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Abstract 
Background: Given the significant impact on human health, it is imperative to develop novel 
treatment approaches for diabetic wounds, which are prevalent and serious complications of 
diabetes. The diabetic wound microenvironment has a high level of reactive oxygen species (ROS) 
and an imbalance between proinflammatory and anti-inflammatory cells/factors, which hamper 
the healing of chronic wounds. This study aimed to develop poly(L-lactic acid) (PLLA) nanofibrous 
membranes incorporating curcumin and silver nanoparticles (AgNPs), defined as PLLA/C/Ag, for 
diabetic wound healing. 
Methods: PLLA/C/Ag were fabricated via an air-jet spinning approach. The membranes underwent 
preparation and characterization through various techniques including Fourier-transform infrared 
spectroscopy, measurement of water contact angle, X-ray photoelectron spectroscopy, X-ray 
diffraction, scanning electron microscopy, assessment of in vitro release of curcumin and Ag+, 
testing of mechanical strength, flexibility, water absorption and biodegradability. In addition, the 
antioxidant, antibacterial and anti-inflammatory properties of the membranes were evaluated in 
vitro, and the ability of the membranes to heal wounds was tested in vivo using diabetic mice. 
Results: Loose hydrophilic nanofibrous membranes with uniform fibre sizes were prepared through 
air-jet spinning. The membranes enabled the efficient and sustained release of curcumin. More 
importantly, antibacterial AgNPs were successfully reduced in situ from AgNO3. The incorporation
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of AgNPs endowed the membrane with superior antibacterial activity, and the bioactivities of 
curcumin and the AgNPs gave the membrane efficient ROS scavenging and immunomodulatory 
effects, which protected cells from oxidative damage and reduced inflammation. Further results 
from animal studies indicated that the PLLA/C/Ag membranes had the most efficient wound 
healing properties, which were achieved by stimulating angiogenesis and collagen deposition and 
inhibiting inflammation. 
Conclusions: In this research, we successfully fabricated PLLA/C/Ag membranes that possess 
properties of antioxidants, antibacterial agents and anti-inflammatory agents, which can aid in the 
process of wound healing. Modulating wound inflammation, these new PLLA/C/Ag membranes 
serve as a novel dressing to enhance the healing of diabetic wounds. 

Key words: Nanofibrous membrane, Poly(L-lactic acid), Curcumin, Silver nanoparticles, Autophagy, Wound healing, Diabetic wound, 
Inflammation, Oxidation, Infection, Bacterial 

Highlights 
• Tannic acid has multiple phenolic hydroxyl groups with highly potent reducing activity, which can induce the chemical 

reduction of AgNO3 to form AgNPs in situ. 
• Poly(L-lactic acid) nanofibrous membranes incorporated with curcumin and silver nanoparticles (AgNPs), defined as 

PLLA/C/Ag, were fabricated via an air-jet spinning approach. 
• Curcumin and AgNP introduction can improve the immunomodulatory effects of PLLA membrane, so that it also has efficient 

ROS-scavenging ability and antibacterial activity compared with native PLLA film. 
• The hybrid nanofibrous films can obviously promote the skin regeneration process. 

Background 
Diabetes is a common long-term metabolic condition. 
According to the latest article [1], the number of individuals 
diagnosed with diabetes worldwide was ∼463 million in 
2019, with a projected rise to 700 million by 2045. Chronic 
diabetic wounds, which are common but severe complications 
of diabetes, are characterized by long-term inflammation, 
delayed wound closure, severe infection and impaired angio-
genesis [2,3]. Therefore, the development of novel therapeutic 
strategies with anti-inflammatory, antioxidant and antibac-
terial effects is necessary to accelerate the healing of diabetic 
wounds [4]. Traditional diabetic wound treatments include 
glycaemic control, wound debridement, topical or systematic 
antibiotic treatment and wound dressings [5,6]. However, 
wound dressings have traditionally served as only passive 
protective measures, have either limited or different success 
rates among patients and are not cost-effective. Bioactive 
substance-based therapies for diabetic wounds include those 
that use growth factors [7–9], protein formulations such 
as substance P [10], erythropoietin [11], insulin [12] and  
natural products. The delivery and bioavailability of these 
components at the wound site require an appropriate vehicle. 
As materials technology advances, active wound dressings 
that can efficiently deliver bioactive substances, such as films, 
foams and hydrogels, have been developed. Nevertheless, it is 
not feasible to efficiently transport bioactive compounds in 
a straightforward manner to the highest degree achievable. 
Consequently, dressings that imitate the extracellular matrix 
(ECM) and function as scaffolds and drug conveyors may 
offer improved management for diabetic wounds. 

The Food and Drug Administration has approved poly(L-
lactic acid) (PLLA) due to its exceptional biocompatibility 
and mechanical properties which make it a perfect substrate 
for wound healing dressings [13]. PLLA nanofibrous mem-
branes fabricated in situ by air-jet spinning (a convenient and 
effective nanofibre-spinning technique) [14,15] have a high 
specific surface area and unique simulated ECM structure 
that can promote cell adhesion and skin regeneration [16], 
making them an ideal scaffold to promote wound healing. We 
previously used air-jet spinning to prepare PLLA nanofibrous 
membranes that promoted diabetic wound healing by regulat-
ing the reactive oxygen species (ROS) in the immune microen-
vironment [17]. Recently, many researchers have incorpo-
rated various bioactive substances, such as growth factors, 
stem cells, other compounds from nature and synthetic mate-
rials, into nanofibrous membranes [18–20]. Because diabetic 
wounds are multifactorial and complicated, specific interven-
tions for a single symptom are not sufficient to remarkably 
promote wound healing. For example, because infection is not 
the only cause of prolonged inflammation, only protecting the 
wound site from microbial invasion might not trigger healing 
[21]. Similarly, although persistent inflammation impedes 
diabetic wound healing, inhibiting inflammation alone is 
not sufficient to promote healing. The most effective way 
to promote healing of diabetic wounds is by combining 
various therapeutic methods that possess anti-inflammatory, 
antioxidant and antibacterial properties. Therefore, we spec-
ulated that introducing additional bioactive substances into 
PLLA nanofibrous membranes may improve diabetic wound 
healing.

D
ow

nloaded from
 https://academ

ic.oup.com
/burnstraum

a/article/doi/10.1093/burnst/tkae009/7687763 by guest on 17 July 2024



Burns & Trauma, 2024, Vol. 12, tkae009 3

Curcumin, the active component of the rhizome of Cur-
cuma longa L., contributes to the promotion of wound heal-
ing due to its antioxidant and anti-inflammatory activities 
and ability by facilitating wound contraction, formation of 
granulation tissue, tissue remodeling and deposition of col-
lagen [22–25]. Nevertheless, the utilization of curcumin is 
greatly restricted due to its inadequate solubility in water, 
limited ability to be absorbed orally and unstable chemi-
cal nature [26]. It has been reported that several compo-
nents and techniques can enhance the bioavailability of cur-
cumin. Delivering curcumin via various drug delivery systems 
increases its efficiency and bioavailability, thereby increasing 
its potential applications [26]. Notably, topical application 
can directly target diseased areas at an appropriate drug 
concentration, thereby preventing unpredictable absorption 
into other organs and tissues. Therefore, this route represents 
the most promising strategy for treating diabetic wounds 
[27]. Nanofibrous membranes, known for their softness and 
large surface area relative to volume, are highly effective 
dressings for the application of topical drugs and delivery of 
therapeutic agents to enhance the healing of diabetic wounds 
[28]. Several studies have reported that curcumin-loaded 
nanofibrous membranes can sustainably release curcumin, 
thereby increasing its stability, bioavailability and therapeutic 
efficacy [29,30]. 

Delayed wound healing is significantly influenced by bac-
terial infections [31]. The effectiveness of systemic antibiotics 
in treating skin infections is limited and the prolonged use of 
antibiotics leads to drug resistance, dysbacteriosis and other 
motor complications [32]. Therefore, at present, local medical 
therapy is preferred for treating skin infections; however, the 
therapeutic effects of conventional local therapy do not last 
long, and their prolonged use leads to bacterial resistance 
[33]. Silver nanoparticles (AgNPs) are well-known metal 
NPs that have been employed for medicinal purposes owing 
to their potent antimicrobial properties [34]. According to 
recent research, AgNPs have been found to have antibacterial 
properties against various pathogenic microorganisms and 
drug-resistant pathogens [35]. Considering the antioxidant, 
anti-inflammatory and antibacterial effects of curcumin and 
AgNPs, their codelivery by and sustained release through 
PLLA nanofibrous membranes may help to synergistically 
accelerate diabetic wound healing. 

The immune response to tissue damage is critical for 
regulating the quality and duration of diabetic wound healing 
[36]. In response to injury, inflammatory (M1 phenotype) 
macrophages transform into the anti-inflammatory M2 phe-
notype. M2 macrophages with immunosuppressive and anti-
inflammatory properties contribute to inflammation control 
and ECM remodelling during wound healing. As a result, the 
shift of macrophages towards the M2 phenotype has become 
an attractive strategy for promoting healing in individuals 
with diabetes [36]. Autophagy is an evolutionarily conserved 
process that catabolizes intracellular components to recycle 
nutrients to produce energy and regenerate organelles 
through lysosomes. The relationship between autophagy 

and macrophage polarization is complex. Autophagy can 
interfere with the polarization of macrophages. Autophagy 
dysfunction in macrophages leads to polarization towards 
the M1 phenotype, thereby exacerbating the inflammatory 
response [37]. Conversely, the activation of autophagy 
prompts macrophages to polarize towards the M2 phenotype, 
resulting in a reduction in the inflammatory response and an 
acceleration in healing. Consequently, inducing autophagy by 
using autophagy activators leads to macrophage polarization 
towards the M2 phenotype, consequently decreasing the 
inflammatory response in the wound and enhancing the rate 
of healing [38]. Autophagy inhibitors cause macrophages 
to polarize towards the M1 phenotype, leading to more 
severe tissue damage. Consistent with the findings of most 
studies, we previously reported that inhibiting autophagy 
with gold NPs can promote M1 polarization [39]. Hence, 
we hypothesized that stimulating autophagy could be a 
viable approach to enhance the polarization of macrophages 
towards the M2 phenotype. Considering the fact that 
curcumin and AgNPs are widely recognized as triggers 
of autophagy [40,41], our hypothesis is that by utilizing 
AgNPs and curcumin to induce autophagy, macrophages 
can transition from a proinflammatory M1 state to an anti-
inflammatory M2 state. This transformation would lead to 
successful management of inflammation and remodeling 
of the ECM, ultimately facilitating the healing of diabetic 
wounds. In this study, we used air-jet spinning to prepare 
PLLA nanofibrous membranes incorporating AgNPs and 
curcumin (PLLA/C/Ag membranes). The multiple properties 
and functions of the membranes will be confirmed, including 
their biocompatibility and antibacterial, antioxidant and anti-
inflammatory activities. 

Methods 
Materials 
L-Lactide was purchased from Jinan Daigang Biomaterial 
Co., Ltd (Jinan, China). Shanghai Lingfeng Chemical Reagent 
Co., Ltd (Shanghai, China) supplied the dichloromethane 
and glutaraldehyde. Sinopharm Chemical Reagent Co., Ltd 
(Shanghai, China) provided tannic acid and silver nitrate 
(AgNO3). Beijing Solarbio Science & Technology Co., 
Ltd (Beijing, China) supplied curcumin and streptozotocin. 
Beyotime Biotechnology Co., Ltd (Shanghai, China) provided 
the following substances: hydrogen peroxide (H2O2), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), a kit for measuring ROS, an AdPlus-mCherry-
green fluorescent protein (GFP)-LC3B assay kit, a kit for 
double-staining with calcein acetoxymethyl ester (calcein-
AM) and propidium iodide (PI), a kit for measuring 
superoxide dismutase (SOD), and 4,6-diamino-2-phenyl 
indole (DAPI), phosphate-buffered saline (PBS), bicinchoninic 
acid assay (BCA) protein quantification Kit. The mouse 
embryonic fibroblast line NIH-3 T3 and macrophage-
like cell line RAW 264.7 were obtained from Shanghai 
EK-Bioscience Biotechnology Co., Ltd (Shanghai, China).
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Dulbecco’s modified Eagle’s medium (DMEM), 0.25% 
trypsin and fetal bovine serum were purchased from Gibco 
Life Technologies (Carlsbad, CA, USA). Omega Bio-Tek, 
Inc. (Doraville, GA, USA) was the source of the RNA 
extraction kit. Roche Pharmaceutical Ltd (Basel, Switzerland) 
provided a high-capacity cDNA reverse transcription kit and 
SYBR Green Master Mix. Staphylococcus aureus (JZ113) 
and Escherichia coli (JZ112) were acquired from Hunan 
Fenghui Biotechnology Co., Ltd (Wuhan, China). Methicillin-
resistant Staphylococcus aureus (MRSA) were acquired from 
ning bo testobio Co., Ltd (Ningbo, China). C57BL/6 mice, 
aged between 8 and 10 weeks, were acquired from Beijing 
Huafukang Biology Technology Co., Ltd (Beijing, China). 
The antibodies against cluster of differentiation 206 (CD206) 
and cluster of differentiation 86 (CD86) were obtained from 
Affinity Biosciences Co., Ltd (Jiangsu, China). Cell Signaling 
Technology, Inc. (Beverly, MA, USA) provided the α-smooth 
muscle actin (α-SMA) and microtubule-associated proteins 
light chain 3 (LC3) A/B antibodies, while the anti-Platelet 
endothelial cell adhesion molecule-1 (CD31) antibody was 
obtained from Abcam (Cambridge, UK). Shanghai Jingkang 
Bioengineering Co., Ltd (Shanghai, China) provided the 
interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α) 
enzyme-linked immunosorbent assay (ELISA) kits. 

Preparation and characterization of multifunctional 
nanofibrous membranes 
Synthesis of PLLA In our previous study [17], PLLA was 
created through the ring-opening polymerization of L-lactide 
with Sn(Oct)2 as the catalyst, at 140◦C for 6 h. Pure PLLA 
was obtained by purifying the raw material through dissolu-
tion and precipitation using methylene chloride and ethanol. 
The resulting product was then dried in a vacuum oven at 
40◦C for 48 h. 

Fabrication of PLLA and PLLA/C nanofibrous membranes by 
airbrushing The PLLA and PLLA/C nanofibrous membranes 
were fabricated via the air-jet spinning approach as described 
previously [17]. In short, PLLA and PLLA/C were dissolved 
in methylene chloride while being stirred magnetically for 4 h. 
The mixture was then sprayed using a commercial airbrush 
(HD-130, Syou Tools, China) with a nozzle diameter of 
0.5 mm. The spraying was done at a pressure of 0.2 MPa, 
with the collector placed 20 cm away from the nozzle for all 
samples. All samples were dried in a vacuum oven for 48 h to 
obtain PLLA or PLLA/C nanofibrous membranes. 

Fabrication of AgNP-loaded PLLA nanofibrous membranes 
PLLA nanofibrous membranes loaded with AgNPs were pre-
pared via the in situ chemical reduction of AgNO3 using 
tannic acid as the reducing agent. Briefly, PLLA nanofibrous 
membranes were subjected to ammonia plasma treatment 
for 1 min at a power of 50 W to introduce amino groups 
onto the surface of the membranes as active sites. Following 
activation, the membranes were submerged in glutaraldehyde 

(7.5%) and left to incubate at 37◦C for 2 h. Subsequently, 
tannic acid was introduced at a concentration of 13 mg/ml. 
The nanofibrous membranes containing tannic acid were 
rinsed thrice with deionized water after 6 h. Subsequently, 
they were submerged in a solution of AgNO3 (1 mg/ml) 
and placed on a shaker at 37◦C for 6 h in the absence of 
light. Thereafter, the membranes were rinsed with deionized 
water and vacuum-dried at 40◦C for 2 days to obtain PLLA 
nanofibrous membranes loaded with AgNPs. The follow-
ing designations are used: PLLA nanofibrous membranes, 
PLLA/C nanofibrous membranes (PLLA nanofibrous mem-
branes loaded with curcumin), PLLA/Ag nanofibrous mem-
branes (PLLA nanofibrous membranes loaded with AgNPs) 
and PLLA/C/Ag nanofibrous membranes (PLLA nanofibrous 
membranes loaded with curcumin and AgNPs). 

Fourier-transform infrared spectroscopy Fourier-transform 
infrared (FTIR) spectroscopy (Nicolet 5700, Thermo, 
Waltham, MA, USA) was used to analyse the chemical 
composition of the PLLA nanofibrous membranes. The 
examination was conducted in the wavelength range 4000– 
400 cm−1 , with 32 scans at a resolution of 4 cm−1 . The  
FTIR spectra were analyzed using the OPUS Viewer software 
(version 6.5) from Bruker (Ettlingen, Germany). 

Water contact angle measurements The water affinity of the 
PLLA nanofibrous membranes was assessed by employing 
a contact angle meter (JC2000D2, Zhongchen Instruments, 
Shanghai, China). Briefly, the prepared membranes were cut 
into 1 × 1 cm squares. One drop of water (3 μl) was applied 
from the needle tip to the membrane surface, and a high-
resolution camera was used to capture images of the droplet 
on the surface of the membrane. Subsequently, the water 
droplet images were analysed, and the contact angles were 
estimated. 

X-Ray photoelectron spectroscopy analysis For qualitative 
and quantitative analysis of nitrogen (N) on the membranes, 
the PLLA nanofibrous membranes underwent narrow 
scanning using X-ray photoelectron spectroscopy (XPS) 
(ESCALAB 250Xi, Thermo Fisher, MA, USA) before and 
after treatment with ammonia plasma. All binding energies 
were referenced to the neutral carbon peak (C1s) at 285 eV. 

X-Ray diffraction analysis The PLLA nanofibrous membranes’ 
crystalline formations were examined by employing an X-
ray polycrystalline diffractometer (D8 Advance, Bruker, 
Ettlingen, Germany) equipped with a Cu Kα source 
(λ = 0.15418 nm) and powered by a 40 kV potential. After the 
membranes were prepared, they were cut into a circular shape 
measuring 10 mm in diameter. Subsequently, the samples 
were mounted on a glass slide and spectra were obtained. 
The X-ray angle (2θ ) was adjusted from 10 to 80◦, utilizing 
a resolution of 0.02◦ and scanning at a rate of 3◦ per min. 
Using Jade 7, a specific X-ray diffraction (XRD) spectrum 
analysis software by Materials Data, Inc. (Livermore, CA,
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USA), the XRD spectra were analyzed to estimate the degree 
of crystallinity (Xc) for each sample. 

Morphological characterization FESEM (Hitachi S-4800, 
Tokyo, Japan) was used to characterize the morphologies 
of the PLLA nanofibrous membranes. Prior to obtaining 
images, the membranes’ surfaces were treated with gold (Au) 
for about 60 s using a sputter-coating machine (Quorum 
SC7620, ABD, East Sussex, UK) with an accelerating voltage 
of 15 kV. ImageJ software (National Institutes of Health, MD, 
USA) was utilized to analyse the mean fibre diameter and 
distribution of sizes. Energy-dispersive X-ray spectroscopy 
(EDS) was used to analyse the distribution of elements on the 
surface of the membrane. The analysis was conducted using 
Quanta 200 FEG, FEI Co. (Hillsboro, OR, USA). 

Drug loading and in vitro release of curcumin from the 
nanofibrous membranes The incorporation of curcumin into 
the PLLA nanofibrous membranes was assessed as described 
below. In short, a solution of PLLA nanofibrous membranes 
(10 mg) was prepared by dissolving them in methylene chlo-
ride (10 ml) at 25◦C. The absorbance of each sample was then 
determined at a wavelength of 421 nm using a microplate 
reader (Spectra Max M2, Molecular Devices, Silicon Valley, 
CA, USA). Thereafter, the concentration of curcumin was 
determined using a standard curve of curcumin dissolved in 
methylene chloride. 

The in vitro release of curcumin from the PLLA nanofi-
brous membranes was examined as described below. In sum-
mary, 6 mg of nanofibrous membranes was placed into a 
solution of 10 ml of PBS that contained 0.5% Tween-20. 
The membranes were then incubated on a shaker at 37◦C 
for 120 h (using a THZ-100B shaker from Yiheng Scientific 
Instrument Co., Ltd, located in Shanghai, China). At regular 
intervals, 1 ml of PBS was removed and the absorbance 
of the solution was measured using a microplate reader at 
a wavelength of 421 nm. Thereafter, the concentration of 
curcumin was determined using a standard curve of curcumin 
dissolved in PBS containing 0.5% Tween-20. 

Grafting rate of nanosilver particles and in vitro release of 
Ag+ from the nanofibrous membranes The grafting rate of 
the nanosilver particles was determined as follows. First, a 
500 mg/ml AgNO3 solution was prepared in which to soak 
the PLLA/C/N membrane. After 6 h, the remaining immersion 
solution was collected, the Ag+ concentration in the solution 
was meausured by an inductively coupled plasma emission 
spectrometer (NexION 2000-(A-10), USA) and the grafting 
rate of the nanosilver particles was determined by calculating 
the difference in concentration. 

The in vitro release of Ag+ from the PLLA/C/Ag nanofibre 
membranes was detected as follows. In short, a nanofibre 
membrane weighing 10 mg was placed in 10 ml of PBS 
solution with 0.5% Tween-20 and incubated on a shaker 
(THZ-100B, Yiheng Technology Instrument Co., Ltd, Shang-
hai, China) at 37◦C for 1, 3, 5 and 7 days. At regular intervals, 

1 ml of PBS was taken out and diluted by a factor of 10 to 
determine the concentration of Ag+ using inductively coupled 
plasma spectrometry. 

Mechanical strength test The PLLA/C/Ag nanomembrane 
was cut into a dumbbell-shaped spline (gauge distance of 
25 mm) with a cutter and tested on a universal testing 
machine (SANS CMT 2503, USA) according to the national 
standard GB/T 1040–2006 with a tensile rate of 10 mm/min, 
a test temperature of 25◦C and three parallel group tests. 

Flexibility and water absorption testing The flexibility test is 
briefly described as follows. PLLA/C/Ag was attached to a 
piece of pig skin, and the pig skin was arbitrarily twisted to 
observe the state of the nanofilm as the pig skin changed. 

To measure the water absorption by the PLLA/C/Ag 
nanofibre membranes, initially 10 mg of the nanofibre 
membranes were soaked in 10 ml of PBS solution containing 
0.5% Tween-20 for incubation on a shaker (THZ-100B, 
Yiheng Technology Instrument Co., Ltd, Shanghai, China) 
at 37◦C for 1, 3, 5 and 7 days. At regular intervals, the 
membrane was taken out, its surface moisture was absorbed 
and the membrane was weighed. 

Water absorption (%) = 
WWet film 
WDry film 

∗ 100% 

Biodegradability of the nanofibrous membranes For the eval-
uation of the degradability of the PLLA nanofibrous mem-
branes, a 10 mg piece of the membrane was placed in 10 ml 
of PBS and incubated on a shaker (HZ-9610KBTHZ-100B, 
Yiheng Scientific Instrument Co., Ltd, Shanghai, China) at a 
steady temperature of 37◦C. Samples of PBS were collected at 
specific time points, and the pH was measured at each time 
point to evaluate the degradability of the membranes. 

Biological evaluations 
Assessing the biocompatibility of the nanofibrous membranes 
made from PLLA MTT assays and staining with calcein-
AM and PI were used to assess the biocompatibility of the 
nanofibrous membranes made from PLLA. To conduct the 
MTT assays, aseptic PLLA nanofibrous membranes measur-
ing 6 mm in diameter were immersed in 1 ml of DMEM at 
37◦C for 24 h. PLLA nanofibrous membranes were removed, 
and the the culture medium (extracted medium) is collected. 
A total of 5000 3 T3 fibroblasts were seeded in a 96-well 
plate and incubated for 24 h. Subsequently, they were exposed 
to the collected medium and cultured for a further 24 h at 
37◦C in the presence of 5% CO2. Afterwards, the wells were 
loaded with 100 μl of MTT solution at a concentration of 
5 mg/ml and the cells were then incubated for another 4 h. 
The absorbance of the wells at 490 nm was measured using 
microplate readers and the relative cell count was determined. 
To perform live/dead fluorescence staining, NIH-3 T3 cells 
were cultivated in 6-well plates with cell climbing slices and
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incubated for 12 h. The medium (2 ml) obtained through the 
aforementioned process was then gathered and introduced 
into every culture plate. After 24 h, calcein-AM and PI were 
applied to the cells for 15 min at 25◦C after removing the 
medium. Confocal microscopy (Olympus FV1000, Olympus, 
Tokyo, Japan) was utilized to observe and capture images of 
the cells. 

Wound healing assay PLLAs nanofibrous membranes, which 
were sterile and had a size of 6 mm in diameter, were subjected 
to incubation with 1 ml of DMEM at 37◦C for 24 h. The 
extracted medium from this process was utilized for the in 
vitro wound healing assay, as mentioned in [42]. NIH-3T3 
cells with exponential growth were placed in 6-well trays 
(5× 105 cells per well) and incubated for 24 h. Once the 
cells achieved 90% confluency, a scratch was made using a 
100 μl pipette tip to evaluate cell migration. After adding the 
extracted medium to the cells, cell culture was continued for 
12–24 h. The cells incubated without the membrane samples 
served as the blank control group. Photographs were taken 
under an optical microscope (Nikon, FHEIPSE Ti, Tokyo, 
Japan) to observe cell migration at various time intervals. 
The relative area of cell migration was calculated by deter-
mining the cell-free gap area using ImageJ. This calculation 
was done using the equation: relative area of cell migration 
(%) = (WA0 − WAt)/WA0 × 100. Here, WA0 represents the 
initial wound area and WAt represents the wound area at 
time t. 

In vitro antibacterial activity The antibacterial efficacy of 
PLLA nanofibrous membranes was assessed against E. coli, 
S. aureus and MRSA strains (both gram-negative and gram-
positive) through the utilization of the plate-counting method, 
zone of inhibition test and evaluation of bacterial concen-
tration. To perform the plate-counting technique, E. coli, 
S. aureus and MRSA were diluted with Luria–Bertani (LB) 
medium to achieve a working concentration of 1 × 107 

colony-forming units (CFU)/ml. Afterwards, 4 ml of bacterial 
cultures and three pieces of PLLA nanofibrous membrane 
measuring 8 mm in diameter were introduced into 5 ml 
Eppendorf tubes for coexistence for 24 h at a steady tem-
perature of 37◦C [220 revolutions per minute (rpm)]. Then, 
∼100 μl of each sample was removed from the Eppen-
dorf tube and gently spread onto an agar plate, which was 
incubated in an inverted position for 24 h. Subsequently, 
cell colonies on the surface were observed using captured 
images. To conduct the zone of inhibition experiment, 50 μl 
of bacterial culture (1 × 107 CFU per ml) were added to 
5 ml of LB medium and incubated overnight at 37◦C with 
constant shaking at 220 rpm. Overnight cultures of bacterial 
strains were evenly coated on LB agar plates. Nanofibrous 
membranes 8 mm in diameter that had been irradiated by 
UV overnight were placed on the LB agar plate coated with 
bacteria. A constant temperature incubator was used for 24 h 
of culture at 37◦C. The diameter of the bacteriostatic ring was 
measured and recorded. In order to determine the amount of 

bacteria present, 4 ml of bacterial cultures (1 × 107 CFU/ml) 
and three nanofibrous membrane slices measuring 8 mm in 
diameter were placed into 5-ml Eppendorf tubes. These tubes 
were then incubated at a constant temperature of 37◦C for  
24 h at a speed of 220 rpm. The increase in the bacterial 
strains was observed every 3 h by assessing the optical density 
at 600 nm (OD600) using a microplate reader. 

Antioxidant assays

Cytoprotection in the presence of H2O2 Antioxidant assay was 
performed by incubating 6 mm sterile PLLA nanofibrous 
membranes with 1 ml of DMEM at 37◦C for 24 h, and the 
extracted medium was collected as the medium for analysis. 
NIH-3T3 cells were seeded in 96-well plates at a density of 
5 × 103 cells per well and cultured with a medium containing 
600 μM H2O2, either with or without the addition of the 
extracted medium, for 24 h. Following that, cell viability 
assays were conducted using the MTT technique outlined in 
the Biological evaluations section above. 

Intracellular ROS elimination assay As described previously, 
the measurement of 2′-7′-dichlorofluorescein diacetate 
(DCFH-DA) oxidation was used to evaluate intracellular 
levels of ROS [43]. The brightness of DCF is directly linked 
to the amount of ROS present within the cell. In summary, 
aseptic PLLA nanofibrous membranes measuring 6 mm in 
diameter were immersed in 1 ml of cell culture medium 
and kept at 37◦C for 24 h. The extracted medium obtained 
after incubation was utilized for the antioxidant assay. NIH-
3T3 cells were grown in 96-well black microporous plates 
for 24 h, with a cell density of 5 × 103 cells per well. The 
culture medium was removed, and 50 μl of the extracted 
medium and 50 μl of H2O2 were added to the cells for 
24 h of treatment. Following that, the cells were placed 
in PBS with 10 μM DCFH-DA and incubated for 30 min. 
Finally, the levels of ROS were measured using a microplate 
reader at an excitation wavelength of 485 nm and an emission 
wavelength of 525 nm. Additionally, the cellular fluorescence 
signal was visualized using a confocal microscope. In short, 
NIH-3T3 cells were grown in 6-well dishes with 3 × 105 

cells per well and treated with culture medium containing 
600 μM H2O2 with or without the extracted medium for 
24 h. Then, the medium was discarded and the cells were 
exposed to 10 μM DCFH-DA solution at 37◦C for 30 min in 
the absence of light. The cells were washed and the nuclei 
were counterstained with Hoechst (5 μg/ml) for 10 min. 
Fluorescence was analysed via confocal microscopy. 

SOD assay The level of SOD, which catalyses the trans-
formation of superoxide anions into H2O2 and O2, was 
determined using a colorimetric SOD assay kit. In short, 
aseptic PLLA nanofibre filters measuring 6 mm in diameter 
were immersed  in 1 ml of DMEM at 37◦C for 24 h. The 
extracted medium obtained from this process was used to 
measure the SOD concentration. The extracted medium was 
used to treat NIH-3T3 cells, which were then digested and 
washed twice with cold PBS. To extract protein, the cells were
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disrupted in radioimmunoprecipitation assay solution for 
15 min, followed by centrifugation of the lysates at 12,000 g 
and 4◦C for 5 min. A BCA protein assay kit was used to quan-
titate the protein in the supernatants (Beyotime Biotechnol-
ogy, Shanghai, China). Finally, based on the manufacturer’s 
instructions, SOD levels were determined using commercially 
available kits. 

Western blotting Cells were homogenized in radioim-
munoprecipitation assay buffer for protein extraction. 
After undergoing sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis, the proteins that were isolated were 
then transferred onto nitrocellulose membranes. Following 
a 2-h incubation at 25◦C in the presence of 5% BSA, 
the membranes were subsequently subjected to overnight 
incubation at 4◦C with the primary antibodies, including anti-
CD86 (1 : 1000), anti-CD206 (1 : 1000), anti-LC3 (1 : 1000), 
anti-P62 (1 : 1000) and anti-glyceraldehyde-3-phosphate 
dehydrogenase (1 : 1000). Afterwards, the protein bands 
were observed using enhanced chemiluminescence reagent 
and the analysis of their density was conducted using ImageJ 
software. 

Analysis of the effect of the nanofibrous membranes on 
macrophage polarization Nanofibrous membranes made of 
sterile PLLA, measuring 6 mm in diameter, were subjected 
to incubation with 1 ml of cell culture medium at 7◦C 
for 24 h. The extracted medium obtained from this pro-
cess was utilized for quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). Analysis of inflammation-
related mRNA expression [CD206, IL-6, arginase 1 (Arg-1), 
CD86, TNF-α and transforming growth factor β (TGF-β)] in 
RAW 264.7 macrophages was performed via qRT–PCR. The 
macrophages were placed in 6-well tissue culture dishes with 
a density of  5 × 105 cells per well for 12 h. Afterwards, they 
were exposed to lipopolysaccharide (LPS) (1 μg/ml) with or 
without the presence of the extracted medium. Following a 
24-h incubation period, the manufacturer’s instructions were 
followed to extract total RNA using TRIzol reagent, which 
was then reverse transcribed using a reverse transcription kit. 
Following that, PCR was performed on an ABI Step One 
device (Applied Biosystems, Los Angeles, CA, USA) using 
SYBR Green Master Mix. For every reaction, β-actin served 
as the internal control. The sequences of the primers used in 
the experiment are listed in Table 1. 

Transfection of mRFP-GFP-LC3 adenovirus AdPlus-
mCherry-GFP-LC3B adenovirus was used to infect RAW 
264.7 cells (3 × 105 ) in 6-well plates for 12 h at a multiplicity 
of infection of 10. After transfection, the macrophages were 
incubated with the extracted medium before coculture for 
24 h. A confocal microscope was used to observe and 
calculate the numbers of autophagosomes (green+ red+) and  
autolysosomes (green− red+). After dividing the number of 
puncta by the number of cells, the ratio of fluorescent puncta 
was used to analyse autophagic flux. 

Table 1. Sequences of the primers used for qRT–PCR 

Name of primer Primer sequence 

M-CD86-F ACGGAGTCAATGAAGATTTCCT 
M-CD86-R GATTCGGCTTCTTGTGACATAC 
TNF-α-F CCCTCACACTCAGATCATCTTCT 
TNF-α-R GCTACGACGTGGGCTACAG 
M-IL-6-F CTCCCAACAGACCTGTCTATAC 
M-IL-6-R CCATTGCACAACTCTTTTCTCA 
CD206-F CCTATGAAAATTGGGCTTACGG 
CD206-R CTGACAAATCCAGTTGTTGAGG 
TGF-β-F CCCTCACACTCAGATCATCTTCT 
TGF-β-R GCTACGACGTGGGCTACAG 
Arg-1-F TTGGGTGGATGCTCACACTG 
Arg-1-R TTGCCCATGCAGATTCCC 
β-Actin-F CTTTGCAGCTCCTTCGTTGC 
β-Actin-R ACGATGGAGGGGAATACAGC 

In vivo studies Male C57BL/6 mice were acquired from 
Beijing Huafukang Biological Technology Co., Ltd (Beijing, 
China) for in vivo experiments. The Ethics Committee on 
Animals of Mudanjiang Medical University ensured that all 
experiments conducted on animals adhered to their guide-
lines. The mice were housed in pathogen-free conditions, 
with temperature-controlled rooms (20–24◦C) and 50–60% 
relative humidity, following a 12-h light/dark cycle. Every 
mouse was provided with unlimited water and food during 
the entire experiment and was euthanized by inhaling CO2. 
Every possible attempt was made to reduce the distress of 
the mice. 

In vivo antibacterial activity The antibacterial effectiveness 
of the PLLA nanofibrous membranes in living organisms 
was examined in C57BL/6 mice, following the previously 
described method [4]. Briefly, all C57BL/6 mice (weighing 
23–25 g and aged 10–12 weeks) were divided into five 
groups (n = 3) as follows: (1) control, (2) PLLA, (3) PLLA/Ag, 
(4) PLLA/C and (5) PLLA/C/Ag. Mice were anaesthetized 
with isoflurane and kept warm with a heating pad during 
surgery. The backs of the mice were shaved to expose the 
back skin and disinfected with 1% iodophor solution. Every 
mouse’s dorsum was incised with two 8 mm round wounds 
symmetrically spaced. Sterile gauze (for the control group) 
and PLLA, PLLA/Ag, PLLA/C and PLLA/C/Ag nanofibrous 
membranes with a diameter of 8 mm were preseeded with an 
inoculum consisting of 107 CFU S. aureus and air-dried for 
15 min. Thereafter, the gauze or nanofibrous membranes were 
subcutaneously implanted into the incisions, and the incisions 
were sutured. Three days after implantation, the mice were 
euthanized via CO2 inhalation. Finally, the gauze or nanofi-
brous membranes were removed, and bacterial growth was 
observed and quantified using the plate-counting method. 

In vivo wound healing assay To induce diabetes similar to 
type 1, male C57BL/6 mice aged 8 and 10 weeks (weigh-
ing 20–23 g) were administered streptozotocin (100 mg/kg)
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intraperitoneally for 2 days after fasting overnight, following 
the method described in [44]. After 2 weeks, the glucose levels 
in the blood were measured using a blood glucose monitor. 
Diabetic mice were exclusively those with a blood glucose 
concentration >16.7 mM, and subsequently, full-thickness 
cutaneous wounds were induced in these mice. A total of 
45 diabetic mice were used for subsequent experiments. Two 
identical injuries, measuring 6 mm in diameter, were cre-
ated on the posterior side of every mouse. The mice were 
divided into six groups in a random manner, which were 
named PLLA, PLLA/C, PLLA/Ag, PLLA/C/Ag, control and 
Tegaderm film. The diameter of all implanted membranes 
was 6 mm. The control group was treated with sterile gauze. 
All treated wounds were reinforced with parafilm tape to 
prevent detachment of the gauze or nanofibrous membranes. 
Tests on animals were carried out in a room that was free 
from specific pathogens. Using a digital camera, the wounds 
were photographed on days 0, 7 and 14 to observe the 
healing process on a macroscopic level. The rate of wound 
healing was evaluated using the following equation: wound 
healing rate = (W0 − Wt)/W0, where  W0 and Wt represent 
the wound area on day 0 and time t, respectively. 

Histological and immunohistochemical analyses and western 
blotting To evaluate wound healing, staining was performed 
using haematoxylin and eosin (H&E), Masson’s trichrome 
and picrosirius red as described previously [17]. Briefly, a 
portion of the skin from the wound site of a sacrificed mouse 
was taken and fixed in 4% paraformaldehyde. The samples 
were sequentially dipped in xylene and a mixture of xylene 
and ethanol, then encased in paraffin and sliced into 5-μm-
thick slides with a tissue slicer (Leica RM2265, Biosystems, 
Wetzlar, Germany). After H&E, Masson and picrosirius red 
staining, tissue regeneration was examined with an opti-
cal microscope and a nanopolarized microscope (MF43-N, 
Guangzhou Microshot Technology Co., Ltd, Guangzhou, 
China). Alternatively, the skin samples were immersed in 
tissue freezing medium, frozen in dry ice–propanol, cut into 
6-μm-thick sections and incubated with appropriate primary 
antibodies (anti-α-SMA, anti-CD31, anti-CD206, anti-CD86 
and anti-LC3) at 4◦C overnight. On the next day, the tissue 
samples were exposed to secondary antibodies (AffiniPure 
goat anti-rabbit IgG [H + L]) conjugated with Alexa Fluor® 

550 for 2 h at ambient temperature. 
Subsequently, DAPI was applied to the tissue sections 

for 5 min and antifluorescence quenching sealing tablets 
were used to mount the tissue sections. Protein localization 
in the cells was visualized using a laser scanning confocal 
microscope, and the density of fluorescence was quantified 
using ImageJ software. In order to examine macrophages at 
the site of the wound, the wound samples were sliced into 
small fragments and promptly immersed in a lysis solution 
containing 0.2% w/v of collagenase IV and 0.1% w/v of 
DNase I. During digestion, the samples were shaken at 90 rpm 
and 37◦C for 60 min and vortexed every 20 min. The suspen-
sion was filtered using a 150-m filter and then suspended in 

red blood cell lysis buffer (Beyotime Biotechnology, China), 
followed by incubation on ice for 10 min. Thereafter, the 
expression of LC3 and P62 was analysed via western blotting 
as described above. 

ELISAs ELISAs were used to evaluate inflammatory protein 
expression after nanofibrous membrane treatment. Tissue 
samples were excised for protein isolation. Following homog-
enization of the tissue, the BCA assay was used to determine 
the overall protein concentration. The expression of proteins 
related to inflammation (IL-6 and TNF-α) was assessed using 
ELISA kits. 

Statistical analysis 
The mean ± SD is given for all experimental data after anal-
ysis using GraphPad Prism Software (GraphPad Software, 
Inc., La Jolla, CA, USA). Student’s t test was utilized to con-
duct comparisons between two groups. To compare multiple 
groups, we utilized one-way analysis of variance [45,46]. In 
cases where the data exhibited homogeneity of variance, the 
LSD test was utilized. Alternatively, Tamhane’s T2 test was 
employed when the data did not meet the homogeneity of 
variance assumption. Significant differences were determined 
based on p < 0.05 (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). 

Results 
Production and analysis of the PLLA nanofibrous 
membranes 
In this study, air-jet spinning was used to fabricate PLLA 
nanofibrous membranes (Figure 1a). Curcumin was effi-
ciently encapsulated in the membranes with a drug loading 
of 10.8%. As expected, the resulting PLLA/C membranes 
were bright yellow, indicating the successful incorporation of 
curcumin (Figure 1b). PLLA/C/Ag membranes (nanofibrous 
membranes encapsulating both curcumin and AgNPs) were 
prepared via the in situ chemical reduction of AgNO3 using 
tannic acid as a reducing agent. 

The presence of the encapsulated materials in the nanofi-
brous membranes was confirmed, and the functional groups 
were characterized using FTIR spectroscopy. Additionally, 
FTIR was utilized to distinguish the potential chemical alter-
ations between phases [47]. Figure 1c shows the FTIR spectra 
of the nanofibrous membranes PLLA, PLLA/N, PLLA/C 
and PLLA/C/N, obtained within the wavelength range 
4000–400 cm−1 . The nanofibrous membranes displayed two 
absorption peaks at 1749 and 1084 cm−1 , indicating the 
tensile vibrations of C=O and C–O in PLLA, respectively. In 
order to investigate the impact of ammonia plasma treatment 
on the initiation of membrane wettability, a comparison was 
made between the water contact angles of PLLA membranes 
with and without plasma treatment. As shown in Figure 1d, 
after plasma treatment, the contact angle of the PLLA 
membranes decreased from 109.3 ± 4.5 to 65.5 ± 3.2◦, while 
the contact angle of the PLLA/C membranes decreased from 
129.3 ± 5.3 to 79.4 ± 4.0◦. This indicates a reduction in the
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Figure 1. Development and physicochemical properties of PLLA nanofibrous membranes. (a) Schematic diagram of the development of PLLA nanofibrous 
membranes via air-jet spinning technology and in situ chemical reduction of AgNO3. (b) Images of PLLA (left) and PLLA/C (right) nanofibrous membranes. 
(c) FTIR spectra and (d) water contact angles of PLLA nanofibrous membranes. (e) XPS spectra of PLLA/N nanofibrous membranes. (f) Morphology of PLLA 
nanofibrous membranes examined via SEM (upper scale bar: 2 μm; lower scale bar: 1 μm). (g) XRD patterns of PLLA nanofibrous membranes. (h) Average 
diameter of PLLA nanofibrous membranes. (i) Size distribution of AgNPs estimated from SEM images shown in (f). (j) Cumulative release of curcumin from 
PLLA/C nanofibrous membranes. Data are expressed as the mean ± SD (n = 3). PLLA poly(L-lactic acid), PLLA/C poly(L-lactic acid)/curcumin, PLLA/N poly(L-lactic 
acid)/nitrogen, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, AgNPs silver nanoparticles, XPS X-

ray photoelectron spectroscopy, SEM scanning electron microscope, XRD X-ray diffraction, FTIR Fourier-transform infrared spectrometry, SD standard deviation 
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contact angles of the PLLA and PLLA/C membranes of 40.1 
and 38.6% respectively. We also conducted a contact angle 
test on the PLLA/C/Ag membranes. The findings indicated 
that the contact angle of the PLLA/C/Ag film, which had 
undergone grafting with AgNPs, measured 63.2 ± 4.4◦. 
Furthermore, XPS was used to verify the presence and 
types of hydrophilic groups. As shown in Figure 1e, on  the  
surface of the PLLA/N nanofibrous membrane, C–N–H and 
C=N–C groups, with a nitrogen content of 2.97% were 
found. Scanning electron microscopy (SEM) was utilized 
to examine the morphologies and structures of the PLLA 
membranes. ImageJ was used to calculate the diameter and 
size distribution of >100 randomly chosen nanofibres from 
the SEM images in the membrane. As shown in Figure 1f, h, 
the nanofibres of all membranes were distributed uniformly 
with a diameter of 150–350 nm, and the incorporation of 
curcumin appeared to slightly increase the diameter of the 
nanofibres. 

XRD analysis was used to characterize the crystal struc-
ture of the PLLA membranes (Figure 1g). The PLLA and 
PLLA/C membrane samples did not show any diffraction 
peaks, whereas the PLLA/Ag and PLLA/C/Ag membranes had 
a diffraction peak at 44.52◦, which belongs to the (200) 
crystallographic plane of the Ag face-centred cubic crystal 
plane structure [48]. Furthermore, SEM analysis validated 
the immobilization and homogeneous distribution of AgNPs 
on the PLLA/Ag and PLLA/C/Ag membranes. As calculated 
from the SEM images, the AgNPs had an average particle 
size of 44.5 ± 7.8 nm, with a narrow particle size distribu-
tion (30–60 nm) (Figure 1i). EDS was used to analyse the 
arrangement of components on the PLLA membrane surface. 
Both nitrogen and silver were detected on the membrane 
surface, which is consistent with the above-mentioned results 
(Figure S1, see online supplementary material). Addition-
ally, the pH of the PBS solution in which the nanofibrous 
membranes were immersed decreased slightly from 7.4 to 
7.1, indicating that the membranes have good biodegrad-
ability and can continue to degrade during drug release and 
wound healing without producing an excess of acidic prod-
ucts, which is beneficial for maintaining the stability of the 
wound environment (Figure S2a, see online supplementary 
material). 

As shown in the release curve in Figure 1j, curcumin 
showed a burst release of 25% in the initial stage (10 h). 
After the first burst release, curcumin showed sustained and 
moderate release, with a cumulative release rate of >30% 
on day 7 of incubation. Because the bactericidal activity and 
cytotoxicity of AgNPs are dose dependent, we determined 
the loading and release of AgNPs. The results show that the 
grafting rate of the nanosilver particles was small, and most 
of the Ag+ was removed by washing with deionized water. 
Furthermore, after 1, 3, 5 and 7 days of degradation, the 
spinning film released 0.0295 ± 0.00212, 0.1025 ± 0.00212, 
0.113 ± 0.0099 mg/l and 0.1595 ± 0.07 mg/l of Ag+, respec-
tively. This gradual increase in the released quantity exhibited 
a specific antibacterial impact (Figure S2b, c). The PLLA/C/Ag 

membrane displayed advantageous mechanical characteris-
tics, including a tensile strength of 7.081 MPa, an elon-
gation at fracture of 18.848% and an elastic modulus of 
72.125 MPa. Although the membrane was relatively brittle 
and less robust, it provided flexibility and the ability to bend 
and fold, which can be adjusted accordingly based on the con-
formation of the affected area (Figure S2d, e). Additionally, 
over 1, 3, 5 and 7 days, the PLLA/C/Ag membrane displayed 
water absorption rates of 112 ± 2.8, 155 ± 32.5, 229 ± 130.1 
and 137 ± 38.9%, respectively (Figure S2f). 

Biological evaluations 
Biocompatibility of the nanofibrous membranes When 
nanofibrous membranes are applied to a wound, they come 
into close contact with the cells involved in healing. Therefore, 
for their successful application as wound dressings, it is 
essential that membranes are biocompatible. In this study, 
cell viability, migration and morphology were assessed by 
using live/dead staining, wound healing assays and MTT 
cell viability assays (Figure 2). First, NIH-3T3 cells were 
treated with PLLA nanofibrous membranes and stained 
with calcein-AM and PI (for live/dead staining) to assess the 
biocompatibility of the membranes. Living cells are indicated 
by green staining, whereas dead cells are indicated by red 
staining. As shown in Figure 2a, almost no red staining was 
observed, indicating that all of the fabricated membranes had 
low toxicity. Furthermore, the wound healing assay showed 
that NIH-3T3 cells treated with PLLA/C and PLLA/C/Ag 
membranes had markedly increased migration abilities at 12 
and 24 h (Figure 2b, c). There was no notable disparity in 
cell migration between the PLLA and PLLA/Ag groups, and 
the membranes did not enhance cell migration compared to 
the control at any time point. The MTT assay showed that 
after 24 h in the presence of all membranes, the survival rates 
of different types of cells were >90%, suggesting the good 
biocompatibility of the nanofibrous membranes (Figure 2d). 
After being subcutaneously implanted into C57BL/6 mice, 
the in vivo biocompatibility of the nanofibrous membranes 
was also examined. After 2 weeks of implantation, there 
were no observed pathological alterations in the hearts, 
livers, spleens, lungs or kidneys of the mice (Figure S3, see  
online supplementary material). No notable variances were 
detected in the blood biochemical parameters (Figure S4, see  
online supplementary material). These results suggest that the 
PLLA/C/Ag membranes have good biocompatibility and low 
cytotoxicity and can support the survival and proliferation 
of skin cells. 

Nanofibrous membranes made of PLLA exhibit antibacterial 
properties Nanofibrous membranes made of PLLA were 
tested to quantitatively determine their antibacterial activity. 
Gram-negative and gram-positive bacteria were respectively 
assessed for their antibacterial activity against the PLLA 
membrane using E. coli and S. aureus as model strains. 
Analysing bacterial growth curves at different time points 
offers insight into the antibacterial properties of PLLA
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Figure 2. Biocompatibility of PLLA nanofibrous membranes. (a) Representative images of live/dead staining of NIH-3T3 cells with calcein-AM and PI after 
treatment with PLLA nanofibrous membranes for 24 h (scale bar: 100 μm). (b) Representative images of the wound healing assay of NIH-3T3 cells treated 
with PLLA nanofibrous membranes for 12 and 24 h (scale bar: 100 μm). (c) Quantitative analysis of cell migration evaluated via wound healing assay. 
(d) Viability of NIH-3T3 cells treated with PLLA nanofibrous membranes for 24 h. Data are expressed as the mean ± SD (n = 6) (∗∗∗p < 0.001). PLLA poly(L-lactic 
acid), PLLA/C poly(L-lactic acid)/curcumin, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, calcein-

AM calcein acetoxymethyl ester, PI propidium iodide, NIH National Institutes of Health, SD standard deviation 

nanofibrous membranes. As shown in Figure 3a, the  
antibacterial activities of the PLLA and PLLA/C membranes 
were negligible, whereas the PLLA/Ag and PLLA/C/Ag 
membranes remarkably inhibited bacterial growth. At 24 h, 
the absorbance (OD600) value was significantly lower in 
the PLLA/Ag and PLLA/C/Ag groups than in the PLLA and 

control groups (Figure 3b). Additionally, the antimicrobial 
effects of the PLLA nanofibrous membranes were assessed 
through a cloning assay conducted on plates (Figure 3h). 
The antibacterial activity results, which were quantified, are 
displayed in Figure 3d. In the PLLA/Ag and PLLA/C/Ag 
groups, the survival rates of E. coli were 2.5 and 2.3%,
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Figure 3. Antibacterial activity of PLLA nanofibrous membranes. (a) Bacterial growth curve based on the absorbance (OD600) of samples treated with PLLA 
nanofibrous membranes. (b) Bacterial growth indicated by the absorbance (OD600) value at 24 h. (c) The zone of inhibition for E. coli and S. aureus cultured with 
PLLA/Ag and PLLA/C/Ag membranes on agar plates. (d) In vitro antibacterial activity against S. aureus and E. coli quantified via a plate-based bacterial cloning 
assay. (e) Schematic illustration of in vivo antibacterial activity in a mouse model of diabetic wounds infected with S. aureus. (Image created with BioRender. 
com). (f) In vivo bacterial growth indicated by the absorbance (OD600) value at 24 h. (g) In vivo antibacterial activity against S. aureus quantified via a plate-based 
bacterial cloning assay. Data are expressed as the mean ± SD (n = 3) (∗∗∗p < 0.001). (h) In vitro plate-based bacterial cloning assay after the culture of E. coli 
and S. aureus with PLLA nanofibrous membranes for 12 h. (i) In vivo plate-based bacterial cloning assay after the 12 h culture of S. aureus is plated from the 
mouse model of diabetic wounds infected with S. aureus. (j) Antibacterial mechanism of AgNPs. PLLA poly(L-lactic acid), PLLA/C poly(L-lactic acid)/curcumin, 
PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, OD optical density, E. coli Escherichia coli, S. aureus 
Staphylococcus aureus, AgNPs silver nanoparticles, SD standard deviation 
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respectively, and those of S. aureus were 2.1 and 2.6%, 
respectively. However, the antibacterial activity was minimal 
in the PLLA and PLLA/C groups. In the PLLA/Ag and 
PLLA/C/Ag groups, the zones of inhibition for E. coli and 
S. aureus were consistently larger compared to the PLLA and 
PLLA/C groups, as shown in Figure 3c. 

The in vivo antibacterial efficacy of the PLLA nanofibrous 
membranes was evaluated using a mouse model of S. aureus-
infected wounds, considering the aforementioned findings. 
The related scheme is shown in Figure 3e. Staphylococcus 
aureus was used as a model bacterium because it is respon-
sible for the majority of skin infections [49].  An 8 mm  
long incision was created in the dorsum of each mouse and 
sutured after implantation of the nanofibrous membrane. 
After 3 days of culture, the wounds treated with gauze had 
evident festering with serious inflammation and suppuration, 
whereas the wounds treated with the PLLA/Ag or PLLA/C/Ag 
membranes had less suppuration. The implanted PLLA mem-
branes were removed and the attached bacteria were col-
lected. The antibacterial activity was substantially higher 
in the PLLA/Ag and PLLA/C/Ag groups than in the other 
groups, as determined by evaluating bacterial concentration 
(Figure 3f). Additionally, the attached bacteria were coated 
on agar plates and cultured for 24 h. Once again, as shown 
in data from the plate bacterial cloning assay (Figure 3i), 
the quantified trend in antibacterial activity was in line with 
the results in Figure 3f. The survival rates of the bacteria in 
the PLLA/Ag and PLLA/C/Ag groups were 0.86 and 0.68%, 
respectively. However, the antibacterial activity was minimal 
in the PLLA and PLLA/C groups (Figure 3g). In this study, we 
used AgNPs synthesized in situ to prevent bacterial infection 
in diabetic wounds. Figure 3j depicts the utilization of E. 
coli and S. aureus, both gram-negative and gram-positive 
bacteria, as representative microorganisms to investigate the 
in vitro antibacterial efficacy of diverse nanofibrous mem-
branes. Similarly, many studies have reported the effective-
ness of AgNPs against multidrug-resistant bacterial strains, 
such as MRSA [50]. Both the PLLA/Ag and PLLA/C/Ag 
membranes exhibited similar results and showed a certain 
effect against MRSA (Figure S6, see online supplementary 
material). 

In vitro antioxidant assay To assess the antioxidant activity 
of the nanofibrous membranes, cell models of oxidative stress 
were constructed by treating NIH-3T3 cells with various 
concentrations of H2O2 (Figure S5, see online supplementary 
material). As anticipated, the viability of cells declined in 
a manner that was dependent on the dosage and reached 
∼50% when exposed to 600 μM H2O2. Therefore, 600 μM 
H2O2 was selected as the optimal concentration to stimulate 
oxidative stress in cells. 

In the presence of oxidative stress, the protective prop-
erties of the PLLA nanofibrous membranes were investi-
gated. As anticipated, the viability of cells decreased consid-
erably to 63% following treatment with H2O2. Additionally, 
PLLA did not attenuate the H2O2-induced decrease in cell 

viability. However, the addition of PLLA/Ag, PLLA/A/C and 
PLLA/C/Ag membranes remarkably improved cell viability at 
the same H2O2 concentration (Figure 4a). In order to investi-
gate the impact of cytoprotection on the decrease in oxidative 
stress caused by ROS scavenging through PLLA nanofibrous 
membranes, the levels of intracellular ROS were assessed by 
employing the fluorescent probe DCFH-DA (Figure 4b, c). 
After its uptake by cells, DCFH-DA is deacetylated by cel-
lular esterases to generate DCFH. Intracellular ROS oxidizes 
DCFH, which is unable to pass through the cell membrane, 
into fluorescent DCF [51]. The amount of intracellular ROS 
is directly correlated to the resulting fluorescence intensity of 
DCF. Upon treatment with H2O2, a high fluorescence signal 
was observed within the cell, which corresponded to the 
increased content of ROS in the cells. The fluorescence signal 
was not affected by the PLLA and PLLA/Ag membranes, but 
it significantly decreased when the PLLA/C and PLLA/C/Ag 
membranes were present, indicating that the PLLA nanofi-
brous membranes containing curcumin have effective abilities 
to scavenge ROS. Additionally, the relative intracellular flu-
orescence intensity was quantified using a microplate reader 
and the results were consistent with those obtained by flu-
orescence imaging (Figure 4d). SOD activity was evaluated 
with the SOD assay kit. In the presence of H2O2, SOD levels 
experienced a significant decrease; however, they showed 
a notable increase upon the addition of extracts from the 
PLLA/C and PLLA/C/Ag membranes (Figure 4e). 

The nanofibrous membranes promoted macrophage polar-
ization towards the M2 phenotype Macrophages, which 
are crucial inflammatory cells, play a significant role 
in regulating skin inflammation during the pathogenesis 
of diabetic wound healing [52]. Hence, an analysis was 
conducted on the impact of PLLA nanofibrous mem-
branes on macrophages’ immunomodulatory properties. 
To assess the in vitro anti-inflammatory characteristics 
of the PLLA nanofibrous membranes, the polarization 
of macrophages was examined using western blotting 
and qRT–PCR. LPS treatment stimulated the polarization 
of macrophages towards the M1 phenotype. Following 
the application of PLLA/Ag, PLLA/A/C and PLLA/C/Ag 
membranes, the levels of inflammatory cytokines in 
macrophages, including CD86, IL-6 and TNF-α, were  
significantly reduced, while the levels of anti-inflammatory 
cytokines, such as CD206, TGF-β and ARG1, were notice-
ably elevated (Figure 5a–f). Additional proof was the 
increase in CD86, a marker for M1 macrophages, and 
the decrease in CD206, a marker for M2 macrophages 
(Figure 5g and h). After treatment with the PLLA/Ag, 
PLLA/A/C and PLLA/C/Ag membranes, the expression of 
CD86 was significantly decreased (p < 0.05), whereas that of 
CD206 was significantly increased (p < 0.05). Similar results 
were observed for the expression of tissue inflammatory 
proteins, as detected via ELISA (Figure S7, see online 
supplementary material). These results suggest that treatment 
with the PLLA/Ag, PLLA/A/C and PLLA/C/Ag membranes
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Figure 4. In vitro antioxidant assay. (a) Cytoprotective effects of PLLA nanofibrous membranes in the presence of oxidative stress (treatment with 600-μM H2O2). 

(b) Quantitative analysis of the fluorescence intensity of ROS. Data are expressed as the mean ± SD. (c) ROS-scavenging ability of PLLA nanofibrous membranes 
was examined using DCFH-DA as a fluorescent probe (scale bar: 100 μm). (d) Fluorescence intensity of ROS was quantified using a microplate reader. (e) SOD  
activity of H2O2-stimulated NIH-3 T3 cells. Data are expressed as the mean ± SD (n = 3) (∗p < 0.05; ∗∗∗p < 0.001). PLLA poly(L-lactic acid), PLLA/C poly(L-lactic 
acid)/curcumin, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, H2O2 hydrogen peroxide, DAPI 4′,6-

diamidino-2-phenylindole, ROS reactive oxygen species, SOD superoxide dismutase, DCFH-DA 2′-7′-dichlorofluorescein diacetate, NIH National Institutes of 
Health, SD standard deviation 
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Figure 5. Treatment with PLLA nanofibrous membranes promoted the polarization of macrophages toward the M2 phenotype. (a–f) The mRNA expression of 
genes was measured via qRT-PCR. (g, h) Expression of CD86 and CD206 in macrophages evaluated via western blotting. Data are expressed as the mean ± SD 
(n = 3) (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). PLLA poly(L-lactic acid), PLLA/C poly(L-lactic acid)/curcumin, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, 
PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, IL-6 interleukin 6, TNF-α tumor necrosis factor α, TGF-β transforming growth factor  β, ARG-1 
arginase 1, LPS lipopolysaccharide, GAPDH glyceraldehyde-3-phosphate dehydrogenase, qRT-PCR quantitative real-time polymerase chain reaction, SD standard 
deviation 

can effectively inhibit the production of proinflammatory 
cytokines in macrophages and facilitate the polarization 
of macrophages towards the anti-inflammatory (M2) 
phenotype. 

Effects of the nanofibrous membranes on autophagic flux 
in macrophages Figure 6a, b shows that treatment with the 
PLLA/Ag, PLLA/C and PLLA/C/Ag membranes increased the 
LC3-II/I ratio but decreased the expression of P62. To observe
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Figure 6. Effects of nanofibrous membranes on autophagic flux in macrophages. (a) Western blotting of LC3-I, LC3-II and P62 in RAW264.7 cells treated 
with nanofibrous membranes. (b) Quantitative analysis of western blotting of LC3-I, LC3-II and P62 in RAW264.7 cells treated with nanofibrous membranes. 
(c) Representative immunofluorescence images and quantitative analysis of the number of yellow autophagosomes (G+R+) and red autolysosomes (G−R+) 
in mRFP-GFP-LC3 dots in macrophages. (scale bar: 5 μm) (d) Autophagic flux was measured by counting the cells with yellow autophagosomes and red 
autolysosomes. A total of 20 cells were counted per sample for each condition. Data are expressed as mean ± SD (n = 20). (e) Representative images and 
quantitative analysis of western blotting of CD206 in RAW 264.7 cells treated with LPS, rapamycin and chloroquine. (f) The mRNA expression of anti-inflammatory 
molecules in RAW 264.7 cells was analyzed via qRT–PCR. Data are expressed as the mean ± SD (n = 3) (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). PLLA poly(L-lactic 
acid), PLLA/C poly(L-lactic acid)/curcumin, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, GAPDH 
glyceraldehyde-3-phosphate dehydrogenase, LC3 microtubule-associated proteins light chain 3, P62 sequestosome 1, RP rapamycin, CQ chloroquine, qRT-PCR 
quantitative real-time polymerase chain reaction, mRFP monomeric red fluorescent protein, GFP green fluorescent protein, SD standard deviation 
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the effects of the nanofibrous membranes on autophagic 
flux in macrophages, RAW 264.7 cells were transfected with 
mCherry-GFP-LC3 adenovirus for 24 h and subsequently 
treated with nanofibrous membranes for another 24 h. 
Owing to the instability and quenching of GFP under acidic 
conditions, only red fluorescent puncta were detectable at 
this stage. Consequently, the autophagosomes in cells were 
labelled as yellow dots (where the green and red fluorescence 
overlapped), whereas autophagolysosomes were labelled as 
red dots (a result of the quenching of green fluorescence). 
Confocal microscopy was used to detect mCherry- and 
GFP-positive dots (Figure 6c). The results demonstrated 
that the number of red (G−R+) dots was substantially 
increased after treatment with the PLLA/C, PLLA/Ag and 
PLLA/C/Ag membranes, indicating that the autophagosomes 
in these cells fused with lysosomes to form autolysosomes 
and that autophagic flux was activated. However, yellow 
dots (G+R+) were diffusely distributed in the cytoplasm and 
a few green dots (G−R+) were observed in the cells of the 
control and PLLA groups (Figure 6d). These findings suggest 
that the PLLA/C/Ag membranes increased the formation 
of autophagolysosomes by activating autophagic flux in 
cocultured macrophages. 

Considering that the PLLA nanofibrous membranes 
facilitated the polarization of macrophages and enhanced 
autophagic flow, our study aimed to explore whether 
inducing autophagy could stimulate the polarization of 
macrophages towards the M2 phenotype. As shown in 
Figure 6e, after being treated with LPS, the expression of 
CD206 in macrophages was reduced, indicating a shift 
in macrophage polarization towards the M1 phenotype. 
After treatment with rapamycin (an autophagy inducer), 
the expression of CD206 increased substantially, whereas 
chloroquine (an autophagy inhibitor) administration did 
not affect the expression of CD206. In contrast, the 
expression of CD206, TGF-β and ARG-1 genes in LPS-
treated macrophages was notably enhanced by rapamycin, 
while chloroquine had no impact on their mRNA levels 
(Figure 6f). In addition, rapamycin and chloroquine did not 
affect the protein or gene expression of M1 macrophage 
markers (data not shown). These results demonstrate that 
LPS treatment can polarize macrophages towards the M1 
phenotype and that autophagy activation can induce the 
polarization of macrophages to the M2 phenotype. 

In vivo wound healing assessments 
Wound healing assessment The wound healing capacity of 
the PLLA nanofibre sheets was evaluated in a diabetic 
mouse model with skin wounds of full thickness (Figure 7a). 
Figure 7b shows the gross appearances of wounds at different 
time points. The wound closure rate in all groups increased 
after 7 days of treatment. The PLLA/C/Ag group exhibited 
the highest wound closure rate and the most efficient healing, 
with almost complete closure of the wound and the formation 
of new skin on day 14. However, wounds in the control 
and PLLA groups were covered by eschar (Figure 7b, c, f). 

These materials exhibited some level of wound healing 
ability as the wounds in the PLLA, PLLA/Ag, PLLA/C 
and Tegaderm film groups were shorter compared to the 
control group. Additionally, the wound was shorter in the 
PLLA/C/Ag group than in the PLLA, PLLA/Ag and Tegaderm 
film groups, demonstrating the superior wound healing 
ability of PLLA/C/Ag membranes, which was even better 
than commonly used clinical excipients (Figure 7f). During 
diabetic wound healing, the PLLA/C/Ag membrane promoted 
rapid wound contraction, which indicated its significant 
effects on skin wound healing. 
Histological analysis of regenerated skin tissue To assess the 
pathological characteristics of wounds treated with various 
nanofibrous membranes, H&E staining was conducted. Over-
all, the wound length shortened between days 7 and 14 in 
all groups, with the PLLA/C/Ag group having the shortest 
wound (Figure 8a and c). Compared with wounds treated 
with the other nanofibrous membranes, those treated with the 
PLLA/C/Ag membranes showed a thicker neo-epidermis with 
more proliferating keratinocytes on day 7 (Figure 8e). Treat-
ment with the PLLA/C/Ag, PLLA/C and PLLA/Ag membranes 
resulted in the formation of abundant granulation tissue with 
more layers that were thicker in the wound gap on day 7. 
In particular, the PLLA/C/Ag membranes had the best ability 
to form progranulation tissue (Figure 8f). Better skin repair 
effects were observed in the PLLA/C/Ag group, followed by 
the PLLA/Ag, PLLA/C and Tegaderm film groups on day 14. 
Furthermore, on day 14, the PLLA/C/Ag group exhibited the 
presence of skin appendages, demonstrating a noteworthy 
rise in the quantity of dermal appendages within the healing 
tissue in comparison to the remaining groups (Figure 8g), 
which indicated that complete skin repair can be achieved 
after treatment with the PLLA/C/Ag membranes. The H&E 
staining results indicated that the combination of curcumin 
and Ag in the PLLA/C/Ag membranes had a synergistic effect 
on enhancing the healing of diabetic wounds and promoting 
tissue regeneration. Therefore, these PLLA/C/Ag and PLLA/C 
membranes can be used to promote wound healing. 

Masson’s trichrome staining is usually used to delineate 
cells from the surrounding connective tissue. In this study, 
Masson staining revealed collagen deposition in the ECM 
in PLLA/C/Ag-treated wounds (Figure 8b). Furthermore, the 
dermis layer in the PLLA/Ag, PLLA/C and PLLA/C/Ag groups 
exhibited a greater production of collagen fibres (stained 
blue) during the healing of wounds compared to the control 
and PLLA groups on day 7 (Figure 8b and d). As shown in 
Figure 8b, d, the control group exhibited increased fibrosis 
with sparse and disorganized collagen deposition on day 14. 
However, after treatment with the PLLA/C/Ag membranes, 
collagen deposition increased, and a high wound closure rate 
was observed. The collagen fibres in the PLLA/C/Ag group 
exhibited a mature phenotype with regular alignment and net-
work topology, whereas those in the PLLA/Ag, PLLA/C and 
Tegaderm film groups were dysplastic and loosely arranged. 

Next, the regenerated tissue at the wound site was further 
examined (Figure 7d). During the early stages of wound
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Figure 7. Evaluation of diabetic wound healing in vivo. (a) Schematic illustration of the treatment process and wound healing in vivo. (b) Representative images 
of chronic diabetic wounds treated with different nanofibrous membranes. (c) Schematic diagram of wound closure on day 0, 7 and 14 in each group. (d) Wound 
tissues stained with picrosirius red on day 14 were observed under a polarized light microscope. The orange-red colour represents collagen I, whereas the  
green-yellow colour signifies collagen III (scale bar: 100 μm). (e) Representative H&E staining images of blood vessels. Red arrows indicate new vessels (scale 
bar = 100 μm). (f) Quantitative analysis of wound closure in each group. (g) Quantification of collagen remodelling on day 14. (h) Quantification of the number of 
vessels. Data are expressed as the mean ± SD (n = 6) (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). PLLA poly(L-lactic acid), PLLA/C Poly(L-lactic acid)/curcumin, PLLA/Ag 
poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, H&E hematoxylin and eosin, SD standard deviation 
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Figure 8. Histological staining. (a) Representative H&E and Masson staining of wound tissue samples from different groups on day 7. (b) Representative H&E 
staining and Masson staining of wound tissue samples from different groups on day 14. (Scale bars: 1000 and 100 μm) (c) Quantification of the length of wounds 
on days 7 and 14. (d) Quantification of collagen deposition via Masson staining. (e) Thickness of the epidermis of wound tissues on day 7. (f) Thickness of the 
granulation tissue of wound tissues on day 7. (g) Number of dermal appendages in wound tissues on day 14. Data are expressed as the mean ± SD (n = 6) 
(∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). PLLA poly(L-lactic acid), PLLA/C poly(L-lactic acid)/curcumin, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag 
poly(L-lactic acid)/curcumin/silver nanoparticles, H&E hematoxylin and eosin staining, SD standard deviation 
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healing, excessive collagen, mostly collagen type III, is 
deposited, which covers the wound and prevents further 
damage [52]. Following tissue remodeling, collagen type I 
gradually replaces the aforementioned collagen, primarily 
observed in developed skin [53]. Therefore, we used 
picrosirius red staining to assess collagen remodelling. 
Collagen I deposition was increased in the PLLA/C/Ag, 
PLLA/C, Tegaderm film and PLLA/Ag groups, suggesting that 
curcumin and Ag had notable impacts on the remodeling of 
collagen and the maturation of the skin. Consistently, quan-
tification of the amounts of collagen I and III demonstrated 
that there was enhanced deposition of mature collagen I 
(Figure 7g) in the PLLA/C/Ag, PLLA/C and PLLA/Ag groups. 
These results suggest that the sustained release of curcumin 
and Ag significantly affects collagen remodelling and 
skin maturation. Furthermore, the PLLA/C/Ag membranes 
not only facilitate wound healing but also enhance the 
development of regenerative tissue in the process of diabetic 
wound healing, a crucial factor for the restoration of intact 
skin. In addition, the proangiogenic effects induced by the 
PLLA/A/C membranes may lead to rapid wound healing. The 
newly formed blood vessels were visualized and quantified on 
day 7 via H&E staining (Figure 7e). The PLLA/C/Ag, PLLA/C 
and PLLA/Ag groups showed a notable rise in the quantity 
of recently developed blood vessels when compared to the 
control and PLLA groups, as shown in Figure 7h. Therefore, 
these PLLA/C/Ag membranes can promote angiogenesis in 
diabetic wounds to facilitate healing. 

Immunofluorescence analysis An estimation was made of the 
quantity of circular arterioles present in the imaging region, 
along with a count of newly developed blood vessels. To 
distinguish smooth muscle cells from myofibroblasts, only 
α-SMA-positive circular structures, which represent newly 
formed blood vessels, were examined (marked with white 
arrows in Figure 9a). The PLLA/Ag, PLLA/C and PLLA/C/Ag 
groups exhibited a significantly greater quantity of arterioles 
compared to both the control and PLLA groups. Specifically, 
the PLLA/C and PLLA/C/Ag groups exhibited a notably 
greater number compared to the PLLA/Ag groups (Figure 9d). 
Furthermore, wound samples were stained with anti-CD31 
antibody to detect capillaries (Figure 9a). In both the PLLA 
and PLLA/Ag groups, the level of CD31 expression was low, 
while it was notably elevated in the PLLA/C and PLLA/C/Ag 
groups compared to the control group (Figure 9e). These 
results suggest that the PLLA/C/Ag membranes can accelerate 
wound closure and improve angiogenesis. Consistently, pre-
vious studies have reported a positive correlation between the 
number of blood capillaries and rapid wound healing [54,55]. 

In order to examine the function of the PLLA nanofi-
brous membranes in controlling inflammation, immunoflu-
orescence analysis was conducted to assess the expression 
of CD86 and CD206 (Figure 9b, f, g). In the PLLA/C and 
PLLA/C/Ag groups, there was a notable decrease in the per-
centage of M1-type macrophages and a significant increase 
in the proportion of M2-type macrophages. These results 

indicate that the PLLA/C and PLLA/C/Ag membranes pro-
mote the polarization of macrophages towards the M2 phe-
notype. Furthermore, our investigation aimed to determine if 
in vivo autophagy can be induced by PLLA/C/Ag membranes. 
The fluorescence microscopy images indicated that the level 
of LC3 expression at the wound site was notably greater 
in the PLLA/C/Ag group compared to the control group 
(Figure 9c, h). Additionally, the expression of LC3 and P62 
in macrophages at the wound site was examined via western 
blotting (Figure 9i–k). The results showed that there was an 
augmentation in LC3 expression and a reduction in P62 
expression, suggesting the initiation of autophagy. 

Discussion 
Diabetic wounds, in contrast to typical wounds, are charac-
terized by their susceptibility to chronicity due to the presence 
of oxidative stress, infection and inflammation. In the present 
study, a PLLA nanofibre membrane incorporating curcumin 
and AgNPs was found to enhance the proliferation of granu-
lation tissue and the deposition of collagen in skin wounds of 
diabetic mice. This effect was attributed to the membrane’s 
anti-inflammatory, antioxidant and antibacterial properties, 
ultimately expediting the healing process of diabetic wounds. 

Air-jet spinning is widely used to prepare biodegradable 
nanofibrous membranes owing to its rapid nature, conve-
nience, low cost and safety [56]. In this study, air-jet spinning 
was employed to fabricate PLLA nanofibrous membranes, 
and curcumin was efficiently encapsulated in the nanofibrous 
membranes owing to its hydrophobicity and good solubility 
in methylene chloride. Subsequently, AgNPs were successfully 
encapsulated into the membranes via the in situ chemical 
reduction of AgNO3 using tannic acid as the reducing agent. 
To introduce certain amino groups onto the surface of the 
nanofibrous membranes, ammonia plasma treatment was 
performed. The introduced amino groups could graft tan-
nic acid onto the surface of the nanofibrous membranes 
with glutaraldehyde through aldehyde–amine and aldehyde– 
hydroxy reactions [57]. Tannic acid, with its multiple phe-
nolic hydroxyl groups and highly potent reducing activity, 
facilitated the in situ chemical reduction of AgNO3 to form 
AgNPs. 

The FTIR spectra of all nanofibrous membranes showed 
the presence of two absorption peaks at 1749 and 1084 cm−1 , 
which can be attributed to the stretching vibrations of C=O 
and C–O in PLLA, respectively. Furthermore, the structures 
of the nanofibrous membranes remained unchanged after the 
introduction of amino groups via ammonia plasma treatment 
and the incorporation of curcumin. It should be noted that 
the height of the FTIR surface measurement was ∼500 nm, 
while that of the plasma-treated membrane surface was only 
5–50 nm. Therefore, the new groups introduced by ammo-
nia plasma treatment may not be detected by this method, 
and instead, only the functional groups of the membranes 
were detected. After treatment, the contact angles of the 
PLLA and PLLA/C membranes decreased by 40.1 and 38.6%
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Figure 9. Immunofluorescence analysis in the diabetic wound model 14 days after surgery. (a) Immunohistochemical analysis of α-SMA and CD31 in skin wound 
samples (scale bar: 100 μm). (b) Immunohistochemical analysis of CD86 and CD206 in skin wound samples (scale bar: 100 μm). (c) Immunohistochemical analysis 
of LC3 in skin wound samples (scale bar: 50 μm). (d–h) Quantification of the results of immunohistochemical analysis. (i–k) Western blotting of LC3-I, LC3-II and P62 
in macrophages in mice treated with PLLA nanofibrous membranes. Data are expressed as the mean ± SD (n = 3) (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). PLLA poly(L-

lactic acid), PLLA/C poly(L-lactic acid)/curcumin, PLLA/Ag poly(L-lactic acid)/silver nanoparticles, PLLA/C/Ag poly(L-lactic acid)/curcumin/silver nanoparticles, α-

SMA alpha-smooth muscle actin, β-actin beta-actin, LC3 microtubule-associated proteins light chain 3, SD standard deviation 
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respectively. These decreases in water contact angles indicated 
that the hydrophilicity of the membranes was improved [58]. 
Moreover, the contact angle of the PLLA/C/Ag film that 
underwent Ag nanoparticle grafting measured 63.2 ± 4.4◦, 
exhibiting a reduction of 16.2◦ compared to the contact 
angle of the PLLA/C/N film. This emphasizes the substantial 
improvement in the hydrophilicity of the grafted substance. 
Moreover, the utilization of XPS examination enabled the 
identification of C–N–H and C=N–C clusters on the PLLA/N 
nanofibrous membrane’s surface, exhibiting a nitrogen com-
position of 2.97%. Collectively, these results suggest that 
ammonia plasma treatment is a convenient and efficient 
method for introducing hydrophilic amino groups onto the 
surface of PLLA nanofibrous membranes. 

Enhancing the water affinity of PLLA membranes 
promotes the attachment, development and multiplication 
of dermal cells on the membranes [59]. To enhance the 
hydrophilicity of PLLA-based nanofibrous membranes, 
the surface of the membrane is typically subjected to 
chemical grafting or hydrolysis, which introduces new 
substances or damages the structure of the membrane 
to a certain extent [60,61]. However, ammonia plasma 
treatment offers a convenient and inexpensive approach that 
allows for the prompt introduction of hydrophilic groups 
without compromising the structure of the material [62,63]. 
According to the XRD results, a diffraction peak at 44.52◦, 
corresponding to the (200) crystallographic plane of the Ag 
face-centred cubic crystal structure [48], was observed in the 
PLLA/Ag and PLLA/C/Ag film samples but not in the samples 
of the PLLA and PLLA/C films, indicating the presence of 
AgNPs in the former PLLA films and further confirming 
the successful in situ chemical reduction of AgNO3 using 
tannic acid as the reducing agent. The large surface area 
of the nanofibrous membranes improves their interaction 
with tissue, enabling continuous drug release [64]. The burst 
release of curcumin in the initial stage can contribute to the 
anti-inflammatory effects of the membranes during the early 
stage of wound healing. We speculate that this burst release 
can be attributed to the surface distribution of curcumin 
in the membranes accomplished by air-jet spinning [65,66]. 
Furthermore, the release of AgNPs gradually increased, 
providing a certain bactericidal effect. This is likely due to the 
gradual release of AgNPs embedded in the PLLA membrane, 
which effectively mitigates their toxicity during the release 
process. Compared to a recent study [67], our loading and 
release processes are similar, but the concentration of released 
AgNPs is even lower, which may result in lower biological 
toxicity. 

The skin is constantly exposed to the external environment 
and needs to have good elasticity and mechanical properties 
to withstand daily activities. Therefore, wound dressings 
must possess sufficient mechanical and adhesive properties to 
meet these requirements. The PLLA/C/Ag membrane demon-
strates favourable mechanical properties, including flexibility 
and the ability to bend and fold, which can be adjusted 
based on the affected area. This membrane also exhibits 

significant water absorption ability, making it suitable for 
absorbing exudate from diabetic wounds. During the dia-
betic wound healing process, the exudation of tissue fluid is 
common, making the expansion capability of the biofilm cru-
cial. The PLLA/C/Ag membrane itself possesses a remarkable 
water absorption ability, with an absorption rate that initially 
increases and then gradually decreases. This membrane can 
expand up to 2–3 times its original volume, making it highly 
effective in absorbing exudate from the wound area. 

It is critical that wound dressings are biocompatible, as 
they need to be in close contact with body tissues. The 
excellent compatibility of the nanofibrous filters was proven 
through the growth and movement of cocultured NIH-3T3 
fibroblasts. The presence of AgNPs and curcumin, as well 
as the hydrophilicity of the membranes, played significant 
roles in promoting cell proliferation. AgNPs can have varying 
cytotoxicity depending on their size, surface properties and 
the cell line they are tested with, while curcumin is generally 
considered nontoxic to the body and various cell lines. One 
advantage of PLLA nanofibrous membranes is their ability to 
sustain the delivery of bioactive substances, preventing toxic 
effects due to overdose. The hydrophilicity of the membranes 
was greatly improved after ammonia plasma treatment. 
Moreover, the PLLA nanofibre sheets enclosing curcumin 
(PLLA/C and PLLA/C/Ag) greatly improved the migratory 
capacity of NIH-3T3 cells, in line with prior research. 
Overall, these findings strongly indicate that the PLLA 
nanofibrous membranes have minimal toxicity and can serve 
as highly biocompatible wound dressings to promote wound 
healing. 

Compared to other types of wounds, diabetic wounds have 
a slower healing process and tend to produce more exudates, 
which increase the risk of bacterial infection and delay wound 
healing [66]. Therefore, wound dressings for diabetic wounds 
should possess inherent antibacterial properties to prevent 
external bacterial infections, as the use of conventional antibi-
otics can contribute to bacterial resistance [68]. The excep-
tional antibacterial efficacy of the membranes produced in 
this study, both in vitro and in vivo, is attributed to the highly 
potent antibacterial properties of AgNPs. The antibacterial 
activity of AgNPs can be attributed to the following three 
elucidated mechanisms. First, AgNPs can penetrate the outer 
membrane of bacteria, increasing membrane permeability 
and leading to the leakage of cellular contents and ultimately 
cell death [69,70]. Second, AgNPs have an affinity for the sul-
fur or phosphorus groups present in intracellular components 
such as DNA and proteins, and thus the AgNPs can alter 
the structure and function of these components [50,71–73]. 
Third, the silver ions released from AgNPs can interact with 
cellular components such as membranes and nucleic acids 
[50,71–73]. Moreover, AgNPs embedded in wound dressings, 
such as hydrogels and nanofibrous membranes, can also 
exhibit bacteriostatic effects [72,73]. Although Pseudomonas 
aeruginosa is a common bacterium found in diabetic foot 
ulcers [74,75], we were unable to test the fabricated nanofi-
brous membranes against P. aeruginosa. However, a study
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by Pourmbarak Mahnaie et al. reported the effectiveness of 
AgNPs against P. aeruginosa [76]. 

Persistent hyperglycemia, infection and an activated 
immune system contribute to the build-up of ROS in diabetic 
wounds, resulting in heightened oxidative stress, prolonged 
inflammation and impaired wound healing [77]. The 
treatment of diabetic wounds can be improved by focusing 
on reducing oxidative stress, as suggested in a previous 
study [78]. Wound dressings that integrate antioxidants 
can scavenge ROS, promote enzymatic repair and activate 
metabolic pathways, thereby facilitating diabetic wound 
healing [79]. This study revealed that the inclusion of 
curcumin in the PLLA nanofibrous membranes exhibited 
a notable capacity to eliminate ROS in both the PLLA/C and 
PLLA/C/Ag groups. These membranes exhibited potential 
antioxidant effects, as supported by their ROS scavenging 
ability and the observed increase in SOD activity [79]. While 
PLLA nanofibrous membranes encapsulating AgNPs showed 
moderate antioxidant activity, the combination of AgNPs 
and curcumin did not exhibit synergistic antioxidant effects. 
These findings suggest that PLLA nanofibrous membranes 
may serve as effective wound dressings for diabetic wounds 
with elevated ROS levels. 

Macrophages have a vital function in the alteration of 
tissues and can display either proinflammatory (M1) or anti-
inflammatory (M2) characteristics [80]. Promoting the shift 
of macrophages from the proinflammatory M1 phenotype 
to the anti-inflammatory M2 phenotype is advantageous for 
the healing of persistent wounds [81]. Activation of Toll-
like receptor 4 by LPS leads to the release of inflammatory 
substances and the infiltration of macrophages that produce 
proinflammatory cytokines, thereby causing a delay in the 
healing process of wounds [82]. In this study, treatment 
with the PLLA/Ag, PLLA/A/C and PLLA/C/Ag membranes 
inhibited the expression of proinflammatory cytokines 
in macrophages and promoted macrophage polarization 
towards the M2 phenotype. These findings suggest that 
the PLLA/Ag, PLLA/A/C and PLLA/C/Ag membranes exert 
immunosuppressive effects by promoting M2 macrophage 
polarization, which may alleviate diabetic wounds and 
promote healing. 

Autophagy, a critical regulatory process in macrophage 
polarization, decreases inflammation [83]. Autophagy down-
regulates the inflammasome, which promotes the produc-
tion of active inflammatory cytokines during inflammation 
[84]. Previous research has reported that autophagy induced 
by cathepsins and IL-6 promotes M2 polarization, while 
inhibiting autophagy can restore Nuclear factor kappa-B 
(NF-κB) activity and stimulate M2 polarized macrophages 
to produce M1-like cytokines [18,85]. In this study, it was 
demonstrated that PLLA nanofibrous membranes can induce 
M2 macrophage polarization by activating autophagy. The 
modulation of autophagy and M2 polarization by the PLLA 
nanofibrous membranes may attenuate inflammation and 
facilitate wound healing. 

Delayed wound healing in diabetic patients is attributed to 
prolonged inflammation, impaired angiogenesis and delayed 
wound closure, with sustained inflammation playing a signif-
icant role in impairing early healing responses [86]. In diabetic 
wounds, resident macrophages tend to remain in the proin-
flammatory (M1) state for an extended period, highlighting 
the importance of promoting the M1-to-M2 phase transi-
tion for chronic wound healing [87]. Activating autophagy 
is a promising strategy for promoting macrophage polar-
ization towards the M2 phenotype and inhibiting inflam-
mation [88]. The findings of this research confirmed that 
autophagy is induced by PLLA nanofibrous membranes, as 
demonstrated by the transformation of LC3-I into LC3-II 
and the breakdown of P62. Furthermore, these membranes 
polarize macrophages towards the M2 phenotype and inhibit 
inflammation, and promote angiogenesis, granulation tissue 
formation, collagen deposition and epithelial cell formation. 
Modulating the activation of autophagy may be a mechanism 
through which these PLLA nanofibrous membranes promote 
diabetic wound healing. 

Conclusions 
In summary, our findings demonstrated that multifunctional 
immunomodulatory PLLA nanofibrous membranes have a 
significant therapeutic effect on wound healing in diabetic 
mice. This study proved that this therapeutic effect is achieved 
by inhibiting inflammation, oxidation and bacterial growth. 
Therefore, these multifunctional immunomodulatory PLLA 
nanofibrous membranes have the potential to effectively treat 
diabetic wounds. 
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