and the absorbance at 570 nm). The results in Fig. 3G showed that the 
absorbance values of G-0.1CSE, G-0.3CSE, and G-0.5CSE groups were 
significantly lower than those of control, GelMa, and G-0.1CS groups (p 
< 0.01), indicating that hydrogels supplemented with Epi-1 could 
destroy bacterial biofilms.

3.4. In vitro biocompatibility assessment

In vitro, the survival rate and proliferation of L929 cells and NIH3T3 
fibroblasts on hydrogels were assessed using live/dead staining and the 
CCK-8 test. As shown in Fig. 4A, most of the cells were living (green) and 
very few dead cells (red) were observed in all hydrogel groups after 1 
and 3 days of culture, suggesting that the hydrogels with Epi-1 had good 
cytocompatibility and would not reduce cell proliferation during cell 
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culture. As the culture time increased, the NIH3T3 fibroblasts gradually 
proliferated in the six groups (Fig. 4B). Moreover, the G-0.1CSE, G- 
0.3CSE, and G-0.5CSE groups showed good biocompatibility, with 
relative cell viability higher than 85 %. Similarly, it exhibits low toxicity 
and excellent proliferation on HUVEC cells, which is beneficial for the 
neovascularization of the wound site (Figs. S6A and B). These results 
confirmed that the hydrogels with Epi-1 have great potential to be 
applied as a wound dressing considering its low cytotoxicity, good 
cytocompatibility, and good anti-bacterial adhesion. In addition, the 
morphology of NIH3T3 cells grown on nanofibers with different orien-
tations was observed using a laser confocal microscope. The results in 

Fig. S6C show that cells are evenly distributed on the membrane, and 
different cell growth directions are observed due to different nanofiber 
arrangements. Cells grown on the surfaces of PLATMC-U and PLLATMC- 
B showed good stretching compared to PLATMC-R. The main reason is 
attributed to the arrangement direction of nanofibers, which causes 
individual cells to creep along the fiber direction, resulting in slightly 
narrower cell morphology. Afterward, the nanofibers guide the 
arrangement of cells, adhering and growing along the direction of the 
arrangement.

The wound-healing process involves various cellular behaviors in 
which cell migration plays a crucial role and directly affects the rate of 

Fig. 3. Antibacterial properties of functional layer doped CS-Epi-1 hydrogel. (A) Representative photographs of E. coli, S. aureus, and MRSA colonies on the agar 
plates after treatment with hydrogels containing different concentrations of CS-Epi-1. Antibacterial rate of hydrogels containing different concentrations of CS-Epi-1 
against E. coli (B), S.aureus (C), and MRSA (D). (E) SEM images of E. coli, S. aureus, and MRSA on the surface of hydrogels containing different concentrations of CS- 
Epi-1. (F) Crystalline violet staining of the disruption of formed biofilms of S. aureus by hydrogels containing different concentrations of CS-Epi-1 and its corre-
sponding absorbance (G). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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wound closure. The effect of hydrogel on the migration of NIH3T3 was 
evaluated through scratch tests (Fig. 4C and D). The results showed that 
the migration rates of G-0.1CS, G-0.1CSE, G-0.3CSE, and G-0.5 CSE were 
68.41 ± 1.54 %, 72.41 ± 1.61 %, 78.58 ± 0.42 %, and 92.40 ± 2.14 %, 
respectively, significantly higher than that of the GelMa group (55 ±
1.78 %) (p < 0.01), indicating that chitosan and Epi-1 could synergis-
tically promote cell migration and facilitate re-epithelialization during 
wound healing. In addition, the cell migration rate was faster with the 
increase of Epi-1 content. According to previous studies, Epi-1 can 
promote re-epithelialization, and enhance the proliferation, migration, 
and differentiation of epidermal keratinocytes covering wounds, there-
fore possessing the ability to heal wounds [41]. Furthermore, the impact 
of the hydrogels on HUVEC cell migration was evaluated through 
Trans-well experiments (Fig. 4E and F). The migration ability was 
assessed by counting the number of migrating cells. The results showed 
that the number of cell migrations gradually increased with the increase 

of Epi-1 content, especially in group G-0.5CSE, which was significantly 
higher than that in other groups (p < 0.01), indicating that the Epi-1 
promoted HUVEC cell migration. The cell migration results of HUVEC 
suggest that Epi-1 may play a role in promoting angiogenesis during the 
wound-healing process.

3.5. In vitro anti-inflammatory experiment

To further evaluate the effects of CS and Epi-1 on the expression of 
genes related to M1/M2 polarization of macrophages under inflamma-
tory stimulation (1 μg/mL lipopolysaccharide). The results in Fig. 4G 
indicated that there was no significant difference in the expression level 
of IL-10, an M2 macrophage marker, among the GelMa, G-0.1CS, and G- 
0.1CSE groups compared to the lipopolysaccharide (LPS) stimulation 
group (p > 0.05), while the expression levels of IL-10 were significantly 
increased in the G-0.3CSE and G-0.5CSE groups (p < 0.01).

Fig. 4. Study on the biocompatibility of functional layer hydrogel doped with CS-Epi-1. (A) Fluorescence images of L929 cells co-cultured in the hydrogel containing 
different concentrations of CS-Epi-1 for 1 and 3 days. (B) Proliferation data of NIH3T3 cells co-cultured in the hydrogel containing different concentrations of CS-Epi- 
1 for 1, 3, and 5 days. Representative images (C) and migration rates (D) of NIH3T3 cell migration after treatment with hydrogels containing different concentrations 
of CS-Epi-1. Crystal violet staining image (E) and quantitative data (F) of the invasion of HUVEC cells by hydrogels containing different concentrations of CS-Epi-1. 
The expression of IL-10 (G), TNF-α (H), and IL-6 (I) in macrophages treated with different hydrogels was detected by Elisa. (J) After macrophages were treated with 
hydrogels containing CS-Epi-1 of different concentrations, the amount of nitric oxide was released by macrophages in each group. (K) The hemolysis ratio and 
hemolysis photographs (insert) of different hydrogels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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As shown in Fig. 4H, there was no significant difference in the 
expression level of TNF-α among the LPS, GelMa, and G-0.1CS groups (p 
> 0.05), while the G-0.1CSE, G-0.3CSE, and G-0.5CSE groups signifi-
cantly inhibited TNF-α expression compared with the LPS group. Simi-
larly, the results in Fig. 4I showed that the expression levels of IL-6 in G- 
0.1CSE, G-0.3CSE, and G-0.5CSE groups were much lower than those in 
the LPS, GelMa, and G-0.1CS groups (p < 0.01), and G-0.5CSE group was 
also significantly lower than G-0.1CSE group (p < 0.05). The above re-
sults indicate that hydrogels containing Epi-1 could effectively promote 

the release of anti-inflammatory factor IL-10 and reduce the levels of 
inflammatory factors IL-6 and TNF-α.

The anti-inflammatory reaction was expressed by measuring the 
inhibitory effect of hydrogel on LPS-induced nitric oxide (NO) produc-
tion in macrophages. Its anti-inflammatory activity is calculated relative 
to the percentage of NO produced in the control group. From Fig. 4J, it 
can be seen that G-0.1CSE, G-0.3CSE, and G-0.5CSE exhibited 
concentration-dependent inhibition of LPS-activated macrophage NO 
production. Compared with the control group, the NO production in the 

Fig. 5. Study on in vivo healing and antimicrobial activity in a diabetic infected mouse model. (A) Schematic representation of the in vivo healing process of diabetic 
infected wounds in mice. (B) Representative images of wounds on days 0, 3, 7, 10, and 14 in each group. (C) Diagram of wound healing on days 0, 3, 7, 10, and 14 in 
each group. (D) The wound healing rates of each group on days 0, 3, 7, 10, and 14. (E) The temperature of normal wounds and infected wounds. Representative 
images (F) and colony count results (G) of wound tissue extracts treated with different dressings on agar plates.
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G-0.5CSE group was inhibited by 69.96 ± 2.85 %. The experimental 
results showed that the inflammatory activity of cells co-cultured with 
G-0.1CSE, G-0.3CSE, and G-0.5CSE was significantly reduced, which is 
also due to the excellent anti-inflammatory activity of Epi-1.

The hemolysis rate (HR) is considered an important indicator to 
evaluate the compatibility of biomaterials. Therefore, the hemolysis test 
is used to evaluate the blood compatibility of hydrogels. It can be seen 
from Fig. 4K that the HR of GelMa, G-0.1CS, G-0.1CSE, and G-0.3CSE 
groups is 0.26 ± 0.14 %, 0.69 ± 0.27 %, 1.66 ± 0.24 %, and 0.96 ±
0.11 % respectively, which is below 2 %, indicating that these hydrogels 
have good blood compatibility.

3.6. In vivo wound healing evaluation of diabetic wounds in a mouse 
model

The results of in vitro experiments suggested that the hydrogel’s 
functional layer containing Epi-1 had the potential to be used as a 
dressing for wound healing. Further, a bacterial infected full-thickness 
wound model of type II diabetes mice was constructed to verify the 
wound repair and antibacterial ability of asymmetric nanofiber/hydro-
gel composite dressing (Fig. 5A). Twelve mice were randomly selected to 
measure their fasting blood glucose at three days (Fig. S7A), two days 
(Fig. S7B), and one day before surgery (Fig. S7C). The results showed 
that the blood glucose was more than 11.1 mmol/L, which met the blood 
glucose requirements of diabetes mice. The successful establishment of 
the infected wound model was confirmed by purulence covering the 
swollen wounds with obvious festering (Fig. 5B and Fig. S7D). More-
over, a similar severe inflammatory response was observed in the con-
trol group at day 3. The wound area gradually decreased with increasing 
time for the G-CS, PG-CS (containing CS nanoparticles TSNH composite 
dressing), PG-CSE (containing CS-Epi-1 nanoparticles TSNH composite 
dressing), and control groups (Fig. 5C). Moreover, the wounds of the PG- 
CSE group were entirely covered with the new pink epidermis and 
nearly completely healed. Quantitative analysis demonstrated that the 
wound closure rates of the PG-CSE were noticeably higher than that of 
the other groups during treatment (Fig. 5D). For example, it achieved 
the highest wound healing rate of 85.66 ± 1.01 % after 7 days, much 
higher than 10.16 ± 2.38 %, 60.25 ± 2.29 %, and 76.08 ± 1.57 % for 
the control, G-CS, and PG-GS groups. On day 14 after surgery, a high 
final recovery rate of 99.12 ± 0.17 % could be achieved with the 
assistance of the PG-CSE scaffold, while the wounds of the G-CS group 
(91.90 ± 1.14 %) and PG-CS group (97.28 ± 0.58 %), and control group 
(83.16 ± 0.63 %) are still open wounds.

To evaluate the in vivo antibacterial activity of the composite dres-
sing, tissue extracts were inoculated on agar plates on days 3 and 7. As 
shown in Fig. 5 F and G, the colony numbers of the G-CS group and PG- 
CS group were 1560 ± 113 and 1461 ± 98 on day 3, and 1072 ± 41 and 
1096 ± 31 on day 7, respectively. There was no significant difference 
between the G-CS group and the PG-CS group, indicating that the sub-
strate layer did not affect the antibacterial effect. The colony numbers of 
the PG-CSE group were 832 ± 76 and 274 ± 66 on days 3 and 7, 
respectively, which were significantly lower than that of the other three 
groups, demonstrating good antibacterial effects and long-lasting anti-
bacterial ability. Animal experiments showed that the PG-CSE compos-
ite dressing could effectively inhibit bacterial infection of diabetic 
wounds and accelerate wound healing. Besides, the temperature of non- 
infected wound and infected wound were 37.4 ± 0.1 ◦C and 38.7 ±
0.2 ◦C, respectively, which are higher than the normal skin temperature 
(Fig. 5E). This enables the back layer of nanofibers to achieve 
temperature-responsive self-shrinking and promote wound contraction.

3.7. Histological analysis

The process of wound healing is a complex physiological sequence 
that typically involves stages such as the inflammatory phase, prolifer-
ative phase, and remodeling phase. To further evaluate the quality of 

regenerated skin, histological staining was performed on the wound 
tissues collected on days 7 and 14 (Fig. 6). According to the HE staining 
results (Fig. 6A), The wound tissue sections of PG-CS and PG-CSE groups 
had relatively intact epithelium. The epithelial structure of the wound 
tissue slices in the G-CS group still has defects. However, the wounds 
treated in the control group remained open on the seventh day. On the 
14th day, the new epithelium of the PG-CSE group tightly adhered to the 
dermis, completely covering the wound. Despite the presence of some 
inflammatory cells, the overall degree of epithelialization and healing 
effect were better than those of the other control groups. Masson 
staining results (Fig. 6B) reflected the deposition of collagen in different 
wound areas. On day 14, the collagen deposition percentages for the 
control group, G-CS group, PG-CS group, and PG-CSE group were 11.50 
± 4.01 %, 23.03 ± 0.55 %, 49.40 ± 2.54 %, and 66.60 ± 4.25 %, 
respectively (Fig. 6D). The control group and G-CS group exhibited 
disordered collagen arrangement and low collagen density. On the 
contrary, the PG-CS group and PG-CSE group showed regular and dense 
collagen morphology, indicating that they were in the remodeling stage 
of the healing process.

The expression levels of TNF-α (a pro-inflammatory cytokine) and IL- 
10 (a suppressible inflammatory factor) associated with wound healing 
were detected by immunohistochemical techniques on postoperative 
day 7. As shown in Fig. 6C and E, TNF-α expression is the lowest in the 
PG-CSE group (3.42 ± 1.49) compared to the control group (21.26 ±
2.42), G-CS (19.36 ± 1.85) and PG-CS group (15.87 ± 2.24), indicating 
that greatly reduced the wound inflammatory response. The trend of IL- 
10 expression contrasts with the TNF-α factor, with the strongest 
expression (29.96 ± 1.88) occurring in the PG-CSE group on day 7, 
suggesting that the inflammatory phase of the wound was greatly 
shortened, and the wound healing process quickly transitioned to the 
proliferative phase (Fig. 6F). These results indicated that the PG-CSE 
group increased IL-10 expression and decreased TNF-α expression, 
effectively improving the inflammatory response at the wound site.

Diabetes-related hyperglycemia may cause vasoconstriction and 
inhibit angiogenesis, blocking oxygen supply and hindering the wound 
healing process. Consequently, rapid angiogenesis could provide nutri-
ents or oxygen to the wound tissue, revealing the critical role of 
angiogenesis in the diabetic wound healing phase [27]. Immunofluo-
rescence staining of vascular smooth muscle cell marker (CD31) was 
determined to evaluate neovascularization formation. As shown in 
Fig. 7A, many newly formed blood vessels at the wound site were 
observed in the PG-CSE group, with higher vessel density than in the 
control, G-CS, and PG-CSE groups. The PG-CSE group presented excel-
lent neovascularization, with the highest blood vessel density (35.19 ±
4.33) than that in the control group (15.23 ± 1.30), G-CS (25.84 ±
2.47), and PG-CS (27.64 ± 2.01) (Fig. 7B). The results suggest that the 
PG-CSE hydrogel had better vascularization ability due to the loaded 
Epi-1, which better promotes the formation of three-dimensional 
vascular networks and accelerates the healing efficacy of chronic dia-
betic wounds.

Early acute infection of the wound site can trigger a series of in-
flammatory reactions leading to massive macrophage recruitment. As 
shown in Fig. 7C, D, and E, on the 7th day of wound healing, the number 
of PG-CSE (26.52 ± 3.32) macrophages was higher than that of other 
groups. Among them, the number of M2 macrophage marker CD206 in 
PG-CS (24.20 ± 2.90) and PG-CSE (26.18 ± 2.47) groups was higher 
than that in the control group (11.86 ± 3.37) and G-CS group (17.51 ±
3.02). Based on the above immunohistochemical results, it can be found 
that the wound site macrophages in the control group, G-CS group, and 
PG-CS group are mainly M1-type macrophages, while the PG-CSE group 
shows the advantage of M2-type macrophages. These results suggest 
that PG-CSE has the ability to regulate the immune response of macro-
phages, promote macrophage aggregation, and transition to M2 mac-
rophages. This helps in avoiding long-term inflammation dominated by 
M1 macrophages, which is consistent with the findings of in vitro ex-
periments. In summary, it is confirmed that the nanofiber/hydrogel 
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composite dressing has an effect in promoting the regeneration and 
repair of infected skin wounds.

4. Discussion

Chronic diabetic wounds exhibit uncontrolled inflammatory re-
sponses and bacterial infections due to long-term exposure to high 
glucose levels, resulting in slow wound healing [5]. Therefore, the key to 
promoting diabetic wound healing is to control bacterial infection, 
regulate inflammatory responses, avoid prolonged inflammation, and 
promote blood vessel formation. In this study, we developed a 
temperature-responsive nanofiber membrane/hydrogel composite 
dressing with a substrate layer and a functional layer to effectively treat 
diabetic wounds. The temperature-responsive mechanism enables the 
centripetal mechanical induction contraction of diabetic wounds. The 
functional layer hydrogel regulates macrophage inflammatory responses 

and improves the wound microenvironment by loading Epi-1.
PLATMC is a high-performance shape memory polymer that restores 

its shape by sensing temperature changes without the need for chemical 
and physical crosslinking [25]. Due to its advantages such as biocom-
patibility, biodegradability, and good mechanical properties, PLATMC 
was selected as the substrate layer material. Three kinds of nanofiber 
membranes with different fiber orientations, namely PLATMC-R, 
PLATMC-U, and PLATMC-B, were prepared by electrospinning. 
PLAMC-R exhibits random orientation, uncontrolled shrinkage direc-
tion, low shrinkage rate, and poor mechanical properties. The me-
chanical properties such as elongation at break, Young’s modulus, and 
tensile strength are low. PLATMC-U demonstrates a uniaxial orientation 
perpendicular to the horizontal direction. However, this structure 
resulted in low elongation at break and Young’s modulus, as well as high 
elongation at break. Moreover, the uniaxial-oriented structure provides 
unidirectional mechanical contraction for the wound, which tends to 

Fig. 6. Histological analyses of healing wounds on days 7 and 14. (A) HE staining images of tissue at the wound site on days 7 and 14 (n = 3). (B) Masson staining 
images of tissue at the wound site on days 7 and 14 (n = 3). (C) Distribution of inflammatory and anti-inflammatory factors at the wound site on day 7. (D) Collagen 
deposition assessed by Masson staining. (E) Expression levels of TNF-α at the wound site. (F) Expression levels of IL-10 at the wound site.
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cause horizontal or vertical closure of the wound during the healing 
process, leading to scar formation. To avoid this, the biaxially oriented 
PLATMC-B nanofibers membrane was prepared by adjusting the direc-
tion of the electrospinning machine receiver. The fibers of PLATMC-B 
were distributed uniformly in both vertical and horizontal directions, 
and there was no obvious change in morphology and diameter compared 
with the first two forms of nanofiber membrane. This biaxial orientation 
structure causes a partial of the PLATMC-B to contract in the horizontal 
direction and another portion to contract in the vertical direction, 
exhibiting the centripetal contraction. This centripetal contraction 
provides mechanical force stimulation to the wound site and induces 
wound closure.

Single-component dressing makes it difficult to meet the re-
quirements of wound healing of diabetes infection, and multi- 
component multifunctional nanocomposites have been paid more and 
more attention. At present, Zhao et al. reported a “jianbing” type double- 
layer nanofiber dressing for wound healing and deep wound repair [42]. 
However, the structure of this double-layer nanofiber membrane is 
insufficient for the treatment of large amounts of wound exudate. In 
addition, our team previously developed a nanofiber/sponge bilayer 
composite membrane for inhibiting infection and promoting blood 
coagulation [43]. While the sponge layer effectively manages wound 

exudate, it has limitations in treating complex diabetes-infected wounds 
due to its single function. Therefore, we drew inspiration from the 
multi-component structure and combined it with the traditional Chinese 
medicine ointment’s structure and preparation method to create a ver-
satile composite dressing. This dressing consists of electrospun nano-
fibers as the substrate layer and a drug-loaded water gel as the functional 
layer. This special “plaster type” structure helps with wound exudation 
management and wound healing on the one hand; On the other hand, it 
provides a physical barrier for the wound site to prevent infection. In 
this experiment, the composite dressing with this plaster structure 
exhibited excellent antibacterial, anti-inflammatory, and angiogenic 
effects, providing new directions and choices for the design of new 
multi-component and multifunctional composite dressings.

Wound healing in diabetic patients often faces the challenges of 
infection caused by immune insufficiency. Due to the abuse of antibi-
otics, more and more pathogenic bacteria are developing resistance to 
antibiotics, such as MRSA [8]. In this context, we introduce the Epi-1 
into composite dressings to, provide a new solution strategy. Epi-1 
plays an antibacterial role by destroying bacterial cell membranes, 
which not only shows extensive activity against various bacteria but also 
has low drug resistance [44]. The results in Fig. 3 show that the hydrogel 
added with Epi-1 has excellent antibacterial activity against the 

Fig. 7. Immunofluorescence staining of healing wounds on day 7. (A) Immunofluorescence staining images of vascular endothelial marker CD31 at the wound site on 
day 7 for each group. (C) Immunofluorescence staining images of macrophage markers CD206 and F4/80 at the wound site on day 7 for each group. (B) Quantitative 
analysis of CD31 staining (n = 3). (D) Quantitative analysis of CD206 staining (n = 3). (E) Quantitative analysis of F4/80 staining (n = 3).
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drug-resistant strain MRSA in addition to its effect on E. coli and 
S. aureus. Besides, the in vivo results revealed that the hydrogels con-
taining Epi-1 could inhibit the bacteria in the wound, thereby reducing 
the number of bacteria in the wound of diabetic mice (Fig. 5). During the 
healing process, the Epi-1 in the hydrogel can encourage angiogenesis 
and supply sufficient nutrition and oxygen to the wound to promote 
wound healing (Fig. 7). In addition, the role of Epi-1 is not only limited 
to antibacterial but also can promote wound healing by regulating in-
flammatory reaction [39]. Therefore, Epi-1 is playing an increasingly 
important role in diabetic wound management due to its multipotency 
and low risk of drug resistance [39].

The wound healing process is often seriously disturbed due to 
metabolic disorders in diabetes patients, mainly manifested as sustained 
inflammatory reactions and delayed repair processes. Macrophages are 
key regulators of inflammatory reactions and carry out biological 
functions through different polarization states. The failure of trans-
forming M1-type macrophages into M2 phenotype in the tissue forma-
tion stage of diabetic wound healing may be an important mechanism of 
delayed healing of diabetic wounds [45]. In the diabetic wound 
microenvironment, M1 macrophages (pro-inflammatory type) usually 
dominate, while the number of M2 macrophages (anti-inflammatory 
type) is severely restricted [46]. The high glucose state in the diabetic 
microenvironment leads to persistent activation of M1 macrophages 
that impede the transition from the inflammatory phase to the prolif-
erative phase during wound healing. The role of M2 macrophages in 
anti-inflammatory and healing-promoting processes is achieved through 
the production of a series of factors. IL-10, as an important 
anti-inflammatory cytokine, can inhibit the production of various 
pro-inflammatory cytokines, including TNF- α and IL-6, thereby 
reducing local inflammatory response [47,48]. Meanwhile, IL-10 can 
also facilitate the production of extracellular matrix such as collagen, 
expediting the structural reconstruction of the wound site. In addition, 
M2 macrophages directly promote angiogenesis by producing vascular 
endothelial growth factor (VEGF) to provide essential oxygen and nu-
trients for repairing tissues [49]. In this study, we evaluated the 
expression of CD31 at the wound site to demonstrate the presence of 
new vessels (Fig. 7A and B). Considering the decisive role of macro-
phages transitioning from M1 to M2 in the wound healing process, 
developing effective transformation strategies is crucial. One strategy is 
to use cytokines intervention to promote M2 polarization of macro-
phages. For example, IL-4 and IL-13 cytokines have been proven to 
effectively stimulate macrophage polarization toward the M2 type [48]. 
Another strategy utilizes specific molecular signaling modulators to 
directly affect the signaling pathways of macrophages, such as inhibiting 
the activity of M1 macrophages by inhibiting the JAK/STAT signaling 
pathway while activating the M2 macrophage-related signaling 
pathway [50]. This work explored the potential of AMPs in regulating 
macrophage polarization. We utilized chitosan nanoparticles and 
hydrogels to administer Epi-1, which has anti-inflammatory effects, to 
the wound site. This approach allowed for more precise regulation of 
macrophage polarization and improved treatment efficiency. The TSNH 
dressing showed a significant role in promoting M2 polarization of 
macrophages, indicating that it can be used as the candidate dressing for 
wound healing of infected diabetes. Moreover, multifunctional com-
posite dressings have the potential to improve the healing efficiency of 
diabetic wounds and reduce the risk of complications, making them an 
important clinical application for the future. In our future work, the 
mechanism by which the TSNH dressing promotes M2 polarization will 
be elucidated to better understand the M2 polarization process of 
macrophages.

This study confirmed the excellent antibacterial performance of this 
temperature-responsive nanofiber/hydrogel composite dressing against 
E. coli, S. aureus, and drug-resistant bacteria MRSA. At the same time, it 
can regulate the inflammatory reaction of diabetes wounds and promote 
angiogenesis. However, several limitations need to be considered in this 
study. Firstly, the temperature response mechanism of the substrate 

layer material is easily affected by the external environmental temper-
ature, resulting in harsh application conditions and limiting its wide-
spread application. Secondly, the compound dressing designed in this 
study only focuses on improving the infection, inflammation, and 
angiogenesis of diabetes wounds, and lacks control of blood sugar. 
Therefore, in the follow-up study, we will focus on the delivery and long- 
term release of hypoglycemic drugs, and further improve the treatment 
strategy of chronic infected wounds in diabetes.

5. Conclusion

Inspired by the structure and characteristics of traditional Chinese 
medicinal plaster, we developed a temperature-responsive self-shrink-
ing nanofiber/hydrogel composite dressing to facilitate the healing of 
diabetic-infected wounds. The biaxially oriented nanofibers in the sub-
strate exhibit good hydrophobicity and anti-contamination properties. 
In addition, the unique transverse and longitudinal fiber arrangement 
structures facilitate the centripetal contraction of the nanofiber mem-
brane. The hydrogel functional layer which contains Epi-1@CS nano-
particles demonstrates excellent biocompatibility. It also exhibits 
antibacterial, anti-inflammatory, and angiogenic effects, overcoming 
the drawbacks of using drug-resistant antibiotics. Additionally, the 
electrostatically adsorbed combination of Epi-1 and chitosan nano-
particles not only reduces the cytotoxicity of Epi-1 when used alone but 
also provides a sustained-release function and prolongs the acting time 
reducing the risk of infection during wound healing. The composite 
dressings alleviated S. aureus-induced infection and promoted the 
angiogenesis, collagen deposition, and re-epithelialization of the wound 
site, and significantly accelerated wound healing in a full-thickness 
wound model in mice with type II diabetes. Overall, the developed 
temperature-responsive self-contracting nanofiber/hydrogel composite 
dressing possesses great mechanical capabilities, centripetal contrac-
tility, biodegradability, as well as favorable biological capabilities, and 
has significant potential in repairing diabetic infected wounds. More-
over, the combination of electrospun nanofiber membrane and hydrogel 
may provide a reference for the development of new dressings in the 
future.
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