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Introduction: Drug-resistant bacterial infections and biofilm formation play important roles in the pathogenesis of diabetic refractory 
wounds. Tea tree oil (TTO) exhibits antimicrobial, antimycotic, and antiviral activities, especially against common clinically resistant 
strains, such as methicillin-resistant Staphylococcus aureus (MRSA), making it a potential natural antimicrobial for the treatment of 
acute and chronic wounds. However, TTO is insoluble in water, volatile, light-sensitive, and cytotoxic. While previous macroscopic 
studies have focused on sterilization with TTO, none have sought to alter its structure or combine it with other materials to achieve 
sustained release.
Methods: Electrospun TTO nanoliposomes (TTO-NLs), arranged linearly via high-pressure homogenization, could stabilize the 
structure and performance of TTO to achieve slow drug release. Herein, we established a composite nano-sustained release system, 
TTO-NL/polyvinyl alcohol/chitosan (TTO-NL@PCS), using high-voltage electrospinning.
Results: Compared with the control, TTO-NL@PCS exhibits higher concentrations of the active TTO drug components, terpinen-4-ol 
and 1,8-cineole. Owing to its increased stability and slow release, early exposure to TTO-NL@PCS increases the abundance of 
reactive oxygen species in vitro, ultimately causing the biofilm to disperse and completely killing MRSA without inducing cytotoxic 
effects to the host. Moreover, in BKS-Leprem2Cd479/Gpt mice with a whole-layer skin infection, untargeted metabolomics analysis of 
wound exudates reveals upregulated PGF2α/FP receptor signaling and interleukin (IL)-1β and IL-6 expression following application of 
the composite system. The composite also ameliorates the chemotaxis disorder in early treatment and attenuates the wound 
inflammatory response during the repair stage of diabetic inflammatory wounds, and upregulates VEGF expression in the wound bed.
Conclusion: TTO-NL@PCS demonstrates the remarkable potential for accelerating diabetic and MRSA-infected wound healing.
Keywords: electrospinning, MRSA biofilm, antibacterial material, diabetic ulcer, wound healing

Introduction
Diabetic foot ulcers (DFU) have imposed severe health and economic burden globally.1 Approximately 19–34% of 
diabetics are influenced by DFU and up to one-third of all diabetes care costs are estimated to be for lower-limb-related 
problems (about $5.9 billion annually in the United States).2

Previous studies have shown that in early injury, diabetic wounds are associated with neutrophil chemotaxis and decreased 
functional activity, making them susceptible to infection; exposure to high-glucose levels, in turn, delays the neutrophil response 
to injury and infection.3 It has been speculated that such wounds might involve metabolic changes caused by neutrophils under 
high-glucose conditions. This microenvironment undoubtedly corresponds to a natural medium that encourages bacterial growth.
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Biofilms comprise a large number of protective cells and extracellular polymers forming dense microbial commu-
nities that prevent penetration by traditional antimicrobial drugs. Biofilm formation leads to the occurrence of antibiotic 
resistance, whose main mechanism includes the inactivation and alteration of drug target sites, and changes in 
intercellular signaling within the quorum sensing system through metabolic pathways, including a reduction in intracel-
lular drug accumulation through efflux pumps.4 Studies have shown that methicillin-resistant Staphylococcus aureus 
(MRSA), as a typical resistant form of the human opportunistic pathogen S. aureus,5,6 is present in more than 90% of 
chronic wounds and can cause excessive inflammation, leading to the prolonged release of inflammatory cytokines and 
activation of immune complexes, consequently impairing skin wound healing.7,8 Therefore, the early inhibition of 
biofilm formation and complete clearance of bacteria in the deep and dormant phase of the wound are particularly 
important for the timely reversal of subsequent excessive inflammatory responses. Indeed, correcting abnormal neutro-
phil functions and effectively downregulating the inflammatory response is thought to represent a key strategy for 
addressing the challenges in diabetic wound treatment.

The abuse of antibiotics has caused widespread drug resistance and the production of superbacteria. Therefore, natural 
plant extracts with good bactericidal properties, such as tea tree oil (TTO), have gradually been increasingly considered 
as alternative treatment options. TTO is a volatile natural plant essential oil obtained through steam distillation of the 
terminal branches and leaves of Melaleuca, a native Australian plant, and is commonly used to treat skin infections.9 In 
fact, TTO has been used over centuries for the treatment of wounds in Australian folk medicine;10,11 subsequent findings 
regarding its potent antibacterial activities in inhalation treatment, aseptic surgery, dental surgery, wound disinfection, 
and oral irrigation have been published.12 Indeed, TTO exhibits a broad range of antimicrobial activities against bacteria, 
fungi, viruses, and microorganisms that are resistant to traditional drugs.11,13 Terpinen-4-ol14 and 1,8-cineole15 are its 
main physiologically active components, constituting approximately 30–48% of TTO, with significant killing activity 
against most bacteria, fungi, and viruses. The distribution ranges and chemical structures of the 15 major components of 
TTO are listed in Table 1.16 More specifically, TTO inhibits P-related inflammatory reactions and regulates the release of 
P-initiated endothelial nitric oxide, which reduces the production of superoxide ions and pro-inflammatory factors.17 

However, TTO is insoluble in water, highly volatile, and undergoes swift oxidation when exposed to light, temperature, 

Table 1 Major Components of Pure Australian Tea 
Tree Oil (TTO) and the Distribution Range (ISO 4730: 
2017 Standard)

Component Minimum (%) Maximum (%)

Terpinen-4-ol 35.00 48.00

* R isomer ratio 67.00 71.00

* S isomer ratio 29.00 33.00

γ-Terpinene 14.00 28.00

α-Terpinene 6.00 12.00

1,8-Cineole <0.01 10.00

p-Cymene 0.50 8.00

Terpinolene 1.50 5.00

α-Terpineol 2.00 5.00

α-Pinene 1.00 4.00

Sabinene <0.01 3.50

Aromadendrene 0.20 3.00

(Continued)
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or air, which significantly reduces its antibacterial efficiency.18 These properties, along with its low absorption rate, 
hinder its practical application in the treatment of infected wounds.19 Therefore, a new alternative involving the 
transformation of TTO into a drug-controlled release system to construct hybrid materials with outstanding biofilm- 
dispersion ability has been suggested.

Nano-sustained-release materials are less likely to induce bacterial resistance owing to different antimicrobial 
mechanisms; hence, they have received increasing research attention to combat bacterial biofilm infections.20,21 Small- 
volume and high-surface-area nanomaterials can efficiently invade biofilms and adhere to the deep layers of the infected 
tissue; as such, they often serve as carriers for slow-release antibiotics to achieve long-term antibacterial effects.22,23 

Meanwhile, liposomes comprise a lipophilic lipid bilayer and an aqueous solution core lipid-based vesicle system, which 
can be modified by various ligands to achieve immune evasion and targeted delivery.24 Thus, liposomes are the most 
widely studied and successful drug delivery systems. Although the inclusion of TTO into nanoliposomes elicits anti- 
edema properties and improved skin wound-healing effect, its stability is poor.25 We believe that the transformation of 
TTO into hydrophilic nanoscale liposomes is necessary for the construction of an ordered composite nanoscale slow- 
release system.

Recently, the electrospinning technique has been broadly applied, with encouraging results obtained in the generation 
of wound dressings due to its nano-sized structure.26,27 The electrospinning process begins by charging a liquid droplet to 
form a cone-shaped jet (ie, Taylor cone). The charged jet is then extended along a straight line and subsequently thinned 
via the application of an electric field and increased electrical bending instability. Finally, the jet is solidified and 
collected on a grounded collector.28 Jet bending violates axisymmetric properties and is equivalent to enhancing the 
stirring mode, providing the polymer fiber with high tensile properties and unique advantages, including a large surface 
area to volume ratio, high porosity, and small pore size.29 However, when selecting the materials for the design of an 
electrospun wound dressing, absorptivity and oxygen permeability are primary factors to consider. For example,30 

electrospinning has been applied in the preparation of nanofibers composed of polyvinyl alcohol cross-linked with 
chitosan. Both materials present good biocompatibility, biodegradability, cellular binding capability, antimicrobial 
activity, and wound-healing effects.31

In this study, we aimed to develop a delivery system for the release of antimicrobial TTO, positioned as a composite 
dressing with a nanostructure. The purpose of this study was to improve the ordered structure of the material by altering 
the physical properties and embedded form of TTO to ensure its slow release. This is the first study, to our knowledge, to 
combine TTO nanoliposomes and electrospinning; we believe that this type of dressing will prove beneficial in clinical 
practice. However, the metabolic changes in the hierarchical microenvironment and signal transduction pathways 
involved in the antibacterial mechanism of TTO have not been fully defined, and further exploration of the relevant 
mechanisms is warranted to develop strategies to specifically disperse biofilms and reduce cytotoxicity. Accordingly, 
Kyoto Encyclopedia of Genes and Genomes (KEGG) and protein–protein interaction analyses of TTO were applied to 
elucidate the mechanism underlying the effects of TTO nanoliposomes (NL)/polyvinyl alcohol/chitosan (TTO-NL 
@PCS).32 Following validation, the composite nano-sustained-release system reported herein was confirmed to aid in 
the healing of infected diabetic wounds.

Table 1 (Continued). 

Component Minimum (%) Maximum (%)

Ledene 0.10 3.00

δ-Cadinene 0.20 3.00

Limonene 0.50 1.50

Globulol <0.01 1.00

Viridiflorol <0.01 1.00

Note: *Isomers of Terpinen-4-ol.
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Materials and Methods
Materials
The TTO crude oil extract (100% concentration) was provided by Chengetai Science and Technology, Ltd. (Zhuhai, 
China). Its concentration was determined as described in previous studies.33,34 Chitosan (MW = 240 kDa) was purchased 
from Solarbio (Beijing, China). Polyvinyl alcohol (Mw of 85 kDa), type II collagenase, glacial acetic acid, MH agar 
plates, absolute ethanol (≥ 99.8%), cholestenone, phosphatide, and glutaraldehyde (25% in H2O) were supplied by 
Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum, phosphate-buffered saline (PBS), trypsin- 
ethylenediaminetetraacetic acid (trypsin-EDTA), and Dulbecco’s minimum essential medium were purchased from 
Gibco (Waltham, MA, USA). MRSA (ATCC 43300) was obtained from the American Type Culture Collection 
(ATCC; Manassas, VA). Tween 80 and Span 80 were purchased from Biosharp (Beijing, China). The live/dead 
viability/cytotoxicity kit, live and dead bacterial staining kit, Cell Counting Kit-8 (CCK-8) cell viability reagent, and 
reactive oxygen species (ROS) assay kit (DCFH-DA) were purchased from Beyotime (Shanghai, China). Alexa Fluor 
594-phalloidin, the anti-VEGF antibody (ab2350), the anti-myeloperoxidase (MPO) antibody (ab208670), Alexa Fluor 
488/555- conjugated secondary antibodies, Alexa Fluor 594-donkey anti-rabbit IgG (H+L) (ab90812), and 4′,6-diami-
dino-2-phenylindole (DAPI) were purchased from Abcam (Cambridge, UK). HaCaT cell line and endothelial cells 
(HUVEC cell line) were purchased from the Cell Bank of the Medical Research Center of Nanfang Hospital (China).

Synthesis of Composite Nanofibers
Herein, 100 mg of TTO (10%), 320 mg of phospholipid, 30 mg of cholesterol, 100 mL of ethanol, and 200 mg of 
surfactant (Tween 80: Span 80 = 3:1) were mixed in a beaker, and a suspension was formed via mechanical stirring at 
1000 rpm. After rotating the suspension in a 35 °C attemperator to remove the organic solvent, a thin layer of uniform 
film was formed on the inner wall of an eggplant-type flask. Approximately 2.26 g of lactose was dissolved in 200 mL of 
phosphate buffer (pH 5.0) and added to an eggplant-type flask with stirring at 100 rpm and 37 °C for 1 h. The addition of 
lactose prevented changes in particle size and reduced leakage from nanoliposomes.35 Furthermore, the miscible liquids 
were dispersed for 10 min using an ultrasound bath. Finally, homogenization was conducted three times at 15,000 psi to 
obtain TTO nanoliposomes. The diameters and zeta potentials of TTO-NLs were measured using dynamic light scattering 
(DLS; Malvern Instruments, Malvern, UK) at 25 ± 1 °C.

Polyvinyl alcohol (8 g) and chitosan (2 g) was firstly dissolved in 1% aqueous acetic acid (70 mL). With the 
assistance of free amino groups, positively charged polyelectrolyte can be released from chitosan at a pH ranging from 2 
to 6; thus, due to their high solubility compared to chitin solutions, chitosan solutions are highly viscous and complicated 
for electrospinning.36 Furthermore, the 3-D network formed via strong hydrogen bonding prevents the movement of 
polymer chains during exposure to the electric field.37 The TTO-NL solution obtained above was then mixed with PVP/ 
CS solution mentioned above under magnetic stirring at weight ratios of 1:4 (TTO-NL/polyvinyl alcohol/chitosan). In the 
control groups, deionized water and TTO was added to obtain PVP/CS solution (8:2w/v%) and TTO/polyvinyl alcohol/ 
chitosan solution (30:8:2 w/v%) in a 60 °C water bath to obtain the solution. The total volume of the solution obtained in 
each group was about 100 mL.

Electrospinning was carried out using a stainless-steel blunt-ended needle (inner diameter, 0.9 mm) connected to 
a DC power supply electrode (high-voltage power, 20 kV), syringe pump, syringe, and grounded aluminum foil. The 
blunt-tip metal needle was infused with various blended solutions at a feed rate of 0.6 mL/h. The distance between the 
needle tip and the ground collector was 15 cm (Scheme 1).

Hybrid Mechanical Characterization and Degradation Rate Assay
Morphological characterization of TTO@PCS and TTO-NL@PCS was performed using scanning electron microscopy 
(SEM; Sigma300, ZEISS) and atomic force microscopy (AFM; Dimension ICON, BRUKER). Sample degradation was 
assessed by first obtaining the original dry weights after lyophilization. Subsequently, the samples were incubated in 
collagenase type II solution (2 U/mL) at 37 °C in a balanced state. At preset time points, the electrospun residues were 
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retrieved, lyophilized, and weighed. The masses of the hydrogel residues were compared with their initial masses to 
determine the degradation rate.

Release Profile of TTO
The electrospinning mats were cut into 1 cm2 squares and placed in 5 mL of PBS (100 mM, pH 7.4, and pH 5.0). At the 
preset time points (6, 12, 24, 48, 72 hour), 1 mL of the release medium was removed and replenished with 1 mL of fresh 
buffer. The amount of drug released was determined using UV–visible spectrophotometry (NanoDrop™ One, Thermo 
Scientific, USA). In other words, the absorbance of the drug was obtained at 299 nm and the concentration was 
determined using a calibration curve. The drug release profiles were calculated from the TTO concentration at each 
time point.30

To further confirm the encapsulation efficiency, terpinen-4-ol and 1,8-cineole were analyzed as the active ingredients 
of TTO within composite nanosystems via gas chromatography (GC) using a flame ionization detector (FID) system,38 

equipped with an SE-30 universal type quartz capillary column (30 m × 0.2 mm × 0.25 μm) connected to a FID, 
according to the protocol published by Rodríguez-Maecker et al39 The mixture was maintained at 60 °C for 3 min, 
followed by a 2 °C/min increase to 160°C and subsequently to 210 °C at 4 °C/min for 5 min. TTO components were 
identified on the basis of the retention index and mass spectrum data.40

Cytotoxicity Assay
For cytotoxicity assays, HaCaT and HUVEC cells were seeded in 96-well plates at a density of 5.0×103 cells per well for 
24 h and co-cultured with nanofiber samples for an additional 24 h. Subsequently, 100 μL CCK-8 solution was added to 
each well and incubated for 2 h to assess cytotoxicity. Following incubation, the culture media was collected, and the 
absorbance was determined using a SmartReader 96 plate reader at 450 nm.

Cell viability was evaluated using a live/dead viability/cytotoxicity kit. HaCaT cells growing on the electrospinning 
surfaces were stained and imaged using laser scanning confocal microscopy (LSCM; LSM-980, Carl Zeiss Inc., Jena, 
Germany). Live (green fluorescence) and dead (red fluorescence) cells were quantified using ImageJ software. The 
percentage of live cells was calculated by dividing the number of live cells by the total number of cells. The cytoskeleton 
and nuclei were stained using Alexa Fluor 594-phalloidin and DAPI, respectively, to assess the morphological 

Scheme 1 Schematic representation of TTO-NLs and the electrospinning apparatus.
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abnormalities and diffusion area of cells on the electrospinning surface. The average number of cells was recorded from 
at least three independent experiments.

Antibacterial Assay
The antibacterial ability of various electrospinning samples was assessed using ATCC 43300 (MRSA). In brief, the 
bacteria were co-cultured with samples at an initial concentration of 1.0×106 (CFU) mL−1 in lysogeny broth (LB) 
medium at 37 °C, 5% CO2. Culture LB medium was collected after 6, 12, and 24 h and centrifuged at 1000 rpm for 5 min 
(500 × g). The resultant bacteria were diluted in PBS for Live/Dead Viability staining. Green fluorescent (live) and red 
fluorescent (dead) bacteria were quantified under fluorescence microscopy.41 Bactericidal activity was determined by 
dividing the number of dead bacteria by the total number of bacteria. Meanwhile, the antibacterial activity was 
macroscopically determined using a zone inhibition assay. In other words, electrospun nanofibers (size: 1×1 cm2) were 
placed on agar plates with 100 μL of MRSA solution (108 CFU mL−1) and grown at 37 °C with 5% CO2. To compare 
antibacterial activity, PCS, TTO@PCS, and TTO-NL@PCS groups were created. After 1 day of incubation, the 
diameters and areas of the bacteriostatic rings were measured using ImageJ software, and each sample was analyzed 
in triplicate.

In vitro Simulated Biofilm-Dispersion Assay
In vitro MRSA Biofilm Growth on Plates
Herein, 100 μL of 5×108 CFU mL−1 MRSA was cultivated in a 96-well plate at 37 °C to generate biofilms. After removing 
the original medium, 200 µL of LB medium was added to each well, along with 5×5 mm2 of the electrospun sample. The 
non-processed group was used as the negative control. All groups were cultured for 24 h at 37 °C. Any bacterial cells 
dissociated from the biofilm (planktonic) were removed by washing with saline. The biofilm was then incubated at 60 °C for 
60 min and treated with a 200 µL suspension of 0.1% crystal violet for 10 min. The plates were then washed with saline to 
remove planktonic cells and, subsequently, treated with 200 µL ethanol for 15 min before being transferred to a new plate. 
The absorbance of all samples was measured at 550 nm using a microplate reader. Biofilm formation was determined based 
on the difference between the average OD readings obtained in the positive control (culture medium and bacteria) and the 
negative control (culture medium only).42 The assay was repeated three times.

MRSA (1 × 108 CFU mL−1) was cultured on a glass slide for 24 h at 37 °C to form a biofilm; next, PCS, TTO@PCS, 
and TTO-NL@PCS were added to the culture. After the generated biofilm was washed to remove unbound cells, a live 
and dead bacterial staining kit was used to stain the biofilm; results were recorded, and three-dimensional reconstruction 
(thickness between the beginning and end of the fluorescence on the slide) was performed through LSCM. Three random 
fields were examined for each sample.

In vitro MRSA Biofilm Growth on Human Tissue Samples
In accordance with the principles of the Declaration of Helsinki, ethical approval was granted by the Institute of Ethics 
Committee of Nanfang Hospital, Southern Medical University (approval number: NFEC-2021-265). The patients 
provided informed consent. Healthy human skin was collected from the thigh during whole-thickness skin sheet 
transplantation (in male or female patients diagnosed with diabetes without other underlying diseases), without collecting 
any personal identifying information.

Freshly collected full-thickness human skin was cut into 12 pieces (1.0 cm × 1.0 cm × 0.3 cm), and excess fat and 
connective tissues were removed. Bacterial medium containing MRSA was added to an artificial scratch area on the skin 
tissue surface and incubated for 48 h to allow biofilm formation. The mature biofilms were validated using SEM. 
Bacteria on the skin surface were obtained using cotton swabs on days 1 and 3 and colonies were cultured for 24 h prior 
to performing diluted plate counts to compare the differences between groups. To evaluate the dispersion ability of the 
electrospun biofilm, biofilms on the skin surface and electrospun samples were transferred into culture vessels (35 mm × 
10 mm) with LB medium. Skin was retrieved on days 1 and 3. After treatment with alcohol-gradient dehydration and 
freeze-drying, SEM was used to image and measure the residual biomass.
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Detection of Cellular ROS
For the DCFH-DA assay, an ROS assay kit was used. Biofilms were created, and several treatments were carried out, as 
described in In vitro MRSA Biofilm Growth on Plates: normal saline, PCS, TTO@PCS, and TTO@PCS. Cultures were 
incubated at 37 °C and allowed to react with the DCFH-DA probe at a final concentration of 10 μm in the dark for 30 
min. Finally, the samples were observed via LSCM, and ROS production in distinct layers of the biofilm was tracked 
over time using the layer scanning tool.

Antibacterial Activity in vivo
All animal experimental protocols were approved by the Animal Research Ethics Committee of Nanfang Hospital and 
complied with the rules of the specific pathogen-free animal laboratory of Nanfang Medical University. All methods 
followed the guidelines for animal subject care and use outlined in the Guide for the Care and Use of Laboratory Animals 
(Institute of Laboratory Animal Resources, National Academy of Sciences, Bethesda, MD, USA).

Eight-week-old BKS-Leprem2Cd479/Gpt mice (male; 40–45 g) were obtained from GemPharmatech Laboratory 
Animal Co., Ltd. (Guangdong, China) and allowed to acclimatize to the environment for 1 week prior to 
experimentation at the Laboratory Animal Center of Nanfang Hospital of the Southern Medical University 
under pathogen-free conditions. Circular incisions with a 12-mm diameter were made on the backs of mice in 
the four groups (n = 9/group) under anesthesia (pentobarbital). Subsequently, 100 μL of MRSA suspension (108 

CFU mL−1) was applied to the circular wounds to infect all animals. After 2 days of continuous infection, a 12- 
mm diameter piece of each electrospun fiber was placed over the circular incision to cover the infected areas. 
The second sham set was used as a blank control. Simultaneously, infected wounds were photographed, and their 
sizes were measured using the original wound size card as a guide. The body weights of the mice were recorded 
each week, and their serum glucose levels (mmol/L) were measured every 4 days.

In vivo Histological Analysis
Infected wound tissues from mice on days 7, 14, and 21 were immersed in 10% EDTA for 24 h before being dried in 
graded alcohol and embedded in paraffin. Sections cut to a thickness of 5 μm were subjected to hematoxylin and eosin 
(H&E) staining. All sections were examined under an optical microscope (OLYMPUS IX71, Olympus, Japan) at 
36.5 °C.

The abundance of VEGF in the neonatal tissues of diabetic mice was assessed via immunofluorescence. After antigen 
retrieval, the paraffin-embedded slices of skin tissues were blocked with 10% BSA and treated with anti-VEGF antibody 
overnight at 4 °C. The slices were then incubated at 37 °C for 1 h in the dark with Alexa Fluor 488/555-labeled 
secondary antibodies. Finally, the nuclei was stained with DAPI, and images were captured using LSCM.

Exploration of the Antibacterial Mechanism
Metabolomics Assay
For the metabolic profiling of injured skin, wound exudates were collected from TTO-NL@PCS-treated and blank control 
groups on day 3 after the establishment of MRSA infection for untargeted metabolomics analysis. Briefly, the samples stored 
at −80 °C were thawed on ice. A 400 μL solution (methanol: water = 7:3 v/v) containing an internal standard was added to 
the sample and vortexed for 3 min. The sample was sonicated in an ice bath for 10 min, vortexed for 1 min, and then placed at 
−20 °C for 30 min. The samples were then centrifuged at 12,000 rpm for 10 min at 4 °C. The sediment was removed, and the 
supernatant was centrifuged again at 12,000 rpm and 4 °C for 3 min. A 200 μL aliquot of the supernatant was transferred for 
LC-MS analysis. All wound exudate samples were prepared according to the instrument operation requirements. The 
analytical conditions were as follows: ultra-performance liquid chromatography (UPLC): column, Waters ACQUITY 
UPLC HSS T3 C18 (1.8 µm, 2.1 mm × 100 mm); column temperature, 40 °C; flow rate, 0.4 mL/min; injection volume, 2 
μL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); gradient program, 95:5 v/v at 0 min, 10:90 v/v 
at 11.0 min, 10:90 v/v at 12.0 min, 95:5 v/v at 12.1 min, 95:5 v/v at 14.0 min.
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A 10−6 M PGF2α solution (Sigma-Aldrich, US) was used for subsequent experiments, which was considered 
appropriate to function without damaging the local tissue (Figure S1. Sham, TTO-NL@PCS, PGF2α, and TTO- 
NL@PCS+PGF2α were applied separately (n = 3). For the TTO-NL@PCS+PGF2α group, wounds with an 
established MRSA biofilm (Methods are shown in Antibacterial Activity in vivo) were covered with sterile 
gauze soaked with a specific concentration of PGF2α for 6 h; this gauze was removed and replaced with TTO- 
NL@PCS. The PGF2α group was treated with PGF2α-soaked sterile gauze for 6 h, whereas the MRSA-infected 
wounds were directly covered with TTO-NL@PCS in the TTO-NL@PCS group.

Isolation of RNA and Real-Time PCR Analysis
On day 7 following TTO-NL@PCS treatment, local tissues were harvested for total RNA extraction, performed using 
RNAiso Plus (Takara Bio, Kyoto, Japan). cDNA was synthesized using the PrimeScript™ RT reagent kit with gDNA 
Eraser (Perfect Real Time; Takara, Japan). Quantitative real-time polymerase chain reaction was performed using 
QuantStudio (Thermo Fisher, USA) with TB Green® Premix Ex Taq™ II (Takara, Japan). Primers and genes used are 
listed in Table 2. The data are shown as fold-changes compared to levels in the control group.

Immunofluorescence Assay in vivo
On days 1 and 7, TTO-NL@PCS was used to remove skin tissue from the wound. Deparaffinization, alcohol-gradient 
dehydration, and antigen retrieval were performed on paraffin slices of skin tissues treated with the various agents. After 
blocking with 10% BSA, the slices were incubated with an anti-MPO antibody overnight at 4 °C and subsequently 
incubated at 37 °C in the dark for 45 min with Alexa Fluor 488/555-labeled secondary antibodies. Images were captured 
with an LSCM (FV1200, Olympus) camera following DAPI staining.

Statistical Analysis
All data from at least three independent experiments were presented as the mean ± standard deviation. GraphPad was 
used along with an unpaired Student’s t-test or one-way analysis of variance (ANOVA) to assess statistical significance in 
the experiments. The differences between two groups were analyzed using an unpaired Student’s t-test. Differences 
between three or more groups were analyzed using one-way ANOVA. A P-value < 0.05 indicated significant differences.

Results
Construction and Characterization of Nanoliposomes and Electrospinning
TTO-NLs were created to minimize the TTO dose and achieve delayed release. TTO-NLs had a clear and transparent appearance 
with a light blue emulsion that dissolved in water, whereas TTO was a light yellow and translucent liquid that was water-insoluble 
(Figure 1A). The average particle size of the freshly prepared TTO-NL was 49.61 ± 2.62 nm, with a zeta potential of 8.85 ± 1.67 
mV, according to DLS analysis conducted to evaluate the stability of the prepared TTO-NLs. On day 3, the mean particle size at 
room temperature was 71.16 ± 0.91 nm and the zeta potential was 14 ± 1.85 mV, indicating that an unstable condition had been 
initiated (Figure 1B–F). To overcome this instability, TTO-NLs were electrospun. The internal structure of the electric spindle was 
observed using AFM (Figure 2A). When observed using SEM, the TTO-NL@PCS arrangement was ordered and homogeneous, 
whereas the TTO@PCS arrangement exhibited droplet-like insoluble material and an uneven shape (Figure 2B and C). TTO-NL 
@PCS had a Young’s modulus of 24.79 ± 0.86 MPa, while TTO@PCS had a Young’s modulus of 74.06 ± 2.57 MPa (Figure 2D), 

Table 2 Sequences of Primers Used in Quantitative Polymerase Chain Reaction

Gene Forward 5′–3′ Reverse 5′–3′

Fp receptor GCACATTGATGGGCAACTAGAA GCACCTATCATTGGCATGTAGCT

IL-6 GCTACCAAACTGGATATAAT CCAGGTAGCTATGGTACTCC

IL-1β AGTTGACGGACCCCAAAAG AGCTGGATGCTCTCATCAGG

18S rRNA GGGAGCCTGAGAAACGGC GGGTCGGGAGTGGGTAATTT
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indicating that TTO-NL@PCS is more deformation-resistant than TTO@PCS. In terms of the electrospinning degradation rate, 
there was no substantial difference between TTO-NL@PCS and TTO@PCS (Figure 2E). The TTO component release rate of the 
extract was measured using peak UV absorption; TTO-NL@PCS released most of the drug within 72 h, whereas TTO@PCS 
released the drug rather quickly, with greater than 99% cumulative release within the first 24 h. Micro-environment can reflect the 
dynamic change during the wound healing process and pH is one of the important parameters. Acute wound, affected by active 
neutrophils, pH is usually between 4–6, while chronic wound is often weak alkaline between 7–8, that is more conducive to 
bacterial growth and reproduction and make the wound vulnerable to bacterial invasion, so does infection. Therefore, it necessary 
to test the drug release status in different pH, and the results showed no significant association between released-period and pH 
(Figure 2F), which ensure the long-term release in diabetic wound. GC was used to determine the total amount and composition of 
the drug released continuously in a 72 h electrospun extract. The concentrations of terpinen-4-ol and 1.8-cineole were 1.62 ± 
0.29% and 0.81 ± 0.47%, respectively, indicating that the TTO concentration loaded into TTO-NL@PCS was considerably higher 
than that in TTO@PCS (Figure 2G–I). In our previous study,43 the MIC of TTO for MRSA was 0.5%, while that of MBC was 2%. 
Thus, TTO release must be adequately controlled to maintain a safe yet effective concentration in the wound. As such, this method 
requires further optimization to increase the drug loading rate and achieve controlled release over an extended period of time.

Figure 1 Physical properties of the TTO nanoliposome (TTO-NL). (A) TTO appearance before and after preparation and suspension status without multiple high-pressure 
homogenization treatments. (B) Diameter and (C) zeta potential of TTO-NLs on days 0 and 3 after preparation; (D) Statistical analysis of the TTO-NL diameter and (E) zeta 
potential on days 0 and 3. (F) The TEM image of TTO-NL. n = 3, *P < 0.05.
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Cell Viability and Proliferation Assays
As indicated by the live and dead staining in Figure 3A, keratinocytes (KCs) co-cultured with various electrospun 
samples revealed similar cell viability (Figure 3B) and cell counts (Figure 3C). The cells grown on the electrospun 
surface proliferated normally with no morphological abnormalities, which corresponded with the F-actin/phalloidin 
staining results (Figure 3D and E). Moreover, the CCK-8 results in Figure 3F show that TTO-NL@PCS, TTO@PCS, 
and PCS did not elicit significant cytotoxicity toward either cell type associated with wound healing.

Bactericidal Ability of Electrospun Nanofibers
Both TTO-NL@PCS and TTO@PCS showed a significant effect on bacterial growth in the inhibition zone assays. The 
regional diameters when TTO-NL@PCS, TTO@PCS, and PCS were added to MRSA plates were 1.23 ± 0.21, 0.644 ± 
0.11, and 0 cm, respectively (Figure 4A and D). Live and dead staining was further used to verify the bactericidal effect 
against the MRSA strain (ATCC 43300) in a dispersed state in the LB medium, and TTO-NL@PCS showed a superior 
bactericidal effect. TTO-NL@PCS killed 83–87% and 99–100% of viable bacteria at 6 h and 12 h, respectively, whereas 

Figure 2 Fabrication and characterization of the sustained-release nanosystem. (A) AFM and (B) SEM images of TTO-NL@PCS and TTO@PCS. The electrospun 
appearance diagram is shown in the dashed frame. White arrows indicate the uneven diameter of the electrospun nanofibers due to insufficient binding of the oil droplets to 
the material. (C) Diameter and (D) Young’s Modulus of TTO-NL@PCS and TTO@PCS (n = 3, *P < 0.05). (E) Degradation rate of electrospun nanofibers and (F) 
cumulative release profiles of TTO encapsulated in TTO-NL@PCS and TTO@PCS (in pH 7.4, and pH 5.0). (G) Illustration of chemical constitution. (H) Concentrations of 
the major drug components terpinen-4-ol and 1.8-cineole were quantified in a 72 h extract, and (I) quantitative analysis of concentrations of the drug components. n = 3, *P 
< 0.05.
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TTO@PCS killed 11–19% and 49–55% of bacteria at 6 h and 12 h, respectively; both reached 100% at 24 h (Figure 4B 
and E). TTO-NL@PCS demonstrated efficient and continuous biofilm-dispersion and eradicating abilities, whereas 
TTO@PCS did not significantly reduce the biofilm biomass by day 2. Thereafter, we determined the bactericidal 
efficiency of TTO-NL@PCS and TTO@PCS against adherent MRSA biofilms. There was no significant difference in 
the remaining biomass of the MRSA biofilm after 24 h of treatment between TTO-NL@PCS and TTO@PCS (Figure 4C 
and F). After 24 h of TTO-NL@PCS treatment, live bacteria were rarely detected via LSCM layer scanning, similar to 
that with the biofilm residue, which was compared using CV staining results (Figure 4G). At this time, more biofilm 
residues and living bacterial cells were observed after treatment with TTO@PCS (Figure 4H). These results suggested 
that TTO-NL@PCS was more bactericidal against MRSA biofilms than TTO@PCS.

Biofilm Dispersion in vitro
As per the schematic diagram shown in Figure 5A, to simulate biofilm dispersion, a mature biofilm was formed on the 
surface of the skin wounds from diabetic patients during in vitro culture for 2 days, and TTO-NL@PCS and TTO@PCS were 
then added for 24 h and 72 h. Microbial aggregation and growth on the skin surface were observed at 24 and 72 h (Figure 5B 
and C). TTO-NL@PCS destroyed the dense biofilm formed in the wound and killed bacteria, whereas TTO@PCS destroyed 
the biofilm at an early stage without complete sterilization owing to its short-term effects. Biofilm surface sampling for 

Figure 3 Cytotoxicity evaluation of the TTO-NL@PCS sustained-release nanosystem. (A) Live and dead staining of keratinocytes (KCs) cultivated with electrospun 
nanofibers on days 1 and 3; (B and C) viability and cell number analyses (green, viable cells; red, dead cells). (D) Phalloidin and DAPI labeling of cell proliferation on days 1 
and 3, and (E) cell area quantification of KC proliferation on various electrospun surfaces. *P < 0.05, scale bars =100 m, n = 3 (random field of vision). (F) HaCaT and 
HUVEC cells co-cultured with equal volumes of TTO-NL@PCS, TTO@PCS, and PCS after 24 h (n = 3).
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dilution coating was used to detect bacterial colonies, which were not observed at 24 and 72 h after TTO-NL@PCS treatment 
(Figure 5D); hence, the few attached bacteria observed via SEM were dead. Extensive biofilm diffusion began after 
TTO@PCS treatment on day 1, with few poorly active viable bacteria remaining deep in the skin folds (Figure 5D and 
E). Although sampling of the skin surface covered with TTO@PCS on day 1 did not result in significant colonies on agar 
plates, colonies were observed again in day 3 samples. The bactericidal efficiency of TTO-NL@PCS was > 99%, suggesting 
that TTO-NL@PCS has rapid biofilm-dispersion abilities in the simulated biofilm model.

Internal Variation in Bacteria
To investigate the mechanism underlying the ability of TTO-NL@PCS to disrupt biofilms, ROS levels within the biofilm 
were monitored at different time points using DCFH-DA probes. A few green fluorescent spots were observed in the 
biofilm during the first 30 min of TTO-NL@PCS treatment, suggesting no obvious induction of ROS production 

Figure 4 Inhibition zone assays and analysis of MRSA biofilm-dispersion and bactericidal abilities of electrospun nanofibers. (A) Inhibition zone assay results of electrospun 
nanofibers placed on bacteria (ATCC 43300) spread on agar plates (scale bar 1 cm), with (D) quantification of inhibition zone assays. (B) Live and dead staining results of 
bacteria (ATCC 43300) cultured with electrospun nanofibers at preset timepoints (scale bar 50 µm), with (E) quantification results of the staining results. *P < 0.05, TTO-NL 
@PCS vs TTO@PCS (6 h and 12 h). (C) Residual MRSA biofilms following treatment with electrospun nanofibers at day 1 and day 3 were stained with crystal violet and 
processed by ImageJ software (scale bar, 100 µm). (F) Relative MRSA biofilm biomass treated with different materials. MRSA biofilm biomass was determined by measuring 
the absorbance at 590 nm. (G) LSCM 3-D schematic diagram of LIVE/DEAD-stained MRSA biofilm grown on cell slides (green, viable cells; red, dead cells), and (H) 
quantification of the relative immunofluorescence intensity per field on day 1 following various electrospun nanofiber treatments. n = 3 (random field of vision), *P < 0.05.
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(Figure 6A). Subsequently, ROS production increased exponentially, intensifying rapidly from 30 min (2.30 ± 0.23%) to 
75 min (46.76 ± 0.30%; Figure 6B). Moreover, in the TTO-NL@PCS-treated biofilm, although ROS levels were low in 
the early stages, green fluorescence was detected in different biofilm layers, as observed in 3-D scans. At 30 min 
significant increases in ROS levels were observed in all layers (Figure 6C).

In vivo MRSA-Infected Diabetic Wound-Healing Study
We next explored the cytotoxic efficacy of TTO-NL@PCS against MRSA using BKS-Lepr em2Cd479/Gpt transgenic 
diabetic mice, which mimic a clinical wound model due to their efficient bactericidal ability in vitro (Figure 7A). No 
significant purulent exudates were observed in the TTO-NL@PCS- or TTO@PCS-treated wounds (Figure 7B). Owing to 
the self-healing capabilities of the wound-margin skin, all infected wounds had become markedly smaller by day 4 
regardless of the treatment. Furthermore, TTO-NL@PCS-, TTO@PCS-, PCS-, and sham-treated wounds were almost 
completely healed at 16, 20, 23, and 26 days, respectively (Figure 7C). The body weights and blood glucose levels in the 
sham and PCS groups persistently decreased, and reduced activity was observed, which was possibly associated with 
concurrent sepsis; changes in body weights and blood glucose levels in TTO-NL@PCS- and TTO@PCS-treated mice 
were negligible (Figure 7D and E).

A pathological analysis of wound tissue through H&E staining reveal TTO-NL@PCS-treated wounds developed 
apparent skin islands and a nascent appendage structure on day 7, whereas the hair follicle structure was intact, and the 
epidermis was mostly healed on day 14. TTO@PCS-treated wounds healed relatively poorly with a relatively disordered 

Figure 5 Assessment of the biofilm-dispersion activity of electrospun nanofibers in vivo. (A) Illustration of the biofilm-dispersion assay. (B and C) SEM observation of the 
remaining biofilm (ATCC 43300) on skin wounds when cultured with the electrospun sustained-release nanosystems at preset time points. White arrows indicate the 
bacteria remaining in the skinfolds. (D and E) Bacterial colonization in the skin tissues on days 1 and 3. n = 5, *P < 0.05 TTO-NL@PCS vs TTO@PCS, #P < 0.05 TTO@PCS 
vs NC, n.s. = no significance PCS vs NC.
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new skin structure (Figure 8A). More obvious necrotic tissues in the PCS and sham groups, and tissue-localized necrotic 
structures with massive macrophages and neutrophils were still observed on day 14 (Figure 8B). Immunofluorescence 
staining revealed early expression of VEGF in the TTO-NL@PCS-treated group with no significant differences among 
the other groups (Figure 8C and D).

Analysis of the Antibacterial Mechanism
To explore the relationship between the wound micrometabolic environment based on sterilization and healing, 
metabolomics analysis was conducted using 12 datasets from six biological replicates to determine the changes in 
metabolites present in the wound exudate after treatment with TTO-NL@PCS. The principal components analysis (PCA) 
results suggested high-quality data (Figure S2). In total, 87 differential metabolites were screened based on either FC 2.0 
or FC 0.5, P < 0.05, and VIP values > 1.0 (Figure S3–6). Among the differentially expressed genes (DEGs; Figure S7), 
the expression of 26 metabolites was upregulated, while 61 were downregulated in the TTO-NL@PCS group relative to 
levels in the blank control group (Figure 9A). Among them, PGF2α and 11-deoxy PGE1 were the most significantly 
upregulated, with log2FC values of 6.14 and 5.6, respectively (Figure 9B). Correlation analysis of the significantly 
different metabolites selected via Pearson correlation analysis was used to understand the synergistic or mutually 
exclusive relationship among these DEGs (Figure S8 and S9). Correlation analysis was beneficial for measuring the 
degree of metabolic closeness between significant and different metabolites, and metabolic proximities further helped to 

Figure 6 Investigation of the antibacterial mechanism. (A) Confocal images of ROS levels in the MRSA biofilm grown on cell slides after incubation with TTO-NL@PCS 
covered at preset time points. (B) The corresponding statistical fold chart showing relative ROS-level time variation. (C) ROS levels at different stages of biofilm formation, 
as obtained from 3-D scanning via LSCM. n = 3, *P < 0.05.
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elucidate the mutual regulatory relationship. Specifically, 19 enriched pathways, including steroid hormone biosynthesis 
(P < 0.05), were identified using KEGG enrichment analysis (Figure 9C).

Six hours after PGF2α administration in the TTO-NL@PCS group, the mRNA expression levels of interleukin-1 (IL- 
1) and IL-6 were significantly higher in wound tissues than in the sham group. Co-treatment with PGF2α and TTO-NL 
@PCS further increased the expression of IL-1 and IL-6 compared to those in mice administered TTO-NL@PCS or 
PGF2α alone (Figure 10A–C). Moreover, immunofluorescence assays on the wound tissue sections indicated that PGF2α 
pretreatment improved the early local aggregation of neutrophils in the wound and facilitated targeted chemotaxis to the 
foci. The chemotactic aggregation of neutrophils was also observed early in the wound covered with TTO-NL@PCS; 
however, the local inflammatory response was promptly downregulated on day 7. The degree of early neutrophil 
aggregation was low, along with chemotaxis disorders, in the sham tissues (Figure 10D and E).

Discussion
Diabetic refractory ulcer co-infections necessitate an alternative technique to achieve the local release of antimicrobial 
drugs to disperse the mature biofilms and destroy bacteria deep in the wound from a therapeutic perspective.44,45 Herein, 
TTO-NLs were successfully synthesized using ultrasonic shock and multiple high-pressure homogenization steps. 
Although TTO-NLs exhibit superior antibacterial and biofilm-dispersion activities, challenges including storage pro-
blems and volatility hinder their real-life applications.46 Chitosan/polyvinyl alcohol nanofibers have attracted increasing 
attention due to their biodegradability, biocompatibility, antimicrobial activity, low immunogenicity, and wound-healing 
ability.47 Electrospun TTO-NLs confer physical and biological advantages, achieving a balance among spinnability, 
function, and biological properties. Moreover, their high porosity-specific surface area facilitates convenient degradation 
with the assistance of collagenase in the wound and subsequent rupture to ensure the timely release of the drug. 
According to both AFM and SEM imaging results, the electrospun nanofibers had a structure similar to that of the 
fibrils in the native extracellular matrix (ECM), which also provided a large surface area to increase cell-material 
adhesion and interactions, as well as adjustable chemical, physical, and biological properties to regulate cellular activity, 

Figure 7 In vivo assessment of the bactericidal ability of electrospun nanofibers. (A) Schematic illustration of animal experiments. (B) Photographs of infected wounds, (C) 
wound-healing time, and corresponding statistical graphs of wound closure rates from the four groups subjected to different treatments after 0, 4, 8, 12, 16, and 20 days. 
Changes in (D) body weight and (E) serum glucose levels of the mice subjected to different treatments. n = 3, *P < 0.05.
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reshape ECM deposition, and promote tissue regeneration.48 To mimic the topography49 and function50 of the ECM, 
a humid environment was provided, thus allowing gas exchange, avoiding bacterial infiltration, and manipulating 
immune-related processes in a pro-healing direction. Meanwhile, UV–Vis and GC analyses indicated slow release for 
3 days without destruction of the drug constituents. TTO-NLs released from TTO-NL@PCS were subjected to secondary, 
short-acting sustained release to maintain the TTO concentration within the effective concentration range without 
eliciting cytotoxicity, while reaching deep wound layers to facilitate complete sterilization. Indeed, the encapsulation 
of TTO based on sustained release had no obvious detrimental effects on cell viability, proliferation, or chemotaxis. 
Accordingly, we propose that when multiple, slowly released TTO molecules spread systematically in the circulatory 
system, through the protective mechanism mentioned previously herein, higher TTO concentrations are applied to the 
focal area, thereby reducing cytotoxicity in a limited space.

The TTO-NL@PCS nano-platform has proven bactericidal, specifically against MRSA, through the extended release 
of TTO-NLs. More specifically, this treatment effectively kills > 80% of the bacteria within the first 6 h and 100% by 24 
h. In comparison, the bactericidal efficacy of TTO@PCS was poor as it did not achieve a sufficient local concentration of 
TTO in the wound compared to that with TTO-NL@PCS. It can be argued that the loading of TTO into liposomes 
reduces loss during spinning. Bacteria within biofilms are less sensitive to antimicrobial agents than bacterioplankton due 
to drug osmotic restriction, drug extrusion, reduced oxygen and nutrient levels, reduced growth rates and metabolism, 

Figure 8 Histological and immunofluorescence analysis of wound skin. (A) H&E staining of the wound skin tissue on days 7 and 14 (scale bars, 50 µm). (B) Tissue thickness 
was quantified using ImageJ. n = 3, *P < 0.05. (C) Immunofluorescence images of wound tissues after treatment for 7 days (blue, nucleus; green, VEGF; scale bars, 100 µm) 
and (D) corresponding quantitative analysis of VEGF expression level. n = 3, *P < 0.05. 
Abbreviation: n.s, no significance.
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Figure 9 Metabolomics assay. Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) was used for the pathway mapping of differential 
metabolites. Differential metabolites were labeled on the KEGG pathway map, with bright red indicating upregulation and bright green indicating downregulation. (2) 
Mapping of KEGG and PubChem (https://pubchem.ncbi.nlm.nih.gov/) metabolite databases with differential metabolites. Through the comprehensive analysis of pathways 
with differential metabolites (including enrichment analysis and topological analysis), pathways were further screened to identify key pathways with the highest correlation 
with differences in metabolites (A) Heatmap of the differential metabolite clusters. (B) Dynamic distribution map of the differences in metabolite contents. (C) MSEA plot.
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quorum sensing, and the formation of persister cells.51 Following in vitro biofilm simulations on skin wounds of patients 
with diabetes, SEM results revealed superior biofilm-dispersion and bactericidal effects, whereas in wounds sampled on 
the first day of TTO@PCS treatment, the lack of significant colony formation might have been associated with a self- 
dormancy mechanism. The former kills dormant bacteria in deep folds during the sustained release of drug components, 
suggesting that TTO-NL@PCS might exert significant antimicrobial effects when used in a clinical setting. After a short 
coverage time, the LSCM results through the 3-D layer sweep suggested that few bacteria survived in the MRSA biofilm. 
In the early stage of co-culture, TTO could penetrate deep biofilms. Elevated ROS levels in the biofilm or oxidative stress 
occurred in different layers after a period of treatment. Interestingly, the effect of TTO on elevated ROS levels in a short 
period was not obvious, which could be related to the physical resistance effect of the biofilm itself and to the drug efflux 
pumps. However, this resistance effect appears to have a cutoff value. Upon breakthrough, TTO quickly penetrates the 
internal body and widely acts on all dimensions, rapidly increasing the level of internal oxidative stress and causing 

Figure 10 PGF2α-induced tissue inflammation. The mRNA level of FP receptor (A), IL-1β (B), and IL-6 (C) was measured via real-time PCR, 6 h after administration of 
PGF2α (n = 3). *P < 0.05. (D) Representative pictures of immunofluorescence of the sections of wound skin on day 1 and 7 after administration of saline, PGF2α, and/or TTO- 
NL@PCS (scale bars, 50 µm). (E) Fluorescence for myeloperoxidase (MPO) was quantified at the indicated time points. n = 3, *P < 0.05.
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bacterial death. This rapid reduction in internal biofilm activity could help reduce the risk of drug resistance, especially 
when bacterial biofilms are thought to be the primary mechanism by which drug resistance occurs.52

To better evaluate the bactericidal and healing capacities in vivo, the TTO-NL@PCS composite nanoscale sustained- 
release system was applied as an antimicrobial dressing to model an acute MRSA infection of a full-thickness wound in 
diabetic mice. Healing was dynamically assessed by observing wounds, through H&E staining of the wound and 
pathological sections, and by exploring TTO-NL@PCS superiority via early-cell VEGF growth factor analysis. This 
model successfully showed the characteristics of the infection on days 7 and 14, including variability in the early degree 
of necrosis in the wound tissue and focal lacunar necrosis formation in the later stages. The wound imaging and healing 
time results showed that TTO-NL@PCS cleared the surface biofilm on day 7, promoted angiogenesis of the granulation 
tissue, and healed it by approximately day 16, which was markedly earlier than that observed in the sham group. In 
addition, on day 14, reasonably intact skin appendages developed, indicating that the natural structure of the skin 
regenerated better under the TTO-NL@PCS treatment regimen. This regimen also required less treatment time and 
exhibited antimicrobial efficacy, which could be due to the sustained-release mode maintaining a sufficient local 
antimicrobial concentration and the anti-inflammatory efficacy of TTO supporting the growth of new tissue. Moreover, 
the body weights and blood glucose levels in the treatment group remained stable, indicating that TTO might effectively 
restore the damage caused by bacterial exotoxin invasion of the wound and the reduced body weight.

Infected wound healing is a multicellular, growth factor-dependent, and extracellular matrix-dependent biological 
process.53 The main cause of diabetic infection is a wound base regeneration disorder, specifically the inability to form 
efficient new granulation tissue. VEGF is a key factor in promoting neoangiogenesis for tissue regeneration, and the 
function of neovascularization in providing nutrition and oxygen is necessary for wound healing.54,55 Histological 
analysis did not reveal significant complex residues in vivo, and the biodegradation behavior confirmed our in vitro 
results that TTO-NL@PCS was completely degraded within 7 days. In addition, drug-free PCS showed efficacy in 
inhibiting biofilm growth. Consistent with the results of previous correlation studies, the ability of cationic chitosan/ 
polyvinyl alcohol electrospinning to chelate negatively charged metal ions can facilitate disruption of the cell wall and 
electrostatic interactions with the anionic lipopolysaccharide present in the outer membrane.56 Additionally, electrostatic 
interactions between teichoic acids, one of the most important components of the peptidoglycan layer on the cell surface, 
lead to polyfactorial cell death.57 Finally, at a certain weight, chitosan can penetrate the cell membranes of gram-negative 
bacteria, disrupting DNA/RNA synthesis and survival.58 Taken together, the advantages of multi-mechanism bacterial 
killing and biofilm dispersion with a high level of biocompatibility suggest a potential for the TTO-NL@PCS composite 
nano-sustained-release system in clinical settings.

To further explore the mechanisms underlying wound sterilization and tissue healing, we collected exudates from 
wounds subjected to TTO-NL@PCS treatment for untargeted metabolomic analysis. Steroid hormone biosynthesis 
metabolism was enriched in the treatment group, along with the significant upregulation of PGF2α synthesis; thus, it 
was speculated that TTO-NL@PCS achieved an autoimmune function with respect to neutrophil chemotaxis by 
enhancing local PGF2α synthesis. Both the CCK-8 assay and enzyme-linked immunosorbent assay were used to 
determine the appropriate concentrations of exogenous PGF2α to act on the wound surface, and PGF2α was found to 
cooperate with TTO-NL@PCS. PGF2α signaling is mediated by the PGF2α receptor (PTGFR), which is coupled with the 
G protein Gq to activate various signaling pathways, including PLC/PKC, MAPKs, PI3K, and activated T-cell NFAT 
signaling.59 FP receptors, a type of PTGFR, promote vascular senescence and induce cellular senescence, oxidative 
stress, and vascular remodeling through the upregulation of Src and PAI-1 expression. IL-1 induces the expression of 
many pro-inflammatory cytokines and chemokines, including IL-6, and upregulates COX-2 expression, leading to 
increased prostaglandin synthesis.60,61 The results of this study indicated that in the initial stage of treatment, the TTO- 
NL@PCS composite nano-sustained-release system induces the rapid convergence of peripheral neutrophils to engulf the 
pathogen and necrotic tissue by upregulating the generation of chemokines IL-1 and IL-6, thereby alleviating the 
obstruction in neutrophil chemotaxis caused by the environmental imbalance in diabetes. Meanwhile, the rapid and 
thorough sterilization efficacy and anti-inflammatory efficacy of TTO help dissipate the neutrophils gathered in the 
wound in time and prevent chronic inflammation from hindering healing. However, the mechanism underlying the multi- 
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pathway interactions by which TTO exerts its effect within the body deserves further exploration to provide guidance for 
improving material synthesis.

Conclusion
In this study, we used high-voltage direct current electrospinning with polyvinyl alcohol/chitosan to successfully 
construct a composite nanoscale antibacterial sustained-release system with TTO-NLs; the broad-spectrum antibacterial 
activity, biofilm-dispersion ability, and healing-promoting capacity of the TTO-NLs were systematically verified. Using 
the BKS-Leprem2Cd479/Gpt mouse model of acute full-layer wounds combined with MRSA infection, we demonstrated 
that TTO-NL@PCS could kill bacteria deep in the skin folds, completely resolve the infection, and greatly reduce the 
healing time of refractory ulcers. This action could be attributed to disrupted biofilm integrity, the internal explosive 
production of ROS, and improved autoimmunity induced by the synthesis of PGF2α in wounds. Moreover, TTO-NL 
@PCS has significant clinical therapeutic potential owing to its requirement for simple equipment and processes, efficient 
degradation, and minimal cytotoxicity. In conclusion, this study provides an effective antimicrobial treatment strategy 
that demonstrates remarkable advantages for the treatment of diabetic ulcers with MRSA infection.
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