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A B S T R A C T

The colonization of bacterial pathogens is a major concern in wound infection and becoming a notable medical 
issue. Enrofloxacin (ENR) can be applied to treat skin infections, while poor water solubility and bioavailability 
limit its clinical application. Nanostructured lipid carriers (NLCs) enhance the solubility and bioavailability of 
drugs by encapsulating them, making them effective for the topical treatment of skin wound infections. Addi
tionally, to enhance treatment efficacy and further improve wound healing, silver nanoparticles (AgNPs) were 
attached to the aforementioned matrix, which also improved its colloidal stability and reduced toxicity. Herein, a 
scalable poly (vinyl alcohol) modified NLCs-based antibacterial platform was fabricated by high-pressure ho
mogenization method, to co-load ENR and AgNPs for treating the bacterial-infected wounds. The growth of 
common wound bacterial pathogens (Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa) was 
synergistically inhibited by released ENR and Ag+ from the poly (vinyl alcohol) modified enrofloxacin‑silver 
composite nano-emulsion (ENR@PVA-NLCs/AgNPs). In the in vivo wound model, the Staphylococcus aureus- 
infected wound in rat almost completely disappeared after treatment with ENR@PVA-NLCs/AgNPs, and no 
suppuration symptom was observed. Importantly, this nanoplatform had negligible side effects in vivo. Taken 
together, the above results strongly demonstrate the promising potential of ENR@PVA-NLCs/AgNPs as a syn
ergistic therapeutic agent for clinical wound infections.

1. Introduction

The skin is an essential part of the innate immune system, and pro
tects the human and animal body from external damage (Suo et al., 
2021). However, the skin is easily damaged by mechanical forces, 
leading to a loss of skin integrity and generating wounds. It’s worth 
noting that wounds are susceptible to bacterial pathogens, resulting in 
delayed healing, chronic wounds, septicemia, or even systemic inflam
matory response syndrome, which has become a notable medical threat 
and caused immense financial burden to healthcare systems worldwide 
(Yang et al., 2021; Zheng et al., 2022).

Traditionally, antibiotics have been the mainstay in treating wound 

infections (Dubourg et al., 2017). Enrofloxacin (ENR), a fluoroquinolone 
antibiotic, has broad-spectrum antibacterial activity and is widely 
applied to treat bacterial infection in livestock, poultry and pet 
(Ruennarong et al., 2016). However, the poor solubility and rapid 
metabolism limit its clinical application. The need for repeated high 
doses in clinical settings can lead to significant side effects and 
contribute to drug resistance. To improve its solubility and sustained 
release and realize doses decreasing and efficacy increasing, scientists 
have developed many innovative enrofloxacin-based nano formulations 
in recent years (Liang and Chen, 2022; Liu et al., 2021; Meng et al., 
2020). For instance, Paudel et al. synthesized polymer-based nano
particles of poly (lactide-co-glycolide) (PLGA) and lignin-graft-PLGA 
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loaded with ENR, and found the nanoparticles presented better bacterial 
infection treatment and prevention efficacy (Paudel et al., 2021). Tao 
et al. developed an ENR-loaded solid lipid nanoparticle suspension as 
oral and intramuscular sustained release formulations for pig and 
enhance the bioavailability of ENR (Tao et al., 2019). However, studies 
on topical formulations of ENR for infected wound healing are relatively 
scarce (Liang and Chen, 2022; Luo et al., 2023), and complex prepara
tion processes and high costs limit their clinical potential. Hence, the 
development of a novel topical formulation of ENR with a simple and 
cost-effective synthesis process is urgent to treat wound bacterial 
infection.

Nanostructured lipid carriers (NLCs) are widely used to encapsulate 
drugs to improve solubility and bioavailability (Gao et al., 2021). These 
carriers are also suitable delivery systems for the topical treatment of 
skin diseases (Gainza et al., 2014). Moreover, their small particle size 
and lipidic composition ensure close contact between the nanoparticles 
and the skin, the release of the encapsulated drugs in a controlled 
manner, and an increase in their residence time in the skin (Gokce et al., 
2012). What’s more, our previous report showed that NLCs could be 
scaled up by high-pressure homogenization technique (Xu et al., 2024), 
together with the lack of organic solvents, and lower production cost, 
which enable the possibility of commercialization (Khairnar et al., 
2022). Above characteristics make the use of NLCs as drug delivery 
systems an available strategy for treating infected wounds.

It is well-known that nanoparticle’s surface chemical properties can 
also influence its therapeutic efficacy, except for particle size and 
morphology (Du et al., 2018). The surface modification of nanoparticle 
can enhance the stability of delivery carrier and the bioavailability of 
encapsulated drug (Bochicchio et al., 2021). Poly (vinyl alcohol) (PVA), 
a water-soluble polymer that has widely been used as a component of 
biomaterials, including wound dressings (Khutoryanskiy, 2018), based 
on its mechanical properties, emulsifying, good compatibility and 
biodegradability in human and animal tissues and fluids (Rolim et al., 
2019).

In addressing the complexities of wound environments, designing 
antibacterial dressings demands a targeted approach for synergistic 
treatments (Ibraheem et al., 2024; Ibraheem et al., 2022; Jawad et al., 

2024; Li et al., 2022). Silver is famous for its potent antibacterial 
properties, and it has been used in different forms like metallic silver, 
silver nitrate, silver sulfadiazine for treating bacterial infections in 
wounds (Rai et al., 2009). Among them, silver nanoparticles (AgNPs) 
have better scarless wound healing capacity (Jiji et al., 2020). AgNPs 
were also recently demonstrated to have the feature of enhanced 
epidermal re-epithelialization (Liu et al., 2010). In particular, AgNPs 
were found to improve inflammatory cell infiltration, fibroblast prolif
eration and new collagen synthesis on injured animal tissues (Pallavicini 
et al., 2017). However, fast ions release, narrow safety range, and poor 
stability limit their applications (Lee and Jun, 2019). Attaching or 
embedding AgNPs into organic/inorganic matrix is an excellent strategy 
to endow them with enhanced colloidal stability and reduced toxicity 
(He et al., 2022; Pang et al., 2024).

In this work, poly (vinyl alcohol) modified NLCs loaded ENR and 
AgNPs ((poly (vinyl alcohol) modified enrofloxacin‑silver composite 
nano-emulsion, ENR@PVA-NLCs/AgNPs) was prepared by high pres
sure homogenization for synergistically inhibiting bacterial prolifera
tion and promoting wound healing (Scheme 1). In vitro, the released 
ENR and Ag+ from ENR@PVA-NLCs/AgNPs could enhance the bacte
ricidal effect. In vivo, ENR@PVA-NLCs/AgNPs showed excellent bacteria 
killing activity, promoting wound healing, and good biocompatibility in 
an S. aureus-infected wound model. Therefore, the antibacterial nano
platform, ENR@PVA-NLCs/AgNPs, might be a promising wound dres
sing for skin infection treatment.

2. Experimental sections

2.1. Materials

Ganoderma extract (Ge, Ganoderma lucidum polysaccharide, 80 %) 
and silver nitrate were purchased from Ci Yuan Biotechnology Co., Ltd. 
(Xi’an, China) and Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China), respectively. Glycerol monolaurate (GML), oleic acid (OA), 
decaglycerol decastearate, poly (vinyl alcohol) 1788 were obtained from 
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Enro
floxacin (ENR, MW: 359.40) was provided by Huijiecheng 

Scheme 1. Schematic illustration of the antibacterial nanoplatform of enrofloxacin‑silver composite nano-emulsion (ENR@PVA-NLCs/AgNPs) for synergistically 
promoting wound healing.
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Biotechnology Co., Ltd. (Nanjing, China). Müller-Hinton (MH) and 
Luria-Bertani (LB) medium were purchased from Haibo Biological Co., 
Ltd. (Qingdao, China). Escherichia coli (E. coli ATCC 25922), Staphylo
coccus aureus (S. aureus ATCC 29213) and Pseudomonas aeruginosa 
(P. aeruginosa ATCC 9027) were preserved in our laboratory. Cells from 
the BJ human skin fibroblast cell line was obtained from the Chinese 
Academy of Sciences Typical Culture Preservation Committee cell bank 
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10 % 
fetal bovine serum (FBS) at 37 ◦C with 5 % CO2.

2.2. Synthesis of silver nanoparticles

The silver nanoparticles (AgNPs) were synthesized by a biological 
method, referring to the previous study we reported with some modi
fication (Gong et al., 2023). In this work, a Ganoderma extract (Gano
derma lucidum polysaccharide, 80 %) was prepared using hot water 
extraction method, which served as both a reducing and capping agent 
for the synthesis of AgNPs. In a three-necked round-bottomed flask, 3 g/ 
L of Ge solution was heated up to 90 ◦C under magnetic stirring, and 
then an equal volume of AgNO3 solution (4 mM) was rapidly poured in 
for 4 h.

2.3. Preparation of poly (vinyl alcohol) modified enrofloxacin‑silver 
composite nano-emulsion (ENR@PVA-NLCs/AgNPs)

The ENR@PVA-NLCs/AgNPs were prepared according to high- 
pressure homogenization methods. As shown in Scheme 1A, 0.25 g of 
ENR, 0.6 g of GML, and 0.4 g of OA were mixed at 500 rpm, 80 ◦C to 
obtain the oil phase. The poly (vinyl alcohol) 1788 solution (1 %, w/v) 
containing decaglycerol decastearate was heated at 80 ◦C under mag
netic stirring. Then, the oil phase was promptly transferred into the 
above-mentioned poly (vinyl alcohol) 1788 solution. Subsequently, the 
mixture was emulsified by a High Shear Dispersion Emulsifying Machine 
(FM200, IKA, Staufen, Germany) at 15000 rpm for 5 min. The obtained 
pre-emulsion was circulated five times in a High-Pressure Homogenizer 
(AH-BASIC, IS, Suzhou, China) at 700 bar, and the hot homogenized 
emulsion was dispersed into an equal volume of pre-cooling AgNPs 
under high-shear conditions for 1 min. Finally, the mixture was kept in 
an ice bath for 10 min to solidify the particles and obtain ENR@PVA- 
NLCs/AgNPs.

2.4. Characterization of ENR@PVA-NLCs/AgNPs

2.4.1. Transmission electron microscopy (TEM)
The morphology of AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/ 

AgNPs was observed by transmission electron microscopy (TEM; H- 
7650, Hitachi, Tokyo, Japan). Briefly, the diluted samples were dropped 
onto 200-mesh copper grids. After drying, the samples were negatively 
stained for 2 min using a 2 % (w/v) phosphotungstic acid solution. The 
dried samples were then subjected to TEM analysis.

2.4.2. Scanning electron microscopy (SEM)
The AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs aqueous 

solution was dropped on the silicon wafer, air-dried and then Pt was 
sputtered on its surface. Scanning electron microscopy (SEM; SU8600, 
Hitachi, Tokyo, Japan) were used to observe the morphology of 
nanoparticles.

2.4.3. Hydrodynamic diameter, polydispersity index, and zeta potential
The hydrodynamic diameter, polydispersity index and zeta potential 

of AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs were deter
mined by a Zetasizer Nano ZSE (Malvern Instruments, Worcestershire, 
UK). The diluted samples were measured with scattering angles of 90◦ at 
25 ◦C.

2.4.4. Fourier transform infrared spectroscopy (FT-IR)
Fourier transform infrared (FT-IR) spectra were recorded using an IR 

Spirit instrument (Shimadzu, Japan). Prior to conducting FT-IR, the 
lyophilized powder of AgNPs, PVA-NLCs, ENR@PVA-NLCs and 
ENR@PVA-NLCs/AgNPs were mixed with KBr at a ratio of 1:150 and 
pressed into a pellet using a high-pressure hydraulic machine. The 
infrared scanning wave numbers were from 4000 to 500 cm− 1.

2.4.5. X-ray diffraction
The crystalline structure of Ge, AgNPs, ENR, PVA-NLCs, ENR@PVA- 

NLCs and ENR@PVA-NLCs/AgNPs was determined with X-ray diffrac
tion (XRD) patterns by a MiniFlex 600 instrument (Rigaku, Japan). 
Briefly, the aforementioned samples were placed in a crucible and 
compacted on a glass slide. Subsequently, XRD equipped with a Cu/Kα 
radiation source was performed at 4◦/min in the scanning range of 5◦ ~ 
50◦ under the conditions of 40 kV/40 mA.

2.4.6. UV–visible spectroscopy
Ultraviolet-visible spectrophotometry (UV-1900, Shimadzu, Japan) 

was used in the wavelength between 200 and 700 nm to analyze the UV 
spectral spectrum of the PVA-NLCs, ENR@PVA-NLCs, AgNPs and 
ENR@PVA-NLCs/AgNPs.

2.4.7. Rheological test
The viscosity of undiluted emulsions (PVA-NLCs, ENR@PVA-NLCs 

and ENR@PVA-NLCs/AgNPs) was measured using a rheometer 
(HAAKE MARS, Thermo Electron Corp., Germany). The measurements 
were carried out at 25 ◦C using the coaxial cylinder sensor (DG41). The 
flow behavior, shear stress and viscosity measures were determined by 
applying a continuous variation in the shear rate from 0.01 to 1000 s− 1 

(upward, downward and upward ramp). Newton’s model (Eq. (1)) was 
adjusted to the rheological data. 

τ = η γ (1) 

where τ is the shear stress (mPa); η is the absolute viscosity (mPa⋅s); and 
γ is the shear rate (s− 1).

2.5. Encapsulation efficiency and drug loading of ENR@PVA-NLCs/ 
AgNPs

The encapsulation efficiency and drug loading of ENR@PVA-NLCs/ 
AgNPs was determined by the ultrafiltration centrifugation and UV 
spectrophotometry. Briefly, 0.5 mL of 1:10 diluent by 0.1 M NaOH 
(solubilize free/unencapsulated ENR) was put into the inner chamber of 
ultrafiltration centrifugal tube (MWCO: 100 kDa, Millipore, USA), fol
lowed by centrifugation at 5000 rpm for 20 min at 4 ◦C using a centri
fuge (3 K15, Sigma, Germany). The filtrate in the outer chamber was 
diluted and determined as the amounts of free ENR. Moreover, 
ENR@PVA-NLCs/AgNPs diluent was ultrasonically demulsified and 
centrifuged for 10 min, then the supernatant was analyzed by UV 
spectrophotometry to obtain the total amount of ENR. The computa
tional formula of the encapsulation efficiency (2) and drug loading (3) is 
as follows: 

Encapsulation efficiency =

(1 − the amounts of free ENR/the total amount of ENR) × 100%
(2) 

Drug loading =

(the total amount of ENR/the total weight of emulsion) × 100%
(3) 

2.6. In vitro release of ENR and Ag+ from ENR@PVA-NLCs/AgNPs

3 mL of ENR@PVA-NLCs/AgNPs were transferred into a dialysis bag 
(MWCO: 8000–14,000 Da, Yuanye Bio-Technology Co., Ltd., Shanghai, 
China) and kept in PBS (pH 7.2, 500 mL) on a shaking table at 37 ◦C for 
24 h. After 5 mL of PBS was collected at different time points (0.5 h, 1 h, 
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2 h, 4 h, 8 h, 12 h, 24 h), 5 mL of fresh PBS was added to keep the so
lution volume constant. The release efficiency of ENR was measured by 
UV–vis at 271 nm, and the content of Ag+ was determined by atomic 
absorption spectroscopy (novAA350, Analytik Jena AG, Germany).

2.7. In vitro antibacterial activity

The antibacterial activity of ENR@PVA-NLCs/AgNPs was deter
mined by the minimal inhibitory concentration (MIC) and minimal 
bactericidal concentration (MBC). Briefly, Ge, AgNPs, ENR, PVA-NLCs, 
ENR@PVA-NLCs, and ENR@PVA-NLCs/AgNPs were serially diluted 
with MH media and mixed with bacterial suspension (106 CFU/mL). The 
cultures were incubated for 24 h at 37 ◦C. The lowest dose without 
visible bacterial growth was defined as the MIC. Then the incubated 
cultures were swabbed on agar plates and incubated for 24 h. The lowest 
dose without bacterial growth was recorded as the MBC. Further, an 
Oxford cup assay was performed. Inoculums were adjusted to 106 CFU/ 
mL, followed by uniform spreading on agar plates. 1 × MIC of AgNPs, 
ENR@PVA-NLCs, and ENR@PVA-NLCs/AgNPs were added to the cups. 
The inhibition zones were observed after 24 h of incubation. To inves
tigate the growth kinetics of E. coli, S. aureus and P. aeruginosa in the 
presence of ENR@PVA-NLCs/AgNPs, 0.5 × MIC of the ENR@PVA- 
NLCs/AgNPs were added to the bacterial suspension (106 CFU/mL). 
Bacterial growth was monitored using absorbance (OD600) measure
ments hourly with a microplate reader (Infinite M200 Prо, Tecan, 
Switzerland). In addition, to further explore the disruption effect of 
ENR@PVA-NLCs/AgNPs against bacterial cell walls, scanning electron 
microscopy (SEM; SU8010, Hitachi, Japan) were performed. Briefly, 
E. coli and S. aureus in the logarithmic phase was treated with a 2 × MIC 
dose of AgNPs, ENR@PVA-NLCs, and ENR@PVA-NLCs/AgNPs for 4 h, 

followed by centrifugation for 8 min at 5000 rpm. The supernatant was 
removed, and bacterial samples were washed, dehydrated, and dried for 
morphological observation.

2.8. Checkerboard titration for synergy testing

According to broth microdilution (Park et al., 2023), checkerboard 
titrations were performed to assess for synergy between ENR@PVA- 
NLCs and AgNPs against E. coli, S. aureus and P. aeruginosa. Concentra
tions of ENR@PVA-NLCs and AgNPs were varied using twofold serial 
dilutions according to their MIC against the respective bacteria. After 
the treatment, wells were observed visually and recorded for any visual 
growth. The clear wells as compared to growth controls were considered 
as combinations that against bacteria. Synergy was evaluated by 
calculating the fractional inhibitory concentration (FIC) index according 
to following formulas (4), (5) and (6): 

FICAgNPs = (MIC of ENR@PVA − NLCs/AgNPs combination)
÷(MIC of AgNPs alone)

(4) 

FICENR@PVA− NLCs = (MIC of ENR@PVA − NLCs/AgNPs combination)
÷(MIC of ENR@PVA − NLCs alone)

(5) 

FIC index = FICAgNPs +FICENR@PVA− NLCs. (6) 

FIC index values ≤ 0.5 correspond to synergy, FIC index between 0.5 
and 1 corresponds to additive, FIC index values between 1 and 4 
correspond to indifference, and FIC index>4 corresponds to antagonism.

Fig. 1. Morphological and DLS characterization of ENR@PVA-NLCs/AgNPs. TEM images and appearance (insert) of AgNPs (A), ENR@PVA-NLCs (B) and ENR@PVA- 
NLCs/AgNPs (C). SEM images of AgNPs (D), ENR@PVA-NLCs (E) and ENR@PVA-NLCs/AgNPs (F). (G) Hydrodynamic diameter and zeta potential of ENR@PVA- 
NLCs/AgNPs. Particle size (H) and zeta potential (I) distribution of ENR@PVA-NLCs/AgNPs.
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2.9. Cell viability assay

CCK-8 test kit (Biosharp, Hefei, China) was utilized to examine the 
cell viability in the various treatment (PVA-NLCs, AgNPs, PVA-NLCs/ 
AgNPs, ENR@PVA-NLCs, and ENR@PVA-NLCs/AgNPs). Firstly, BJ 
cells were adjusted to a density of 5000 cells per well and incubated for 
24 h. Then the medium was changed to a different concentration of 
above-mentioned treatment. After culture for 24 h, 10 vol% CCK-8 were 
added to each well and incubated at 37 ◦C for 1.5 h, the absorbance at 
450 nm (OD450) was measured using a microplate reader (Infinite M200 
Pro, Tecan, Switzerland). And the cell viability was calculated according 
to the following formula (7): 

Cell viability = (ODtreated − ODblank)/(ODuntreated − ODblank) × 100%
(7) 

2.10. In vitro wound healing

The in vitro wound healing assay was performed referring to the 
previous study with some modification (Zuo et al., 2024). BJ cells (105 

cells/well) were seeded into six-well plates and incubated for 24 h. Af
terward, a straight-line scratch was made utilizing a 200-μL micropi
pette tip. Subsequently, debris was washed with PBS, and fresh DMEM 
containing 1 % FBS was added to the cells. As for experimental group, 
the medium contains PVA-NLCs, ENR@PVA-NLCs, AgNPs and 
ENR@PVA-NLCs/AgNPs, respectively. After 0 and 24 h, the scratch 
wound areas were photographed utilizing an inverted phase-contrast 
microscope (Leica DMi8, Wetzlar, Germany) and analyzed by ImageJ 
software. A0 is the area of the initial scratch, and A24 is the area after 
treatment for 24 h. The migration rate was quantified by the formula (8): 

Fig. 2. Characterization of ENR@PVA-NLCs/AgNPs. (A) UV–vis spectrum of ENR@PVA-NLCs/AgNPs. (B) Shear viscosity of ENR@PVA-NLCs/AgNPs. (C) FTIR 
spectrum of ENR@PVA-NLCs/AgNPs. (D) XRD patterns of ENR@PVA-NLCs/AgNPs. (E) The release curves of ENR during a duration of 24 h, **indicates P < 0.01 vs 
ENR@PVA-NLCs/AgNPs and ENR@PVA-NLCs group. (F) The released content of Ag+ at 24 h.
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Migration rate (%) = (A0 − A24)/A0 ×100% (8) 

2.11. In vivo wound healing evaluation

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of Nanjing Agricultural University and comply 
with all ethical regulations. The Sprague-Dawley male rats (200 ± 20 g) 
were acclimatized into the experimental setting for a week. A circular 
skin wound of 2.0 cm in diameter was established on the back of rat 
using a scalpel after it was anesthetized by the inhalation of isoflurane. 
Then 200 μL of S. aureus suspension (108 CFU/mL) was added to the 
wound surface. Three days later, the rats were randomly divided into 
five groups (n = 6), 40 μL of PBS, PVA-NLCs, AgNPs, ENR@PVA-NLCs, 
and ENR@PVA-NLCs/AgNPs was applied evenly to the infected wound 
before covering it with a disposable retention film and then medical 
gauze dressing to secure it. The wounds were photographed for up to 9 
days. To evaluate the in vivo antibacterial activity of ENR@PVA-NLCs/ 
AgNPs, 50 mg of wound tissues were collected, crushed, and spread 
on the Tryptone Soy Agar (TSA) plates. Moreover, the wound tissues 
were excised and processed into Hematoxylin-eosin (HE) and Masson- 
stained sections for histological evaluation. To study the expression 
level of Collagen III, transforming growth factor-β (TGF-β), and vascular 
endothelial growth factor (VEGF) in infected wound sites, immunohis
tochemical staining method was applied and the obtained results were 
quantified using Image J software.

2.12. Statistical analysis

The experimental data are expressed as Mean ± SD. Statistical 
comparisons were performed by SPSS 19.0 software. One way ANOVA 
followed by Tukey’s multiple comparison tests (post-hoc tests) was used 
for all experimental calculation. Differences with one same letter of the 
label are not significant (P > 0.05), and differences with different letters 
of the label are significant (P < 0.05).

3. Results and discussion

3.1. Characterization of ENR@PVA-NLCs/AgNPs

The resulting AgNPs exhibited a spherical morphology with the size 
of 17.40 ± 7.66 nm (Fig. 1A), and the appearance of AgNPs solution was 
reddish-brown, which is different from the light-yellow Ge solution 
(Gong et al., 2023). In addition, ENR@PVA-NLCs/AgNPs and 
ENR@PVA-NLCs had a near spherical structure with similar size, 
consistent with dynamic light scattering (DLS) results (Fig. 1B–C&G–H). 
However, the appearance of ENR@PVA-NLCs/AgNPs was different from 
that of ENR@PVA-NLCs. And the former is light-brown, the latter is 
white. Scanning electron microscopy (SEM) images revealed that the 

ENR@PVA-NLCs exhibited a smooth surface structure and was similar to 
previous reports (Saghafi et al., 2021; Song et al., 2016; Trucillo et al., 
2022). The morphology of AgNPs was spherical aggregation and dis
played a rough surface structure. Importantly, we found that the ag
gregations of AgNPs was on the surface of ENR@PVA-NLCs, 
preliminarily confirming the successful fabrication of ENR@PVA-NLCs/ 
AgNPs (Fig. 1D–F). In terms of zeta potential, AgNPs, ENR@PVA-NLCs, 
and ENR@PVA-NLCs/AgNPs exhibited different zeta potentials of − 7.68 
± 0.62 mV, − 37.14 ± 0.46 mV, and − 36.00 ± 0.20 mV respectively 
(Fig. 1G&I).

To further validate the successful synthesis of ENR@PVA-NLCs/ 
AgNPs, ultraviolet spectral analysis was conducted. The results 
demonstrate that PVA-NLCs did not exhibit apparent absorption peak, 
and ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs both exhibit ab
sorption peaks at 271 and 314 nm, which aligns with the characteristic 
absorption peaks of ENR as reported in literature (Lizondo et al., 1997). 
It is noteworthy that the distinctive peak of AgNPs emerges at 402 nm, 
and the weak peak of ENR@PVA-NLCs/AgNPs emerges at 411 nm 
(Fig. 2A), which both attribute to the presence of nano‑silver (Prathna 
et al., 2011) and indicate that the majority of AgNPs were incorporated 
in ENR@PVA-NLCs. Notably particularly, a temperature sensitivity was 
observed in ENR@PVA-NLCs/AgNPs at a phase transition temperature 
with 4 ◦C (solid state) and 30 ◦C (liquid state) (Fig. S1). According to 
Fig. 2B, the apparent viscosities of nano-emulsions decreased with the 
increase of shear rate, showing the phenomenon of shear thinning, 
which belonged to a pseudoplastic fluid (non-Newtonian fluid). Signif
icantly, the viscosity of PVA-NLCs increased after the addition of ENR, 
which is due to an enhancement in the forces that interact with the 
constituents. And ENR@PVA-NLCs/AgNPs had a lowest viscosity, 
ensuring ease of application and spreadability on the skin (Mahadev 
et al., 2025). The FT-IR spectra of ENR@PVA-NLCs/AgNPs and its in
dividual components was showed in Fig. 2C. In the spectrum of AgNPs, 
the characteristic peaks at 1629 and 1419 cm− 1 for Ge disappeared, and 
new peak at 1596 cm− 1 were displayed, which may be attributed to the 
interaction between AgNPs with C––O functional groups (1629 cm− 1) of 
Ge. Besides, ENR showed broad O–H stretching bands at 2968, 2830 
cm− 1 which indicates the presence of carboxylic acid (Kumar et al., 
2014). And the characteristic peak at 1629 cm− 1was attributed to C––O 
stretching absorption (Kumar et al., 2014). Through the comparison 
with the FTIR spectra of ENR, ENR@PVA-NLCs and ENR@PVA-NLCs/ 
AgNPs, the FTIR spectrum of ENR@PVA-NLCs and ENR@PVA-NLCs/ 
AgNPs showed the adsorption peak at 1729–1724 cm− 1, which moved 
to higher frequencies with reduced intensities and the disappeared peaks 
at 1629 cm− 1, indicated that ENR are encapsulated in NLCs and the 
successful preparation of ENR@PVA-NLCs and ENR@PVA-NLCs/ 
AgNPs. In Fig. 2D, the pattern of Ge exhibited amorphous nature 
without characteristic peak, whereas AgNPs were shown to be in crys
talline form, and Bragg reflections were observed. Four distinct 

Fig. 3. The storage stability of ENR@PVA-NLCs/AgNPs. The hydrodynamic diameters (A), zeta potentials (B) and polydispersity indices (C) of ENR@PVA-NLCs/ 
AgNPs at different temperatures and times. *indicates P < 0.05 vs Control (4 ◦C, 0 day) group, **indicates P < 0.01. #indicates P < 0.05 vs Control (25 ◦C, 0 
day) group, ##indicates P < 0.01. △indicates P < 0.05 vs Control (40 ◦C, 0 day) group, △△indicates P < 0.05.
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Fig. 4. In vitro antibacterial activity of ENR@PVA-NLCs/AgNPs. The MIC (A) and MBC (B) of ENR@PVA-NLCs/AgNPs against E. coli, S. aureus and P. aeruginosa. (C) 
FIC indices to assess synergy between AgNPs and ENR@PVA-NLCs. (D–F) Oxford cup assay. (G–I) Growth monitoring curves. (J–L) Antibacterial ratio of 0.5 MIC of 
ENR@PVA-NLCs/AgNPs. Differences with one same letter of the label are not significant (P > 0.05), and differences with different letters of the label are significant 
(P < 0.05). (M) SEM images of bacterial morphological upon ENR@PVA-NLCs/AgNPs treatment.

J. Gong et al.                                                                                                                                                                                                                                    



International Journal of Pharmaceutics: X 9 (2025) 100330

8

diffraction peaks located at 37.83◦, 45.82◦, 64.18◦ and 76.40◦ were 
assigned to the (111), (200), (220) and (311) planes, respectively, cor
responded to the planes of the face-centered cubic (FCC) crystal lattice 
of metallic silver (JCPDS No. 04-0783) (Siddique et al., 2024). More
over, the pattern of ENR displayed diffraction peaks at 7.11◦, 9.60◦ and 
14.52◦, indicating that ENR was a crystalline structure. In the pattern of 
ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs, the above characteristic 
diffraction peaks of ENR were weakened or disappearing, indicating a 
structure change of the ENR in the NLCs. And the diffraction peaks of 
AgNPs also disappeared in ENR@PVA-NLCs/AgNPs. Furthermore, the 
diffraction pattern of the PVA-NLCs matched the ENR@PVA-NLCs and 
ENR@PVA-NLCs/AgNPs, showing that the ENR and AgNPs were 
encapsulated in the NLCs. Encapsulation efficiency (EE) and drug 
loading (DL) are important indexes to evaluate the quality of drug car
riers (Wang et al., 2017). In this study, the standard curve of ENR was 
firstly established by ultraviolet-visible spectroscopy (UV–Vis) method 
(Fig. S2), then calculated EE and DL of ENR@PVA-NLCs/AgNPs were 
80.66 ± 4.59 % and 1.21 ± 0.07 %, respectively. Notably, the amount of 
ENR in ENR@PVA-NLCs/AgNPs was 12.40 ± 0.68 mg/mL, which is 
much higher than the solubility of ENR in pure water (<0.5 mg/mL) 
(Lizondo et al., 1997), indicating that PVA-NLCs could improve the 
solubility of ENR. As shown in Fig. 2E, the cumulative release rate of the 
ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs from 0 to 24 h was 
similar and lower than that of ENR, demonstrating the slow-release 
characteristic of the ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs. In 
terms of the release of Ag+, the released silver content of ENR@PVA- 

NLCs/AgNPs in PBS for 24 h was 0.282 ± 0.014 μg/mL and less than 
that of AgNPs (Fig. 2F), indicating that embedding AgNPs into NLCs 
endow them with controlled release of silver ions and thus reduced 
potential toxicity.

The stability of nanomedicine is a critical factor for effective bio
logical application (Shakeel and Ramadan, 2010). In this study, the 
storage stability of ENR@PVA-NLCs/AgNPs were evaluated, based on 
desired characteristics such as hydrodynamic diameter (HD), poly
dispersity index (PDI) and zeta potential. We found that ENR@PVA- 
NLCs/AgNPs had the optimal storage stability at 25 ◦C during the 
storage period of 90 days (Fig. 3).

3.2. In vitro antibacterial activity of ENR@PVA-NLCs/AgNPs

Ge and PVA-NLCs had no antibacterial activity within the set con
centration range (not shown), while the MICs of AgNPs against above 
bacteria was 2–4 μg/mL, and the MBCs ranged from 8 to 32 μg/mL 
(Fig. 4A–B). Besides, ENR had more potent antibacterial activity than 
AgNPs, and the MICs of ENR ranged from 0.125 to 0.5 μg/mL, which was 
similar to the MBCs. It is noteworthy that the MICs of ENR@PVA-NLCs 
and ENR@PVA-NLCs/AgNPs was neck and neck (Fig. 4A), and they are 
almost both lower than that of ENR, indicating the more potent anti
bacterial activity. Considering in vitro drug release property, the 
encapsulation of ENR by NLCs could achieve doses decreasing and 
antibacterial efficacy increasing. To investigate the antimicrobial syn
ergy between ENR@PVA-NLCs and AgNPs in ENR@PVA-NLCs/AgNPs, 

Fig. 5. In vitro wound healing activity of ENR@PVA-NLCs/AgNPs. (A) Cytotoxicity of AgNPs, PVA-NLCs/AgNPs, ENR@PVA-NLCs, and ENR@PVA-NLCs/AgNPs in 
BJ cells. **indicates P < 0.01 between AgNPs vs PVA-NLCs/AgNPs group. And ##indicates P < 0.01 between ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs group. 
(B) Microscopic images of cell migration captured after 24 h of treatment with ENR@PVA-NLCs/AgNPs. (C) The effect of ENR@PVA-NLCs/AgNPs on migration of BJ 
cells. Differences with one same letter of the label are not significant (P > 0.05), and differences with different letters of the label are significant (P < 0.05).
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the fractional inhibitory concentration (FIC) index was quantified. In 
Fig. 4C and Tables S1–S3, synergy between ENR@PVA-NLCs and AgNPs 
was observed. The synergistic activity of the ENR@PVA-NLCs/AgNPs 
demonstrates the promise of combination therapy through lipid 
nanoparticle-assisted delivery of ENR and AgNPs. To further verify the 
antibacterial efficacy of ENR@PVA-NLCs/AgNPs, Oxford cup assay was 
performed. An obvious inhibition zone was noted with AgNPs, 
ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs, demonstrating their 
powerful antibacterial potential (Fig. 4D–F). Notably, ENR@PVA-NLCs 
and ENR@PVA-NLCs/AgNPs had stronger antibacterial efficacy. To 
further quantify the synergistic antibacterial activity, the bacterial 

growth curves were performed, we found that 0.5 MIC of ENR@PVA- 
NLCs/AgNPs had more potent inhibitory effect, compared to treat
ments with 0.5 MIC of AgNPs or ENR@PVA-NLCs (Fig. 4G–L). This 
progression in antibacterial activity highlights the enhanced bioavail
ability and efficacy of ENR@PVA-NLCs and underscores the potent 
synergism achieved by incorporating AgNPs. Last, scanning electron 
microscopy (SEM) was employed to observe the morphology of bacteria 
treated with various nanoparticles. The results revealed that E. coli and 
S. aureus in the control group maintained their original rod-shaped and 
round-shaped structures with smooth surfaces; however, upon treat
ment with AgNPs, ENR@PVA-NLCs, and ENR@PVA-NLCs/AgNPs, all 

Fig. 6. In vivo wound healing efficacy of ENR@PVA-NLCs/AgNPs. (A) Schematic illustration of the establishment of wound infection model and the overall 
experimental process. (B) The photographs and of S. aureus-infected skin wound treated with ENR@PVA-NLCs/AgNPs. (C) The change of skin wound area. (D) 
Closure rate of infected wounds on day 9. (E) Representative colony formation plates. Differences with one same letter of the label are not significant (P > 0.05), and 
differences with different letters of the label are significant (P < 0.05). (F) The quantitative results of plate colony forming unit counts. **indicates P < 0.01.
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groups exhibited significant changes in bacterial morphology - partic
ularly evident in E. coli and S. aureus from the group treated with 
ENR@PVA-NLCs/AgNPs which displayed severe rupture (Fig. 4M). The 
SEM images of bacteria directly demonstrated the remarkable syner
gistic antibacterial efficacy of ENR@PVA-NLCs/AgNPs, exhibiting su
perior bactericidal potency compared to AgNPs and ENR@PVA-NLCs. 
The enhanced antimicrobial efficacy can be attributed to chelation- 
mediated interactions between hydroxyl groups in ENR and AgNPs, 
forming a stable ENR-AgNPs conjugate. This hybrid nanostructure 
consists of a metallic silver core encapsulated by enrofloxacin molecules 
through coordination bonding, which facilitates targeted accumulation 
of antimicrobial agents at the infection site and amplifies bactericidal 
potency (Li et al., 2005). In addition, in view of the fact that microor
ganisms have been reported to develop resistance to ENR with AgNPs 
(Gunawan et al., 2017; Panácek et al., 2018; Sobkowich et al., 2025; 
Teichmann et al., 2025), future studies are needed to investigate 
whether ENR@PVA-NLCs/AgNPs induce bacterial resistance.

3.3. In vitro wound healing study

To assess the clinical application potential, cytotoxicity of 
ENR@PVA-NLCs/AgNPs was evaluated by CCK-8 assay against BJ cells 
in vitro. As shown in Fig. 5A, the viability of BJ cells incubated with 
AgNPs, PVA-NLCs/AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/ 
AgNPs decreased in a dose-dependent manner, while those cells incu
bated with PVA-NLCs exhibited no cytotoxicity even when exposed to 
concentrations up to 25 μg/mL. It is worth noting that PVA-NLCs/AgNPs 
have better biocompatibility than AgNPs at 40 and 80 μg/mL, which 
indicate PVA-NLCs lowered the toxicity of AgNPs and is also the key 
benefit of PVA-NLCs, compared with many similar reports (Feng et al., 
2019; Shao et al., 2015; Torres-Mendieta et al., 2022; Wijesundera et al., 
2022; Xiong et al., 2022). We attributed this phenomenon to the slow- 
release behavior of Ag ions (Fig. 2F). Panášek et al. also reported 
similar results in their investigations where silver covalently bound to 
cyanographene (GCN/Ag) showed an enhanced cell viability as 

Fig. 7. The HE staining (A) and Masson’s trichrome staining (B) of skin wounds after different treatments on day 0, 3, 6 and 9.
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compared to AgNPs colloids (Panacek et al., 2021). In addition, we 
observed that upon increasing the ENR concentration of ENR@PVA- 
NLCs and ENR@PVA-NLCs/AgNPs from 1.56 to 25 μg/mL, the cell 
viability was reduced to <90 %. And the ENR@PVA-NLCs and 
ENR@PVA-NLCs/AgNPs at 0.78 μg/mL do not affect cell viability, 
indicating their good biocompatibility at their MIC.

One of the crucial criteria of an ideal wound dressing is enhancement 
of epidermal migration (Mohanty et al., 2023). The effect on migration 
of BJ cells on exposure to ENR@PVA-NLCs/AgNPs was determined 
using wound scratch test in vitro (Fig. 5B–C). ENR@PVA-NLCs/AgNPs 
exhibited a higher rate of cell migration compared to ENR@PVA- 
NLCs. This increased rate of cell migration could be majorly attributed 
to the presence of AgNPs. The results obtained can be explained by a 
study conducted by Chinnasamy et al., which reported that biosynthetic 
silver nanoparticles had potential wound healing activity (Chinnasamy 
et al., 2019). Therefore, it can be concluded from migration assays that 
prepared ENR@PVA-NLCs/AgNPs perhaps help in remodeling of cells if 
used as a wounds dressing.

3.4. In vivo wound healing study

The antibacterial activity of ENR@PVA-NLCs/AgNPs in vivo and 
their effects on promoting wound healing was evaluated. Fig. 6A pre
sents a schematic diagram of the process of wound infection with 
S. aureus ATCC 29213, the ENR@PVA-NLCs/AgNPs treatment, and then 
healing. As depicted in Fig. 6B–C, the wound area gradually decreased in 
rat that received the AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/ 
AgNPs, comparing to control-treated rat. Moreover, interestingly, the 
wound area of NLCs-treated rat also decreased on day 6, speculating that 
NLCs can form a single-layer membrane on the skin surface, which can 
keep the skin moist, reduce skin moisture loss, and thus be more 
conducive to wound healing (Motsoene et al., 2023). In Fig. 6D, the 
wound closure rate was (68.36 ± 2.43) % by day 9 in control group, and 
(96.49 ± 3.27) % in the ENR@PVA-NLCs/AgNPs treatment group, 
higher than that of ENR@PVA-NLCs (92.00 ± 2.00) % and AgNPs 
(94.51 ± 1.79) %. And there was no significant difference between 
AgNPs and ENR@PVA-NLCs/AgNPs groups in wound healing ability, 
indicating that the addition of AgNPs into ENR@PVA-NLCs maintain the 
wound healing potential of AgNPs. Of note, the bacterial counts at the 

Fig. 8. IHC analysis of the wound tissues on day 9 post injury. (A) VEGF, TGF-β and Collagen III staining of skin tissue sections. (B) Expression levels of VEGF, TGF-β 
and Collagen III quantified by ImageJ. Differences with one same letter of the label are not significant (P > 0.05), and differences with different letters of the label are 
significant (P < 0.05).
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wound site on day 6 in the Control group and NLCs treatment group 
were significantly higher than that in the AgNPs, ENR@PVA-NLCs and 
ENR@PVA-NLCs/AgNPs treatment group (Fig. 6E–F). From the above 
results, we found that ENR@PVA-NLCs/AgNPs still played a strong 
synergistically antibacterial effect in rats, and the presence of AgNPs 
endow ENR@PVA-NLCs enhanced wound healing efficacy.

To further investigate the mechanism of wound healing, the histo
logical examination was evaluated. The skin layer morphology and 
collagen deposition were assessed by HE and Masson staining, respec
tively. As shown in Fig. 7A, H&E staining showed the skin tissue 

structure disordered, the epidermis was discontinuous, and many in
flammatory cells infiltrated before treatment. On day 3, after treatment 
with AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/AgNPs, inflamma
tory cell infiltration condition was significantly improved. On days 6 and 
9, we found clearly confirmed full squamous epithelium, well- 
distributed neovascularization and new collagen fiber formation in the 
AgNPs and ENR@PVA-NLCs/AgNPs group, indicating an outstanding 
tissue-repair capacity of AgNPs and ENR@PVA-NLCs/AgNPs. Further, 
Masson staining assay was applied to evaluate the growth of collagen 
fibers. On day 9, an epidermal layer similar to the normal skin structure 

Fig. 9. In vivo biosafety of ENR@PVA-NLCs/AgNPs. (A) Blood biochemistry results (ALT, AST, BUN and CREA) and (B) HE staining images of the heart, liver, spleen, 
lung and kidney of rat treated with ENR@PVA-NLCs/AgNPs.
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was formed among AgNPs, ENR@PVA-NLCs and ENR@PVA-NLCs/ 
AgNPs groups (Fig. 7B). Comparing the blue collagen fiber areas, it 
was found that the AgNPs group had the highest proportion, followed by 
the ENR@PVA-NLCs group and ENR@PVA-NLCs/AgNPs group. In a 
word, the above results indicate that the presence of AgNPs and 
ENR@PVA-NLCs in ENR@PVA-NLCs/AgNPs could accelerate the 
deposition of collagen fibers to promote wound healing.

Finally, immunohistochemistry was conducted to examine the 
expression of Collagen III, TGF-β and VEGF protein after different 
treatment. In Fig. 8A–B, the ENR@PVA-NLCs/AgNPs group exhibited 
the highest level of Collagen III, indicating that ENR@PVA-NLCs/AgNPs 
could promote the production of collagen. The TGF-β signaling pathway 
is regarded as a pivotal mechanism in tissue repair due to its close as
sociation with myofibrogenesis (Urban and Davis, 2014). The 
ENR@PVA-NLCs/AgNPs group exhibited a higher level of TGF-β than 
that of ENR@PVA-NLCs group, indicating the addition of AgNPs in 
ENR@PVA-NLCs might enhance collagen fiber production by upregu
lating TGF-β protein expression. The vascular endothelial growth factor 
(VEGF) plays a key role in neovascularization by stimulating endothelial 
cell proliferation, as well as enhancing vascular permeability (Apte 
et al., 2019). The ENR@PVA-NLCs/AgNPs group showed significantly 
elevated levels of VEGF expression compared to ENR@PVA-NLCs 
groups, suggesting that ENR@PVA-NLCs/AgNPs enhanced angiogen
esis, thereby facilitating nutrient delivery to metabolically active 
wounds site. This elucidates the wound healing mechanism of 
ENR@PVA-NLCs/AgNPs, highlighting their potential as a therapeutic 
agent for treating wound infection.

3.5. Biocompatibility evaluation of ENR@PVA-NLCs/AgNPs

In addition to ensuring the effectiveness of the nano-formulations, 
one of the most important challenges to be addressed is biocompati
bility (Singh et al., 2019). Previous reports have demonstrated that the 
interaction between AgNPs and cells could have adverse effects and 
cause cellular damage, e.g. via oxidative stress (Mat’atková et al., 2022). 
The oxidative stress resulting from nanoparticles’ presence can 
contribute to inflammation, toxicity, and DNA damage and thus to the 
development of serious conditions like pulmonary inflammation or or
gans like kidney and liver issues (Dikshit et al., 2021). In this study, 
blood biochemistry assay and HE staining were used to evaluate the in 
vivo biosafety of ENR@PVA-NLCs/AgNPs. We found that all groups were 
within normal ranges and showed no significant changes, indicating that 
the ENR@PVA-NLCs/AgNPs did not have any substantial systemic 
toxicity that would affect liver and kidney functions (Fig. 9A). The 
administered PVA-NLCs, AgNPs, ENR@PVA-NLCs, and ENR@PVA- 
NLCs/AgNPs for rats showed no significant pathological changes in 
heart, liver, spleen, lung and kidney tissues when compared to the 
control group (Fig. 9B). Above promising findings suggest the great 
potential of ENR@PVA-NLCs/AgNPs as biocompatible dressings for 
infected wounds.

4. Conclusion

Herein, we utilized high pressure homogenization technique and 
successfully developed a scalable antibacterial nanoplatform, the poly 
(vinyl alcohol) modified enrofloxacin‑silver composite nano-emulsion 
(ENR@PVA-NLCs/AgNPs). The optimal ENR@PVA-NLCs/AgNPs was 
shown to be thermosensitive, with slow release of ENR and Ag+, and 
excellent biocompatibility. Moreover, ENR@PVA-NLCs/AgNPs effec
tively impeded the proliferation of E. coli, S. aureus and P. aeruginosa in 
vitro. The wound infection model in rats revealed that ENR@PVA-NLCs/ 
AgNPs facilitated wound healing by accelerating collagen fiber deposi
tion, enhancing angiogenesis and encouraging tissue remodeling. Taken 
together, our results confirmed that the antibacterial nanoplatform may 
be a potential candidate for wound infection dressing.
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