
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Liu et al. Journal of Nanobiotechnology          (2025) 23:333 
https://doi.org/10.1186/s12951-025-03393-z

Journal of Nanobiotechnology

†Shu Liu, Jiabin Yuan, and Maodan Nie contributed equally to this 
work.

*Correspondence:
Shicheng Huo
waznxyz@126.com
Yushu Bai
spinebaiys@163.com
Ningfang Mao
maonf@163.com

Full list of author information is available at the end of the article

Abstract
The microenvironment and healing process of diabetic wounds are highly complex, necessitating the development 
of wound dressings that combine excellent biocompatibility, superior antibacterial properties, and immune-
regulating capabilities. However, achieving this goal remains a significant challenge. In this study, a multifunctional 
electrospun dressing (polylactic acid@Ga, PLLA@Ga) was designed and fabricated by integrating sonodynamic 
therapy with gallium-doped mesoporous bioactive glass (Ga-MBG). Compared to pure PLLA materials, PLLA@Ga 
exhibited remarkable antibacterial effects in vitro and demonstrated effective anti-infection properties in vivo. These 
effects are primarily attributed to the release of Ga ions, which competitively replace iron, thereby disrupting iron-
dependent bacterial enzymes and ultimately leading to bacterial death. Additionally, in vitro experiments showed 
that PLLA@Ga could promote macrophage polarization from the M1 to M2 phenotype, effectively modulating the 
immune microenvironment of diabetic infected wounds. In vivo wound healing experiments further revealed that 
PLLA@Ga significantly enhanced collagen deposition and angiogenesis, accelerating the healing process of infected 
diabetic wounds. Thus, the multifunctional electrospun dressing developed in this study holds great potential as a 
promising candidate for the treatment of diabetic wounds.
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Introduction
The global prevalence of diabetes continues to rise, and 
diabetic wounds, as one of the common complications 
of diabetes, have a lifetime incidence rate of 19–34% [1, 
2]. Diabetic wounds are often accompanied by persistent 
infections and healing difficulties. If not treated promptly 
or appropriately, they may lead to amputations, severely 
impairing patients’ quality of life and health status, while 
significantly increasing societal healthcare costs [3, 4]. 
Therefore, achieving effective diagnosis and treatment of 
diabetic wounds remains a major challenge in the fields 
of public health and clinical medicine.

The persistent difficulty in healing diabetic wounds 
is typically due to a combination of factors, includ-
ing ongoing bacterial infections, impaired angiogen-
esis of granulation tissue cells, disruption of the local 
immune environment, excessive wound exudate, and 
improper wound management [5, 6]. In clinical practice, 

early treatment strategies for diabetic wounds primarily 
involve wound disinfection, exudate control, modulation 
of the local immune environment, promotion of angio-
genesis, infection control, optimization of blood glucose 
management, and surgical debridement when necessary 
[7, 8]. Research indicates that regulating macrophage 
polarization during the inflammatory phase is crucial for 
diabetic wound healing [9, 10]. During the early inflam-
matory response, M1 macrophages play a role by secret-
ing large amounts of pro-inflammatory cytokines to 
maintain the inflammatory state, while M2 macrophages 
are closely associated with the resolution of chronic 
inflammation, promoting tissue repair and wound heal-
ing through the secretion of anti-inflammatory cytokines 
[11, 12]. The dynamic balance between these macro-
phage subtypes is essential for the normal wound healing 
process.
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Traditional wound dressings, such as hydrogels, foam 
dressings, and silver-containing dressings, exhibit signifi-
cant limitations in the management of diabetic wounds 
[13–15]. These dressings struggle to fully meet the 
complex needs of diabetic wounds in terms of exudate 
absorption, maintaining wound moisture, preventing 
infection, and ensuring breathability. Moreover, they lack 
immunomodulatory functions and cannot accommodate 
the multi-stage requirements throughout the diabetic 
wound healing process, particularly in regulating inflam-
matory responses and promoting tissue repair, thereby 
limiting their clinical efficacy. For example, they may 
cause excessive moisture in diabetic wounds, insufficient 
breathability, and overly small pore sizes. Furthermore, 
the survival rate of cells within hydrogels is low, and cell 
migration is restricted, often leading to uneven cell distri-
bution [16, 17]. This also limits the exchange of nutrients, 
oxygen, and metabolic waste within the hydrogel, thereby 
hindering its further clinical application to some extent.

A promising yet underexplored strategy is the inte-
gration of piezoelectric materials into wound dressings. 
Piezoelectricity enables the conversion of mechanical 
energy (e.g., ultrasound or physiological movements) into 
electrical signals, which can modulate cellular behaviors 
and enhance therapeutic outcomes. Recent studies dem-
onstrated that piezoelectric materials promote ROS gen-
eration under ultrasound (US) for antibacterial therapy, 
while Huo et al. utilized piezoelectric materials to regu-
late immune responses [18, 19]. However, none of these 
works have combined piezoelectricity with bioactive ion 
release to achieve synergistic antibacterial, immunomod-
ulatory, and pro-healing effects.

Electrospinning, due to its high porosity and suitable 
pore size, exhibits microstructural characteristics simi-
lar to skin [20]. Numerous studies have demonstrated 
that electrospun materials effectively prevent wound 
contamination, absorb exudates, and maintain a moist 
yet adequately breathable environment, thereby promot-
ing wound healing [21–23]. Additionally, these materials 
provide a physical barrier to protect wounds from further 
damage and enhance tissue regeneration. Given its rela-
tively simple fabrication process, electrospun materials 
are widely regarded as an ideal choice for wound dress-
ings, holding significant potential for clinical applica-
tions. Nevertheless, simple electrospinning does not 
inherently possess immunomodulatory functions or 
antibacterial properties. Therefore, it is imperative to 
develop effective composite electrospinning techniques 
to endow it with both immunoregulatory and antibacte-
rial activities. MBG exhibits unique bioactivity by modu-
lating the extracellular matrix environment through the 
release of soluble degradation products, namely bioactive 
ions [24, 25]. Among various potential additives, Ga3+ 
have garnered increasing attention due to their excellent 

biocompatibility and multifunctionality. Recent studies 
have demonstrated that Ga3+ possess significant anti-
inflammatory and antibacterial properties. For instance, 
Yang et al. reported that Ga3+ alleviate chronic inflam-
mation by inhibiting the release of inflammatory factors 
and promoting macrophage polarization towards the 
M2 phenotype [26]. Additionally, Ga3+ can competitively 
replace iron, thereby disrupting iron-dependent bacterial 
enzyme functions, ultimately leading to bacterial death 
[27, 28]. These characteristics make Ga-MBG a promis-
ing candidate material for promoting diabetic wound 
healing, with significant application prospects.

Hence, we propose an innovative PLLA@Ga composite 
material that combines the advantages of PLLA and Ga-
MBG, while also introducing a piezoelectric effect to fur-
ther enhance its potential applications in wound healing. 
Compared to traditional Ga-MBG, PLLA@Ga not only 
offers superior antibacterial properties and promotes cell 
adhesion but also provides additional mechanical stimu-
lation through the piezoelectric effect, which modulates 
cellular behavior, promotes angiogenesis, and regulates 
immune responses, thereby accelerating wound healing. 
In contrast to electrospun dressings, the PLLA@Ga com-
posite material presents a more comprehensive therapeu-
tic strategy, featuring a robust supporting structure and 
biocompatibility, while also enhancing cellular activity 
through the electric field effect and stimulating the local 
repair processes of the wound environment. The synthe-
sis process and functional mechanisms of the PLLA@Ga 
composite electrospinning are detailed in Scheme 1. In 
summary, this composite electrospun dressing demon-
strates significant potential for clinical application in the 
treatment of diabetic infectious wounds.

Materials and methods
Synthesis and characterization
First, prepare a solution of PCL and hexafluoroisopropa-
nol with a concentration of 10 wt%. Then, add 0.5 mg/mL 
of Ga-MBG to the PCL solution and stir overnight. Sub-
sequently, draw the above solution with a 5 mL syringe 
and use an electrospinning device for spinning (PLLA@
Ga). The spinning parameters are as follows: flow rate 1 
mL/h, roller speed 2800  rpm, collector distance 15  cm, 
voltage (DC) 16  kV. The collected spun film is then 
placed in a vacuum drying oven for 6 h to allow for thor-
ough evaporation.

Scanning electron microscope (SEM, Zeiss, Germany) 
was used to observe the morphology and elemental dis-
tribution of the spun filaments. The chemical composi-
tion and state of the spun film were analyzed using X-ray 
diffraction (XRD, Bruker, Billerica, MA, USA), X-ray pho-
toelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo 
Fisher, USA), and Fourier Transform Infrared Spectros-
copy (FTIR, Magna-IR 750, Thermo Fisher, USA). The 
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surface morphology and average roughness (Ra, the 
arithmetic mean deviation of surface roughness) of the 
samples were evaluated using a three-dimensional con-
focal laser scanning microscope (3D-CLSM, VK-X100K, 
Keyence, Osaka, Japan). The contact angles of water and 
diiodomethane were estimated with a contact angle goni-
ometer (CAM, JC2000D1, Shanghai Zhongchen Digi-
tal Technology Instrument Co., Ltd., Shanghai, China), 
and the surface energy was calculated using the Owens-
Wendt-Rabel-Kaelble (OWRK) equation [29]. The Piezo 
Force Microscope (PFM) utilizes the inverse piezoelec-
tric effect of piezoelectric materials to detect the piezo-
electric response of the materials. Under the stimulation 
of LIPUS, the output voltage of each set of samples was 
measured using a digital oscilloscope (DHO1000, China). 
The parameters were set as follows: center frequency 
1  MHz, pressure intensity 30 mW/cm2, duty cycle 50%. 
Fenton piezoelectric process, we conducted EPR radical-
trapping experiments and identified the contribution of 

active species. We employed TBA as a quencher for •OH 
and DMPO (10 mM) as a radical-trapping agent, both 
at a concentration of 10 mM. The release profile of Ga3+ 
from PLLA@Ga was investigated using an inductively 
coupled plasma mass spectrometer (ICP-MS, Agilent 
5110, USA), including assessments in phosphate-buffered 
saline (PBS) at varying pH levels (pH = 5.5 or pH = 7.4), as 
well as tests conducted in the presence or absence of US.

Ultrasound treatment
Each sample was subjected to US treatment using the 
Intelect Mobile Ultrasound (Chattanooga 2776, DJO 
Group, USA). For the piezoelectric catalytic performance 
test and antibacterial experiments, US parameters of 
1.0 MHz, 1.5 W/cm2, and 50% duty cycle were employed, 
while experiments related to RAW 264.7 cells utilized US 
parameters of 1.0 MHz, 0.5 W/cm2, and 50% duty cycle. 
The ultrasound parameters (1.0  MHz, 1.5  W/cm², 50% 
duty cycle) were established with reference to results 

Scheme 1  Synthesis process of PLLA@Ga and its mechanism for promoting diabetic wound healing. The preparation of PLLA@Ga involves electrospin-
ning a solution of PLLA and Ga-MBG. Under US stimulation, the PLLA@Ga membrane enhances the production of ROS, thereby increasing antibacterial 
activity. Furthermore, PLLA@Ga promotes the polarization of macrophages from the M1 phenotype to the M2 phenotype, thereby modulating the im-
mune microenvironment and accelerating wound healing
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from existing studies, aiming to balance antibacterial effi-
ciency with biological safety [30, 31].

In vitro cytocompatibility
The research employed human umbilical vein endothelial 
cells (HUVEC) and rat skin fibroblasts (RS-1) obtained 
from the American Type Culture Collection (ATCC). 
These cell types were cultivated in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco) supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin.

The biocompatibility of the composite PLLA@Ga was 
evaluated in vitro by directly culturing HUVEC and RS-1 
cells (2 × 104 cells/well, 24-well plate) on various fibrous 
membranes for 24  h. After staining for live/dead cells, 
images were acquired using CLSM. The specific param-
eter settings were as follows: Calcein-AM (live cell stain-
ing, green fluorescence) was excited at a wavelength 
of 488  nm, with emission detected between 500 and 
550 nm; Propidium Iodide (PI, dead cell staining, red flu-
orescence) was excited at 561 nm, with emission detected 
between 570 and 620 nm. A 20× objective lens was used 
for image acquisition, with a uniform exposure time set 
to 200 ms, and image processing and analysis were con-
ducted using Leica LAS X software. For each experi-
mental group, at least three random fields of view were 
selected for imaging to ensure data representativeness. 
Moreover, the proliferation of HUVEC and RS-1 cells 
when seeded on different fibrous membranes was deter-
mined using the CCK-8 assay. At days 1, 4, and 7 post-
seeding, the medium was replaced, CCK-8 reagent was 
introduced, and cells were incubated for an additional 
2 h, followed by measuring absorbance at 450 nm. Each 
experiment was conducted in triplicate.

The blood compatibility of different hydrogels was eval-
uated through hemolysis activity assessment. Initially, 
500 µL of rat blood was obtained and subjected to cen-
trifugation at 3500  rpm for 5  min at 4  °C to isolate the 
red blood cell layer, which underwent additional centrif-
ugation steps before being resuspended in 5 mL of PBS. 
Subsequently, 250  mg of hydrogel specimen was com-
bined with 1 mL of red blood cells and left to incubate 
at room temperature for 4 h. To gauge hemolysis levels, 
both a negative control (PBS) and a positive control (dis-
tilled water) were included. Following centrifugation at 
3000 rpm for 5 min, the absorbance at 545 nm was deter-
mined by measuring the supernatant of all samples.

In vitro antioxidant efficiency and tube formation
A total of 1 × 105 macrophages (cell density per mem-
brane) were cultured on various composite membranes 
and exposed to H2O2 at a concentration of 100 µM for 
12  h. Subsequently, the generation of reactive oxygen 
species (ROS) was assessed within a 30-minute time-
frame utilizing CLSM and flow cytometry in conjunction 

with DCFH-DA staining at a concentration of 5 µM. In 
the angiogenesis experiment, a mixture of matrix gel 
and conditioned medium at a 1:1 ratio was applied to a 
96-well plate and allowed to solidify by incubating at 
37 °C for 30 min. Subsequently, 1 × 104 HUVEC cells were 
seeded on the gel surface, and 300µL of different CM 
were added to each well. After an additional 3-hour incu-
bation at 37 °C, live/dead cells were stained, and images 
were taken using a Leica DMi8 inverted fluorescence 
microscope. Cell culture supernatants were collected 
after the different treatments and levels of the cytokine 
VEGF were determined using an enzyme-linked immu-
nosorbent assay (Elisa).

In vitro antibacterial activity
The frozen Staphylococcus aureus (S. aureus, ATCC® 
25923™), Escherichia coli (E. coli, ATCC® 25922™), Meth-
icillin-resistant Staphylococcus aureus (MRSA, ATCC® 
43300™), and Pseudomonas aeruginosa (P. aeruginosa, 
ATCC® 27853™) cultures were thawed and subsequently 
incubated overnight in Tryptic Soy Broth (TSB) at 37 °C 
on a shaker. The resulting culture was then subjected to 
a 1:10000 dilution and further cultured until it reached 
the logarithmic phase of growth. In brief, the bacterial 
solution (500 µL, 1 × 106 colony-forming units (CFU)/
mL) was seeded on different fibrous membranes (For 
free gallium, we selected gallium nitrate (Ga(NO3)3) 
for evaluation, with a concentration comparable to that 
released by PLLA@Ga + US in a pH 5.5 environment over 
24  h, approximately 8  mg/L). The antimicrobial activity 
of different spun membranes was investigated through 
live/dead staining analysis. Subsequently, the various 
bacteria were treated for 24  h following the aforemen-
tioned method, then diluted and inoculated onto agar 
plates using the spread plate method (SPM). After incu-
bating for 18 h, photographs were taken, and the bacte-
rial colony counts were recorded. The treated bacterial 
samples (including S. aureus and E. coli) were incubated 
with propidium iodide (PI) for a duration of 30 min. The 
stained solution was also analyzed using flow cytometry. 
Then, the fluorescence intensity of these samples was 
quantified utilizing a microplate reader, with the excita-
tion and emission wavelengths set at λex = 535  nm and 
λem = 615 nm, respectively.

In vitro antibacterial mechanism
We employed lysozyme sensitivity assay, alkaline phos-
phatase (AKP) test kit, and o-nitrophenyl-β-galactoside 
(ONPG) hydrolysis assay to assess the impact of various 
treatment methods on bacterial destruction. Initially, 
the bacteria (including S. aureus and E. coli) were sub-
jected to different treatments. Subsequently, the culture 
medium was collected, and the supernatant was cul-
tured using the AKP assay kit. The absorbance at 520 nm 
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(OD520) was then measured using a microplate reader. 
Next, the processed bacteria were collected and adjusted 
to an optical density (OD600) of 0.1 at 600 nanometers. 
Subsequently, the bacteria were cultured in NaH2PO4 
buffer solution at pH 7 with lysozyme and ONPG solu-
tion at a concentration of 10  µg/mL. Finally, the absor-
bance at 600  nm and 420  nm was measured using a 
microplate reader. Additionally, to assess the extent of 
bacterial protein leakage, biofilms subjected to differ-
ent treatments were collected. The bacterial supernatant 
was centrifuged at 8000 × g for 10  min, and the absor-
bance at 260 nm (A260, nucleic acids) and 280 nm (A280, 
proteins) was measured using a microplate reader. All 
experimental procedures were performed in triplicate. 
To observe the ultrastructural changes of bacteria, pro-
cessed bacteria samples are collected and fixed in a 2.5% 
glutaraldehyde solution at 4  °C for a minimum of 4  h. 
Subsequently, the samples are washed three times with 
PBS solution. Following this, a series of ethanol solutions 
with varying concentrations are used for dehydration, 
followed by infiltration with embedding medium and 
finally embedding. The embedded samples are sectioned 
into ultrathin slices, stained with uranyl acetate on grids, 
and observed under TEM. Moreover, the intracellular 
ROS levels of treated bacteria were evaluated by staining 
the bacteria with DCFH-DA and analyzing the samples 
via flow cytometry.

Cut PALL@Ga into circular membranes with a diam-
eter of 10 mm. Dilute a single colony of S. aureus grown 
in the logarithmic phase gradient with PBS solution 
to 1 × 106 CFU/mL. Place the samples in the center of a 
48-well plate, adding 200 µL of bacterial suspension to 
each well. Incubate the samples and bacterial suspen-
sion at 37 °C for 1 h. After bacterial precipitation on the 
material, treat each sample under a 1.5 W/cm2 ultrasonic 
device for 5  min. Collect the bacterial suspension from 
the wells, rinse the well walls and sample surfaces with 
0.85% NaCl solution, transfer the samples and all bacte-
rial suspensions to a 50 mL centrifuge tube, shake vig-
orously for 5  min, remove the samples, centrifuge the 
remaining liquid at 6000  rpm for 10  min, discard the 
supernatant, freeze the pellet with liquid nitrogen, and 
store temporarily in a -80  °C freezer. Then, the samples 
were placed in dry ice and sent to NovaGenomics (Bei-
jing) Co., Ltd. for analysis using Illumina NovaSeq 6000. 
Gene Ontology and Kyoto Encyclopedia of Genes and 
Genomes were utilized for gene function analysis. Dif-
ferential gene expression analysis was performed using 
edgeR (Robinson et al.), with genes meeting the crite-
ria of P < 0.05 and log2FC > 1 considered as differentially 
expressed genes.

In vitro Immunomodulatory evaluation
In order to examine the immunomodulatory poten-
tial of PLLA@Ga in vitro, the analysis of surface mark-
ers (CD86 and CD206) on M1 and M2 macrophages 
was conducted through immunofluorescence staining 
and flow cytometry. Specifically, macrophages (1 × 105/
well) were seeded on different fibrous membranes, while 
a pro-inflammatory environment was induced with 100 
ng/mL lipopolysaccharide (LPS). Immunofluorescence 
staining was performed on the cells following 24 h of cul-
ture. After fixation and blocking, the cells were treated 
with anti-CD206 and anti-CD86 antibodies, followed by 
the respective secondary antibodies. Subsequently, stain-
ing with DAPI was carried out, and visualization was 
done using CLSM. Quantification of CD206-positive 
and CD86-positive cells was conducted using ImageJ 
software. Changes in macrophage subtypes were then 
assessed through the utilization of CD86 and CD206 
antibodies via flow cytometry. Following a 24-hour cul-
ture period, the supernatant was extracted, macrophages 
were harvested, rinsed with PBS, and labeled with CD206 
and CD86 antibodies. Subsequently, the cells under-
went washing and were suspended in 300 µl PBS for flow 
cytometry evaluation.

RNA sequencing was employed to examine the gene 
expression patterns of macrophages following treatment 
with PLLA@Ga. In summary, macrophages underwent 
the specified treatment protocol and were subsequently 
cultured for 24  h. Following incubation, macrophages 
treated with LPS and PLLA@Ga + US were lysed utilizing 
Trizol (Sigma) to isolate mRNA, which was subsequently 
subjected to sequencing. Each experimental group was 
represented by three biological replicates for mRNA 
sequencing analysis. To confirm the sequencing findings, 
the levels of quantitative inflammatory-related genes 
were measured and the release of inflammatory factors 
by macrophages following co-cultivation was evaluated. 
Macrophages were cultivated using the aforementioned 
method and RNA was isolated. The control gene ACTB 
was utilized for accurate gene expression analysis nor-
malization. Detailed primer sequences can be found in 
the Supplementary Information (Table S1). Supernatants 
from macrophage cultures post various treatments were 
collected, and levels of cytokines (IL-1β, TNF-α, IL-4, 
IL-10) were determined using Elisa.

Infected diabetic wound healing in vivo
All animal experiments conducted in this study were 
supervised and approved by Changhai Hospital. Male 
C57BL/6J mice aged 6–8 weeks were utilized to estab-
lish the type 1 diabetes model. Diabetes was induced 
using a standard protocol by intraperitoneal injection 
(i.p.) of STZ (30 mg/kg) for 7 consecutive days. Regular 
monitoring of body weight and blood glucose levels was 



Page 7 of 23Liu et al. Journal of Nanobiotechnology          (2025) 23:333 

performed. Mice with fasting blood glucose levels ≥ 16.7 
mmol/L after 4 weeks of STZ injection were considered 
diabetic. Diabetic mice were systematically allocated into 
five distinct groups (n = 12): the control group, the US 
group, the PLLA group, the PLLA@Ga group, and the 
PLLA@Ga + US group. The mice underwent anesthesia 
with 2.5% TBE (200  mg/kg, intraperitoneally), followed 
by the complete removal of dorsal hair. Subsequently, a 
full-thickness wound was induced on the dorsal skin 
using an 8  mm diameter skin biopsy punch. To estab-
lish an infected wound model, 50 µL of S. aureus solu-
tion (5 × 107 CFU/mL) was administered. Subsequently, 
wounds were treated with PBS (control), US, PLLA, 
PLLA@Ga, and PLLA@Ga + US, respectively. All wound 
groups were covered with Tegaderm film (1622 W, 3 M) 
to secure the composite membrane and prevent contami-
nation, with digital images recorded every two days. After 
14 days of treatment, all mice were euthanized with iso-
flurane, and wound tissues were collected for histological 
examination. Quantitative assessments of the histological 
sections will be performed to further elucidate the differ-
ences in healing efficacy among the treatment modalities. 
The biosafety of PLLA@Ga + US in vivo was evaluated by 
isolating major organs, such as the heart, spleen, lungs, 
liver, and kidneys. To further validate the systemic bio-
safety of the therapeutic strategy, we conducted blood 
biochemical analysis in mice.

Statistical analysis
All data are presented in the form of mean ± standard 
deviation. Statistical analysis was conducted on the 
groups using one-way analysis of variance (ANOVA). 
A P-value less than 0.05 is considered statistically 
significant.

Results and discussion
Characterization
SEM and TEM were utilized to characterize the mor-
phology and elemental composition of the synthesized 
Ga-MBG. As depicted in Fig.  1a, Ga-MBG appears as 
uniform spherical particles with an average diameter of 
approximately 100 nanometers, consistent with TEM 
observations. TEM images (Fig.  1b) reveal the uniform 
spherical morphology of Ga-MBG particles with an 
average diameter of approximately 100  nm. In addition, 
TEM image clearly shows the mesoporous structure of 
Ga-MBG. Energy-dispersive X-ray spectroscopy (EDS) 
mapping confirms the homogeneous distribution of Ga 
within the MBG framework, indicating successful dop-
ing of Ga ions. As demonstrated in Fig. 1c, the successful 
preparation of Ga-MBG loaded PLLA electrospun fibers 
resulted in the uniform distribution of Ga-MBG within 
the fibers. The FTIR spectrum of electrospun mem-
branes is illustrated in Fig.  1d. The original PLLA FTIR 

absorption spectrum displays C═O and C-O-C stretch-
ing vibrations at 1756 and 1182 cm− 1, respectively. Fur-
thermore, the absorption band at 1045  cm− 1 is linked 
to C-CH3 stretching vibrations, while those at 1087 and 
1130  cm− 1 correspond to the symmetric stretching of 
C-O-C and CH3 rocking modes, respectively [32–34]. In 
contrast, all composite spun membranes show character-
istic absorption bands of PLLA. Notably, PLLA@Ga does 
not exhibit any distinct additional absorption bands com-
pared to PLLA. This may be due to overlapping absorp-
tion bands between PLLA and PLLA@Ga, or possibly 
due to the very low content of nanofillers in the com-
posite material. FTIR results suggest that the chemical 
structure of PLLA remains unchanged from its original 
state upon the addition of nanofillers. XRD analysis was 
conducted to investigate the structural characteristics of 
PLLA@Ga for further research purposes (Fig.  1e). The 
peaks observed at 19.7° (broad) and 16.6° were attributed 
to the 203 and 200/100 planes of PLLA, respectively [35]. 
The XRD pattern of the composite material revealed the 
absence of peaks corresponding to the nano filler (Ga-
MBGs), suggesting that the nano filler is evenly dispersed 
within the PLLA matrix or present at a lower concentra-
tion compared to PLLA in the composite material. The 
XPS spectra of Ga 2p indicate that Ga-MBG are embed-
ded within the internal framework of PLLA@Ga (Fig. 1f ).

The three-dimensional microscopic images obtained 
using laser confocal microscopy were utilized to mea-
sure surface roughness (Fig.  1g-h). PLLA@Ga exhibited 
surfaces rougher than PLLA, consistent with the findings 
from the scanning electron microscopy images. WCA is 
utilized to determine the surface hydrophilicity of elec-
trospun membranes. Studies have shown that various 
factors, including cell adhesion and protein absorption, 
are influenced by the hydrophilicity of biomaterials [36]. 
Therefore, biomaterials with appropriate hydrophilicity 
are crucial in a biological environment. In our research, 
the original PLLANF scaffold had a WCA of 95.8°, indi-
cating that PLLA is hydrophobic (Fig. 1i-j). However, the 
WCA of the composite membrane incorporating Ga-
MBG fibers decreased to 53.8°. Thus, the incorporation of 
Ga-MBG enhanced the hydrophilicity of the composite 
membrane, providing PLLA@Ga with improved biocom-
patibility in terms of cell proliferation and differentiation.

To quantify the surface energy of different samples, the 
contact angles of diiodomethane were measured (Fig. 1k), 
yielding values of 51.8°(PLLA) and 56.2° (PLLA@Ga). 
Furthermore, the surface energy of PLLA and PLLA@
Ga samples were measured to be 31.35 and 46.98 mJ/m2, 
respectively (Fig. 1l). The surface energy of PLLA@Ga is 
significantly higher than that of pure PLLA, a change pri-
marily attributed to the introduction of Ga-MBG, which 
enhances the hydrophilicity of the material. This increase 
in surface energy indicates that the PLLA@Ga composite 
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Fig. 1  Preparation and characterization of Ga-MBG and PLLA@Ga. (a) SEM images of Ga-MBG. (b) TEM and EDS images of Ga-MBG. (c) SEM and EDS map-
ping images of PLLA and PLLA@Ga. (d) FTIR of PLLA and PLLA@Ga. (e) XRD of PLLA and PLLA@Ga. (f) XPS of PLLA@Ga. (g) 3D-CLSM of PLLA and PLLA@
Ga. (h) Surface roughness of PLLA and PLLA@Ga. (i) Water contact angle and diiodomethane contact angles of PLLA and PLLA@Ga. (j) Statistics on water 
contact angle of PLLA and PLLA@Ga. (k) Statistics on diiodomethane contact angles of PLLA and PLLA@Ga. (l) Surface energy of PLLA and PLLA@Ga
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exhibits greater polarity and hydrophilicity in an aqueous 
environment, facilitating improved interactions with bio-
molecules, particularly the adsorption of proteins and the 
formation of the extracellular matrix (ECM). Research 
has shown that higher surface energy can provide a 
more favorable microenvironment for cells, thereby pro-
moting cell adhesion, growth, and proliferation [37]. By 
facilitating the construction of the extracellular matrix, 
it can further enhance tissue functional recovery and 
repair. Moreover, high surface energy materials can also 
improve signal transduction between cells and the mate-
rial, which is crucial for the tissue regeneration process. 
In the context of diabetic wound healing, effective signal 
transduction at the cell-material interface can promote 
cell activation and differentiation, thereby accelerating 

the wound healing process. By modulating the energy 
state of the material’s surface, the PLLA@Ga composite 
can effectively improve the wound microenvironment, 
leading to enhanced wound repair outcomes.

Therefore, based on its excellent surface energy charac-
teristics and biocompatibility, the PLLA@Ga composite 
emerges as a highly suitable novel dressing for diabetic 
wound repair. This material can provide superior support 
for cell growth, offering an ideal therapeutic solution for 
wound healing in diabetic patients.

In the PFM mode of atomic force microscopy (AFM), a 
tip bias of 10 V was applied to conduct localized point-to-
point piezoelectric response tests on the sample material, 
aimed at investigating the piezoelectric characteristics 
of the material’s surface. Figure 2a illustrates the surface 

Fig. 2  Characterization of PLLA@Ga. (a) PFM image of PLLA@Ga material surface. (b) Piezoelectric amplitude of PLLA@Ga. (c) Phase angle of PLLA@Ga. 
(d) Butterfly cycle curve of PLLA@Ga. (e) Piezoelectric flip curve of PLLA@Ga. (f) The output voltage of PLLA@Ga under US stimulation. (g) ESR of PLLA@
Ga with US or without US. (h) Ga3+ concentration was determined by ICP-OES after immersion of PLLA@Ga in PBS at different pH (pH 7.4 and pH 5.5) for 
different times with or without US
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of the selected piezoelectric material. The experimental 
results presented in Fig. 2b-c indicate that the magnitude 
of the piezoelectric response on the material’s surface, 
following the application of the tip bias, was 115 pm and 
a phase angle of 167°, respectively. This suggests that the 
material’s surface exhibits a high piezoelectric response 
capability, further validating the exceptional piezoelec-
tric properties of the PLLA@Ga composite material at 
the nanoscale. The characteristic hysteresis loop and 
pronounced butterfly curve observed in the PLLA@
Ga samples in Fig.  2d-e reveal the material’s spontane-
ous polarization ability under the influence of switching 
voltage, indicating favorable electrical behavior. Addi-
tionally, the material continues to demonstrate a robust 
piezoelectric effect under ultrasonic mechanical forces, 
showcasing inherent spontaneous polarization character-
istics, thereby defining the material’s non-zero remnant 
polarization or ferroelectric properties. These piezoelec-
tric and polarization characteristics provide significant 
evidence for the material’s potential applications in the 
biomedical field, particularly in diabetic wound healing.

To further validate the piezoelectric conversion capa-
bility of the prepared material, we tested its output volt-
age response under ultrasonic pressure. Figure 2f shows 
that both PLLA and PLLA@Ga exhibit distinct output 
voltage signals when subjected to dynamic US pressure, 
indicating that the material can effectively convert US 
energy into electrical energy, further confirming its excel-
lent piezoelectric performance. In addition to the piezo-
electric response tests, we also investigated the ability of 
PLLA@Ga to generate ROS under US stimulation. For 
this purpose, we employed electron spin resonance (ESR) 
spectroscopy to assess the generation of hydroxyl radi-
cals (•OH) under US stimulation. As shown in Fig. 2g, a 
prominent •OH characteristic peak was observed in the 
ESR spectrum, indicating that the PLLA@Ga composite 
material can effectively produce hydroxyl radicals under 
US stimulation. This suggests that PLLA@Ga undergo 
specific reactions under US stimulation, converting 
hydrogen peroxide (H2O2) into highly reactive •OH radi-
cals, thereby further enhancing the material’s antibacte-
rial properties and promoting wound healing.

In summary, the experimental results indicate that 
the PLLA@Ga composite material not only possesses 
excellent piezoelectric performance but also enhances 
antibacterial effects through ROS generation under US 
stimulation. This broadens the application prospects of 
the material in diabetic wound healing, particularly in 
modulating immune responses, promoting wound repair, 
and preventing infections.

In this study, we immersed PLLA@Ga composites 
in PBS buffer solution (pH = 7.4) and recorded the con-
centration changes of Ga3+ in the solution at different 
time points, both in the presence and absence of US, as 

illustrated in Fig. 2h. Over the period from 6 h to 7 days, 
the concentration of gallium ions gradually increased, 
indicating that the PLLA@Ga material underwent an 
ion release process in the PBS solution. In comparative 
experiments, we observed that the Ga3+ release rate in 
the US (+) group was significantly higher than that in the 
US (-) group, with the total amount of Ga3+ at the end 
of the experiment also markedly greater in the US (+) 
group. This suggests that the application of ultrasound 
can effectively accelerate the release of Ga3+ from PLLA@
Ga composites, likely due to mechanical effects induced 
by ultrasound that enhance the dissolution or diffusion 
rate of the ions. Furthermore, we investigated the impact 
of pH on Ga3+ release. Experimental results indicated 
that under lower pH conditions (pH = 5.5), the release 
rate of Ga3+ from PLLA@Ga was significantly acceler-
ated. This phenomenon may be related to the increased 
degradation rate of the material in an acidic environ-
ment, facilitating the leaching of Ga3+ from the compos-
ite. Given that wound sites often exhibit localized acidic 
conditions, particularly during the inflammatory phase 
or in the presence of bacterial infection, lower pH values 
may promote the release of more Ga3+, thereby enhanc-
ing the antibacterial efficacy of the material.

In vitro effects of PLLA@Ga + US
The importance of good biocompatibility cannot be 
overstated in the clinical application of biomaterials. 
To assess this, we conducted in vitro biocompatibility 
testing on various materials using live/dead staining, 
CCK8, and hemolysis assays. Initially, HUVEC and RS1 
cells were cultured on different spinnerets with or with-
out ultrasound stimulation. Following a 24-hour incu-
bation period, live/dead staining was performed. The 
results depicted in Fig.  3a illustrate that after the treat-
ments, the majority of HUVEC and RS1 cells exhibited 
high viability (green fluorescence) with minimal cell 
death (red fluorescence). These findings suggest that 
PLLA@Ga demonstrates biocompatibility and supports 
cell survival. The impact of PLLA@Ga on cell prolifera-
tion was further examined through CCK8 analysis. The 
CCK-8 assay results demonstrated that cell proliferation 
increased over the course of 1, 4, and 7 days of culture, 
indicating that PLLA@Ga supports cell growth without 
cytotoxicity (Fig. 3b). Unlike the 1-day culture period, cell 
absorbance values increased after 4 and 7 days of culture 
with all treatments, suggesting that PLLA@Ga effec-
tively enhances cell proliferation. Hemolysis experiments 
also confirmed the blood compatibility of PLLA@Ga, as 
none of the biomaterial treatments resulted in significant 
hemolysis (Fig.  3c). These findings highlight the favor-
able biocompatibility, non-hemolytic nature, and support 
for cell adhesion, growth, and proliferation provided by 
PLLA@Ga composite electrospinning.
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Fig. 3  Effects of PLLA@Ga + US in vitro. (a) Images of live/dead assays of HUVECs (upper panel) and RS-1 cells (lower panel). (b) CCK-8 assay of HUVECs 
(left panel) and RS-1 cells (right panel). (c) Hemolysis assay results of vatious materials exposure. (d) Fluorescence imaging was employed to assess the 
reduction of intracellular ROS in H2O2-stimulated Raw264.7 cells. (e) Analysis of intracellular ROS in H2O2-stimulated Raw264.7 cells after different treat-
ments via flow cytometry. (f) Tube formation via coculturing HUVECs with various hydrogels
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The typical characteristics of diabetic wounds include 
elevated levels of ROS, indicating that the wound is in a 
state of persistent oxidative stress. Immunofluorescence 
staining using DCFH-DA was employed to assess the 
ability of macrophages in the oxidative stress damage 
treatment group to clear intracellular. The control group 
exposed to H2O2 showed higher DCFH-DA staining, sug-
gesting the induction of oxidative stress. Notably, after 
treatment with PLLA@Ga + US, the fluorescence signal 
decreased to levels similar to those of cells not exposed 
to H2O2 (Fig.  3d). The results are further supported by 
flow cytometry results (Fig.  3e). These findings suggest 
that PLLA@Ga + US can enhance the antioxidant capac-
ity of macrophages by scavenging internal oxidants. 
Enhancing angiogenesis is crucial for tissue repair. There-
fore, we employed the HUVEC tube formation assay to 
evaluate the impact of PLLA@Ga + US treatment on 
angiogenesis. The experimental results demonstrated a 
significant increase in the tubular network in the PLLA@
Ga + US group compared to the control group (as shown 
in Fig. 3f ), indicating that this treatment effectively pro-
motes endothelial cell tube formation and the angiogenic 
process. The enhanced tube formation capability serves 
as a hallmark of endothelial cell migration, proliferation, 
and differentiation during angiogenesis, providing robust 
evidence for vascular reconstruction in the wound heal-
ing process. Furthermore, to validate the angiogenic 
potential of PLLA@Ga + US, we measured the secre-
tion levels of vascular endothelial growth factor (VEGF) 
across different treatment groups using Elisa (Figure S2). 
VEGF is a crucial factor that promotes angiogenesis by 
stimulating endothelial cell proliferation and the forma-
tion of new blood vessels. The results revealed that the 
secretion levels of VEGF in the PLLA@Ga + US group 
were significantly higher than those in the control group, 
further substantiating the efficacy of this treatment in 
promoting angiogenesis.

The observed increase in cell proliferation and high cell 
viability on PLLA@Ga membranes is consistent with pre-
vious studies demonstrating the biocompatibility of Ga-
doped materials. For instance, Li et al. reported that Ga3+ 
enhance cell adhesion and proliferation by modulating 
the extracellular matrix environment [38]. Additionally, 
the improved hydrophilicity of PLLA@Ga, as evidenced 
by the reduced water contact angle, aligns with findings 
from Sun et al., who highlighted that hydrophilic sur-
faces promote cell attachment and growth [39]. The anti-
oxidant capacity of PLLA@Ga, as demonstrated by the 
reduction in intracellular ROS levels, is also supported 
by studies showing that Ga3+ can scavenge ROS and miti-
gate oxidative stress [40]. These results collectively sug-
gest that PLLA@Ga not only supports cell proliferation 
but also creates a favorable microenvironment for tissue 
regeneration.” The enhanced tube formation observed 

in the HUVEC assay indicates that PLLA@Ga promotes 
angiogenesis, a critical factor in diabetic wound healing. 
This finding is particularly significant given the impaired 
angiogenesis typically associated with diabetic wounds.

Antibacterial efficacy of PLLA@Ga + US
Dressings possessing potent antimicrobial properties 
are effective in safeguarding against pathogenic bacterial 
contamination, a critical factor influencing the progres-
sion of wound healing. The antibacterial effectiveness 
of PLLA@Ga + US electrospun fibers was assessed by 
testing them against various bacteria. The bacterial 
colonies were quantified post various treatments using 
SPM. As depicted in Fig.  4a and c, and S1, the bacte-
rial colony count significantly decreased following the 
PLLA@Ga + US treatment. The bacteria subjected to 
various treatments were stained using live/dead stain-
ing and examined under a fluorescence microscope. 
The findings illustrated in Fig.  4b reveal a substantial 
increase in bacterial mortality (red fluorescence) within 
the PLLA@Ga + US group in comparison to other treat-
ments, accompanied by a notable decrease in the number 
of surviving bacteria (green fluorescence). These out-
comes underscore the potent antibacterial effectiveness 
of PLLA@Ga + US.

Subsequently, PI staining was employed to assess the 
bactericidal capability of PLLA@Ga + US (Fig.  4d). For 
S. aureus, the PI fluorescence intensity of the PLLA@
Ga + US group increased by 9.45-fold, 9.13-fold, 1.26-
fold, 0.76-fold, and 0.64-fold compared to the control 
group, PLLA group, PLLA + US group, PLLA@Ga group, 
and Ga(NO3)3 group (Fig.  4e), respectively. Similarly, 
for E. coli, the PI fluorescence intensity of the PLLA@
Ga + US group increased by 9.89-fold, 9.13-fold, 1.41-
fold, 0.87-fold, and 0.72-fold relative to the control group, 
PLLA group, PLLA + US group, PLLA@Ga group, and 
Ga(NO3)3 group (Fig. 4e), respectively. This indicates that 
the PLLA@Ga + US treatment can significantly disrupt 
bacterial cell membranes, enhancing their permeabil-
ity. Furthermore, quantitative analysis of PI fluorescence 
intensity using a microplate reader corroborated the 
results obtained from the aforementioned flow cytom-
etry (Fig. 4f ). The results showed a significant correlation 
between PLLA@Ga + US treatment and increased PI flu-
orescence intensity, highlighting its potential as an effec-
tive antibacterial strategy.

Antibacterial efficacy of PLLA@Ga + US
Furthermore, the antibacterial effect of PLLA@Ga + US 
was further investigated by assessing the extracel-
lular AKP content and ONPG hydrolysis assay. Fol-
lowing treatment with PLLA@Ga + US, there was a 
significant increase in extracellular AKP concentration 
(Fig. 5a), indicating damage to the bacterial cell wall. This 
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discovery suggests that this therapy is capable of effec-
tively disrupting the bacterial cell wall. ONPG enters the 
cytoplasm and is subsequently hydrolyzed by cytoplas-
mic β-galactosidase, indicating an increase in bacterial 

cell membrane permeability. Notably, the absorbance at 
420 nm significantly increased following PLLA@Ga + US 
treatment (Fig.  5b), suggesting enhanced bacterial cell 
membrane permeability. Compared to other groups, 

Fig. 4  In vitro antibacterial activity of PLLA@Ga + US. (a) Representative plates of bacteria colonies after treatment with different samples. (b) The fluo-
rescence images of live (green) and dead bacterial (red). (c) Results of bacteria treated with various materials that formed colonies after 24 h. (d-e) Rep-
resentative flow cytometry plots and quantitative analysis of PI. (f) Detection of membrane damage in bacteria through monitoring PI influx. Data are 
presented as mean ± SD (n = 3). “ns” represent “no significant”; *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 5  In vitro antibacterial activity of PLLA@Ga + US. (a) The sensitivity to alkaline phosphatase activity. (b) The ONPG hydrolysis activity. (c-d) Leakage of 
cell contents after exposure to various treatments was investigated by monitoring the absorbance of extracellular material at 260 nm (A260) and 280 nm 
(A280) corresponding to nucleic acids and proteins, respectively. (e-f) Morphology of bacteria from different treatment groups as observed by TEM. (g) 
Assessment of ROS generation was conducted using DCFH-DA fluorescent probes by FCM. (h) Assessment of ROS generation was conducted using 
DCFH-DA fluorescent probes by microplate reader. (i) Volcano map of differentially expressed genes (DEGs). (j-k) KEGG pathway enrichment analysis. Data 
are presented as mean ± SD (n = 3). “ns” represent “no significant”; *P < 0.05; **P < 0.01; ***P < 0.001
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bacteria treated with PLLA@Ga + US exhibited a sig-
nificant increase in nucleic acid and protein absorbance 
at 260 nm and 280 nm (Fig. 5c-d). These results demon-
strate that PLLA@Ga + US treatment can significantly 
alter bacterial membrane permeability, leading to cyto-
plasmic leakage. Furthermore, TEM results revealed that 
bacteria treated with PLLA@Ga + US showed contracted, 
blurred, and corrugated cell membranes, whereas the 
control group displayed smooth, intact, and well-defined 
cell membranes (Fig. 5e).

Subsequently, the potential mechanism of PLLA@
Ga + US sterilization was investigated. According to pre-
vious studies, piezoelectric materials can produce a large 
amount of ROS under ultrasonic stimulation. Therefore, 
we speculate that this treatment may exhibit antibacterial 
properties through ROS activity. As shown in Figs. 5g–h, 
bacteria treated with PLLA@Ga + US exhibited a signifi-
cant increase in ROS production. Therefore, ROS plays 
an integral role in the mechanism of PLLA@Ga + US 
sterilization. Furthermore, as per previous reports, Ga3+ 
possesses antibacterial activity primarily because bacte-
ria absorb Ga and bind it to iron-dependent enzymes [41, 
42]. However, Ga3+ is unable to be reduced under physi-
ological conditions, rendering Ga-substituted enzymes 
unable to carry out the tasks of their iron-dependent 
counterparts, which are essential for bacterial growth. 
Since bacteria cannot differentiate between the two, 
they are unable to reduce their intake of Ga3+, as doing 
so would also decrease their intake of iron. Therefore, 
the potent bactericidal effect of PLLA@Ga + US can be 
attributed to the significant amount of Ga3+ disrupting 
bacterial iron metabolism and ultimately leading to bac-
terial death.

Next, RNA sequencing analysis was conducted on sur-
viving S. aureus to identify gene expression differences 
between the control group and the PLLA@Ga-treated 
group under US treatment. Volcano plots were produced 
to visually represent the differentially expressed genes 
observed between the Ctrl group and the PLLA@Ga + US 
group (Fig.  5i). Utilize the KEGG enrichment method 
to analyze differentially expressed genes. In the PLLA@
Ga + US group, genes associated with ROS, superox-
ide, and oxidative stress were significantly upregulated 
(Fig.  5j), indicating that PLLA@Ga + US treatment can 
enhance oxidative stress in S. aureus. Previous studies 
have shown that Ga3+ can bind to bacterial cytochromes, 
inhibiting the electron transfer of cytochrome-bound 
oxygen, leading to ROS production and inducing bacte-
rial death [43]. Therefore, PLLA@Ga + US may inhibit 
bacterial growth by enhancing bacterial oxidative stress. 
In addition, pathways related to DNA repair are sig-
nificantly downregulated in the PLLA@Ga + US group 
(Fig.  5k). This suggests that DNA repair is effectively 
inhibited, catalytic reactions within the bacteria are 

disrupted, and bacterial morphological regulation is 
suppressed. Genes related to iron ion transport were sig-
nificantly downregulated in the PLLA@Ga + US group 
(Fig. 5k), which can be explained by the bacteria’s inabil-
ity to distinguish between Ga3+ and Fe3+, resulting in the 
uptake of a large amount of Ga3+ [44]. Iron is one of the 
most crucial nutrients for bacteria, involved in essential 
intracellular redox and electron transfer processes. Con-
sequently, PLLA@Ga + US can inhibit bacterial growth 
by interfering with S. aureus’s iron metabolism.

These results indicate that PLLA@Ga + US can inhibit 
the iron ion transport of S. aureus, reduce the activity of 
bacterial antioxidant enzymes, and amplify the oxidative 
stress of bacteria, thereby enhancing the antibacterial 
activity of PLLA@Ga during the SDT process.

Macrophage behavior
Numerous research findings indicate that the efficiency 
of wound healing is closely tied to the local inflamma-
tory reaction within the tissue [45–47]. Undoubtedly, the 
immune system significantly influences this intricate pro-
cess. Overactive or dysregulated immune responses can 
worsen tissue damage and impede the healing process. 
Hence, optimal wound healing and restoration transpire 
within a harmonious and well-regulated immune envi-
ronment. Macrophages are recognized for their crucial 
involvement in the immune system and have the ability to 
transform into two distinct phenotypes, M1 (pro-inflam-
matory subtype) and M2 (pro-repair subtype), depending 
on the stimuli they encounter. M1 macrophages encour-
age the development of an inflammatory microenviron-
ment through the secretion of various pro-inflammatory 
cytokines, including tumor necrosis factor-α (TNF-α), 
IL-6, and IL-1β. Conversely, M2 macrophages facilitate 
tissue repair by releasing cytokines like IL-4, CD206, 
and IL-10 to establish an anti-inflammatory setting [48, 
49]. The significance of this polarization is paramount, 
as the appropriate polarization of M1 and M2 macro-
phages greatly improves the tissue repair process. Con-
versely, excessive activation and polarization can worsen 
inflammation and hinder efficient wound healing [50]. 
Undoubtedly, the host immune response is a crucial fac-
tor in the wound healing process facilitated by biomateri-
als. Given the critical nature of these immune responses, 
our focus now shifts to investigating the immunomodu-
latory impacts of PLLA@Ga + US and its potential to 
enhance wound healing through modulation of macro-
phage activities.

Macrophages were seeded on different fibrous mem-
branes for 24  h under LPS-induced inflammation. The 
immunomodulatory effect of PLLA@Ga + US was evalu-
ated by analyzing the expression of macrophage M1 
and M2 subtype markers through immunofluorescence 
staining. Results depicted in Fig.  6a revealed that after 
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Fig. 6  Studies on the in vitro immunomodulatory of PLLA@Ga + US. (a) Expression of iNOS and CD206 following different hydrogel treatments. (b) Analy-
sis of CD86 and CD206 in macrophages following various treatments via flow cytometry. (c) Volcano map of differentially expressed genes (DEGs). (d) Heat 
map of differentially expressed genes (DEGs). (e) KEGG enrichment for the down-regulated pathways. (f) KEGG enrichment for the up-regulated pathways
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exposure to LPS, macrophages exhibited elevated levels 
of iNOS (green fluorescence). Conversely, treatment with 
PLLA + US, PLLA@Ga, and PLLA@Ga + US, particu-
larly the latter, significantly decreased iNOS expression, 
suggesting an inhibitory effect on its expression (Figure 
S3a). Furthermore, the fluorescence intensity of CD206 
notably increased following treatments with PLLA + US, 
PLLA@Ga, and PLLA@Ga + US compared to LPS treat-
ment. Notably, PLLA@Ga + US exhibited the most pro-
nounced effect on CD206 fluorescence intensity (Figure 
S3b). These findings indicate that PLLA@Ga + US has the 
potential to counteract the LPS-induced inflammatory 
microenvironment, suppressing macrophage M1 polar-
ization while promoting M2 polarization.

The impact of different treatments on macrophage 
polarization was subsequently evaluated through flow 
cytometry analysis. The results revealed a significant 
decrease in the percentage of CD86-positive cells (M1 
marker) and a notable increase in CD206-positive cells 
(M2 marker) following treatment with PLLA + US, 
PLLA@Ga, and PLLA@Ga + US, particularly PLLA@
Ga + US. Specifically, the distribution of CD86-positive 
cells in the control, LPS, LPS + PLLA, LPS + PLLA + US, 
LPS + PLLA@Ga, and LPS + PLLA@Ga + US groups 
were 4.20%, 36.5%, 32.6%, 19.7%, and 12.3%, and 4.72%, 
respectively, while the proportions of CD206-positive 
cells were 1.28%, 1.17%, 0.68%, 2.04%, 15.2%, and 26.1% 
(Fig.  6b). These outcomes suggest a close relationship 
between PLLA@Ga + US treatment and the shift of mac-
rophages towards the anti-inflammatory M2 phenotype. 
The downregulation of CD86 and upregulation of CD206 
highlight the ability of PLLA@Ga + US to direct macro-
phages towards the reparative M2 subtype, which is vital 
for effective wound healing in cases of infection.

Furthermore, an in-depth investigation into the effects 
of PLLA@Ga + US on macrophages was conducted 
using RNA-Seq.  Differentially expressed genes (DEGs) 
were identified with a p-value of less than 0.05 and a 
fold change (FC) greater than 2. The volcano plot in 
Fig. 6c vividly illustrates the substantial number of DEGs 
between the PLLA@Ga + US treatment group and the 
LPS group. The heatmap constructed based on these dif-
ferential genes highlights the changes in gene expression 
between the LPS group and the LPS + PLLA@Ga + US 
group (Fig. 6d). KEGG pathway enrichment analysis fur-
ther revealed specific signaling pathways associated with 
macrophage phenotype transformation (Fig.  6e-f ). The 
analysis indicated that after PLLA@Ga + US treatment, 
inflammatory pathways related to M1 macrophage polar-
ization, including MAPK signaling pathway, TOR-like 
receptor signaling pathway, NF-kappa B signaling path-
way, and Nod-like signaling pathway, were significantly 
inhibited. In addition, upregulation of anti-inflammatory 
pathways was observed, particularly those associated 

with M2 macrophage polarization, such as the TGF-β 
signaling pathways. This change in gene expression sug-
gests that macrophages may be reprogrammed towards 
a more reparative phenotype, thereby promoting tissue 
regeneration.

To validate the RNA-Seq findings, the impact of 
PLLA@Ga + US treatment on the expression of inflam-
mation-related genes in macrophages was examined 
using qPCR. After 24 h of culture, the expression levels of 
typical M1 macrophage markers (including IL-1β, TNF-
α, and iNOS) in the PLLA@Ga + US treatment group 
were found to be significantly lower compared to those in 
the LPS treatment group alone (Figure S1c). Conversely, 
the expression level of the M2 macrophage marker IL-10 
showed a significant increase, which aligns with the 
RNA-Seq results. Elisa was employed to measure the 
secretion of inflammatory factors. The PLLA@Ga + US 
treatment demonstrated a significant decrease in the 
secretion levels of pro-inflammatory cytokines like IL-1β 
and TNF-α (Figure S1d). These findings provide addi-
tional evidence supporting the ability of PLLA@Ga + US 
treatment to modulate macrophage transformation 
towards the anti-inflammatory subtype. These findings 
highlight the therapeutic potential of PLLA@Ga + US in 
modulating macrophage behaviour, thereby influencing 
the overall inflammatory response and promoting a heal-
ing-favourable microenvironment.

The characteristics of macrophages are influenced by 
various factors such as their inducers, properties, and 
surface markers. This research involved the creation of 
electrospun PLLA@Ga with piezoelectric capabilities 
to investigate its impact on macrophage phenotype. The 
findings indicated that applying PLLA@Ga with ultra-
sonic stimulation resulted in a reduction of M1-type 
macrophages induced by LPS, while promoting an 
increase in M2-type macrophages. By comparing with 
ICP results, we found that the concentration of Ga ions 
in PLLA@Ga is 11.74 mg/L. Previous studies have dem-
onstrated that free Ga ions can inhibit the expression of 
inflammatory genes [51], indicating that Ga ions play 
an indispensable role in the anti-inflammatory effects of 
PLLA@Ga. Additionally, several research has shown that 
the piezoelectric effect induced by gentle US also pos-
sesses certain anti-inflammatory properties [30], which 
has been further confirmed in this study.

In vivo wound healing of PLLA@Ga + US
In the context of diabetes-related wounds, prolonged 
delays in healing pose a heightened risk of bacterial infec-
tion, thereby impairing the body’s immune response and 
impeding the wound recovery process. This scenario 
can potentially escalate to severe infections and criti-
cal health complications [52, 53]. Hence, expediting the 
wound healing process is crucial for both preventing and 
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managing infections. This research delves into explor-
ing the impact of PLLA@Ga on wound healing within 
an infected diabetic mouse model. Mice were induced 
with diabetes by injecting STZ and creating a 10  mm 
full-thickness wound on mice with blood glucose levels 
exceeding 16.65 mmol/L, followed by contamination with 
bacteria. Wounds treated with saline (control group), 

PLLA, PLLA + US, PLLA@Ga, and PLLA@Ga + US were 
photographed and evaluated on days 0, 4, 7, 10, 14, 17, 
and 21. As shown in Fig.  7a-b, wounds treated with 
PLLA@Ga + US healed faster compared to other treat-
ment groups. The healing rates of wounds treated with 
PLLA@Ga + US on days 4, 7, 10, 14, 17, and 21 were 
21.5%, 36.9%, 48.2%, 57.3.73%, and 93.7% respectively, 

Fig. 7  PLLA@Ga + US promotes diabetic wound healing. (a-b) Photographs of wounds at predetermined time points and superimposed images of 
wounds after various treatments. (c) Areas of unhealed wounds in each group at different time intervals. (d) H&E staining. (e) Corresponding quantitative 
analysis of the granulation tissue width. (f) Masson’s trichrome staining. (g) Statistical analysis of collagen deposition during the remolding phase. (h) Rep-
resentative immunofluorescence staining of microvessel of wound. (i) Statistical analysis of microvessel density. Data are presented as mean ± SD (n = 3). 
“ns” represent “no significant”; *P < 0.05; ***P < 0.001
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while the control group only achieved a healing rate of 
65.2% on day 21 (Fig. 7c).

On the 7th and 21st day post-operation, histologi-
cal examination of the infected wound skin was con-
ducted using H&E and Masson’s trichrome staining for 
tissue analysis. Quantitative assessment of granulation 
tissue length, as shown in Fig.  8d-e, indicated a signifi-
cantly accelerated wound contraction rate in the PLLA@
Ga + US treatment group compared to the others. Ade-
quate collagen deposition is crucial for tissue strength 
and healing during the remodeling process. We employed 
Masson’s trichrome staining to evaluate new collagen. By 
day 21, the control group still had residual scabs, indicat-
ing delayed healing (Fig. 8f ). In contrast, wounds treated 
with PLLA@Ga + US exhibited a clear red epidermal layer 
and more collagen. Furthermore, PLLA@Ga + US treat-
ment also enhanced chronic wound healing, promoting 
effective regeneration of dermal appendages (Fig.  8g). 
In conclusion, the study findings suggest that PLLA@
Ga + US treatment enhances the healing rate of infec-
tion-related diabetic wounds compared to other groups. 
Research findings indicate that successful wound healing 
relies on angiogenesis to provide crucial nutrients and 
oxygen. Thus, sufficient angiogenesis plays a vital role 
in the wound healing process [54]. The study assessed 
the presence of neoangiogenic markers, specifically cell 
adhesion molecule 1 (CD31) and α-smooth muscle actin 
(α-SMA), in sections of mouse skin wounds (Fig.  8h-i). 
The results revealed notably elevated levels of CD31 and 
α-SMA in wounds treated with PLLA@Ga + US, under-
scoring their noteworthy potential for promoting wound 
healing.

The effective treatment for diabetic infected wounds 
involves not only rapidly eradicating bacteria but also 
reversing the inflammatory response in the diabetic 
microenvironment. Histological analysis indicates that 
PLLA@Ga + US treatment can achieve rapid healing of 
diabetic infected wounds. In vitro experiments demon-
strate that PLLA@Ga + US treatment can inhibit mac-
rophage M1 polarization and promote M2 polarization. 
Therefore, it is reasonable to speculate that PLLA@
Ga + US treatment can reverse the inflammatory micro-
environment of diabetic wounds in vivo, thereby promot-
ing wound healing. Collect wounds subjected to different 
treatments and analyze the single-cell suspensions using 
flow cytometry to quantify macrophage populations. Fig-
ure 8a-c demonstrate that, compared to other treatment 
groups, the PLLA@Ga + US treatment group exhibited 
fewer M1-like macrophages (CD86+CD206−) and a signif-
icant increase in M2-like macrophages (CD86−CD206+). 
Immunofluorescence staining of tissue-associated M1 
(CD86) and M2 (CD206) macrophages revealed that 
PLLA@Ga + US treatment significantly enhanced M2 
macrophage markers while reducing the expression of 

M1 macrophage markers (Fig. 8d-f ). These findings con-
firm that PLLA@Ga + US treatment improves the local 
immune microenvironment of diabetic infected wounds 
by decreasing CD86+ M1 macrophages and increas-
ing CD206+ M2 macrophages near the wound, which is 
more conducive to wound healing. Moreover, PCR and 
Elisa were employed to quantify the gene expression and 
protein secretion levels of M1 cell factors (related to the 
pro-inflammatory marker IL1β) and M2 cell factors (anti-
inflammatory and angiogenesis markers IL10, TGFβ1, 
and VEGF) (Fig. 8g-h). The analysis results revealed a sig-
nificant decrease in M1 macrophages factor expression 
levels and an increase in M2 macrophages factor protein 
levels in the PLLA@Ga + US treatment group, surpass-
ing other treatment groups. These findings indicate that 
PLLA@Ga + US can effectively promote the healing of 
diabetic infected wounds.

Macrophages play a crucial role in the immune 
response to tissue damage. In diabetic wound infections, 
the transition of macrophages from an inflammatory 
(M1) to an anti-inflammatory (M2) state is disrupted, 
impeding wound healing [55, 56]. Our in vitro and in 
vivo studies demonstrate that PLLA@Ga + US effectively 
reduces the number of M1 macrophages while increas-
ing the number of M2 macrophages, thereby enhanc-
ing the expression of anti-inflammatory and angiogenic 
cytokines, including IL-10, VEGF, and TGF-β1. Specifi-
cally, IL-10 is a cytokine that alleviates inflammation and 
inhibits oxidative processes. Vascular endothelial growth 
factor plays a critical role in recruiting endothelial cells, 
thereby initiating angiogenesis. Additionally, TGF-β1 
recruits endothelial cells and fibroblasts to the wound 
site, promoting the synthesis of ECM [57]. In conclusion, 
PLLA@Ga + US shows significant potential in accelerat-
ing the healing of diabetic-infected wounds. By effectively 
modulating macrophage phenotypes, PLLA@Ga + US 
aids in suppressing inflammation response, promoting 
angiogenesis, and tissue remodeling.

In this study, we evaluated the effects of PLLA + US 
treatment on major organs, including the heart, liver, 
spleen, lungs, and kidneys, through H&E staining. The 
results indicated that none of these organs exhibited sig-
nificant toxic responses following PLLA@Ga + US treat-
ment (Figure S4). Specifically, the staining images did not 
reveal any tissue damage, inflammation, or other toxic 
characteristics. The tissue architecture of the heart, liver, 
spleen, lungs, and kidneys remained intact, with normal 
cellular morphology and no evident cellular infiltration or 
tissue destruction. Furthermore, the blood biochemical 
parameters of mice, such as total protein (TP), albumin 
(ALB), globulin (GLO), total bilirubin (TBIL), alanine 
aminotransferase (ALT), aspartate aminotransferase 
(AST), urea, and glucose (GLU), showed no significant 
changes after different treatments (Figure S5), indicating 
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Fig. 8  Impact of the PLLA@Ga + US on macrophage polarization in vivo. (a-c) Flow cytometry of M1and M2 macrophages retrieved from the wound 
tissue. (d) Immunofluorescence staining of tissue sections at the wound site for CD86 and CD206. (e-f) Statistical analysis concerning the proportion 
of CD86 (f) and CD206 (g) positive macrophages. (g) Gene expression levels of IL-1β, IL-10, VEGF, and TGF-β1 in wound tissues. (h) Secretion of IL-1β, 
IL-10, VEGF, and TGF-β1 in wound tissues assessed by Elisa. Data are presented as mean ± SD (n = 3). “ns” represent “no significant”; *P < 0.05; **P < 0.01; 
***P < 0.001
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that PLLA@Ga + US possesses excellent biocompatibility 
and biosafety. These findings suggest that PLLA@Ga + US 
treatment demonstrates good biocompatibility with these 
vital organs and does not elicit toxic responses, thereby 
providing a safety assurance for its clinical application. 
Furthermore, the ultrasound treatment did not cause 
any damage to the organs, further validating that the 
combined action of PLLA composites and ultrasound 
can promote wound healing while maintaining systemic 
safety.

Despite the promising in vitro and in vivo results, 
several challenges remain for the clinical translation of 
PLLA@Ga. These include the scalability of the electro-
spinning process, the long-term stability of the piezo-
electric properties, and the potential need for repeated 
ultrasound treatments in clinical settings. Additionally, 
the safety and efficacy of PLLA@Ga in human patients 
need to be rigorously evaluated through clinical tri-
als. It is important to note that while PLLA@Ga shows 
promising results, its performance should be contextual-
ized within the broader field of advanced wound dress-
ings. For instance, silver-based dressings and hydrogels 
have been widely used for their antibacterial properties, 
while growth factor-loaded scaffolds have shown effi-
cacy in promoting angiogenesis [58–60]. Compared to 
these materials, PLLA@Ga offers a unique combination 
of piezoelectricity and Ga ion release, which may provide 
synergistic benefits in modulating the immune microen-
vironment and promoting tissue repair. However, further 
studies are needed to directly compare the efficacy of 
PLLA@Ga with these existing materials.

Conclusion
This study presents the development process of com-
posite electrospun wound dressings with intrinsic 
immunomodulatory properties. The integration of piezo-
electric properties into PLLA@Ga represents a prom-
ising approach to enhance wound healing, particularly 
in the context of diabetic wounds. While the concept 
of piezoelectric materials in biomedical applications is 
not entirely new, the combination of piezoelectricity 
with Ga-MBG for diabetic wound healing has not been 
extensively explored. Our results demonstrate that the 
piezoelectric effect of PLLA@Ga, when combined with 
US stimulation greatly enhances bacterial clearance and 
significantly enhances ROS generation and macrophage 
polarization, leading to improved wound healing out-
comes. In conclusion, the developed composite electro-
spun material, PLLA@Ga + US, effectively modulates the 
immunoregulatory function of macrophages, showcas-
ing substantial potential in repairing diabetic infected 
wounds and treating other immune-related diseases.
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