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A B S T R A C T

Pathogenic bacterial biofilms pose a sustained threat to human health, and eliminating mature biofilms remains a 
significant hurdle. Developing proactive interventions aimed at impeding or interrupting biofilm formation is a 
tractable and strategically optimized approach. Herein, we engineered quercetin (Qe)-iron nanocomplexes (QF 
NCs) coordination-driven self-assembly between the natural flavonoid Qe and low-toxicity ferric ions as a 
multimodal anti-biofilm platform integrating i) peroxidase (POD)-like nanozyme activity for H2O2-catalyzed •OH 
generation in biofilm microenvironments; ii) near-infrared (NIR)-activated photothermal ablation for extracel
lular polymeric matrix disruption and protein denaturation; and iii) quorum sensing (QS) inhibition via Qe- 
mediated interference with QS-related gene transcriptional regulators. The coordination-driven assembly of 
Qe with ferric ions not only enhanced Qe's stability and bioavailability but also conferred emergent physico
chemical properties unattainable by individual components. The resulting QF NCs showed negligible cytotoxic 
and hemolytic effects in vitro. In addition, systematic evaluations indicated potent suppression of Pseudomonas 
aeruginosa and Staphylococcus aureus biofilms at 100 μg mL− 1, outperforming free Qe. In vivo wound healing 
assays revealed accelerated tissue repair and reduced production of proinflammatory cytokines, which could be 
attributed to the combined antibacterial efficacy of QF NCs and the anti-inflammatory modulation of Qe. Triple- 
modal QF NCs synergizing physical, chemical, and biological modalities to prevent biofilm formation hold 
immense promise for addressing the challenges associated with bacterial biofilms.

1. Introduction

Bacterial biofilms, surface-adherent microbial communities colo
nizing medical devices, implants, and host tissues, pose considerable 
challenges in clinical infection management [1–3]. The National In
stitutes of Health has estimated that >80 % of bacterial infections 
involve biofilm formation, with these structured consortia conferring up 
to 1000-fold higher tolerance to antimicrobial agents than their plank
tonic counterparts [4–6]. Characterized by their self-secreted extracel
lular polymeric substances (EPS), biofilms act as biochemical fortresses, 
impeding antibiotic penetration, neutralizing reactive oxygen species, 
and evading host immune clearance [7]. This recalcitrance has 

prompted the Centers for Disease Control and Prevention to classify 
biofilm-associated infections among the seven critical threats to 21st- 
century medicine [8,9]. While antibiotics remain the therapeutic 
mainstay, biofilm architecture severely compromises their efficacy, 
necessitating prolonged high-dose regimens that accelerate antimicro
bial resistance (AMR) evolution [10]. Alarming projections from The 
Lancet suggest that AMR-related fatalities could exceed 10 million 
annually by 2050, outpacing cancer-associated mortality [11]. Despite 
decades of research, the antibiotic development pipeline remains stag
nant, and emerging nonantibiotic strategies face translational barriers, 
such as poor biocompatibility, low bioavailability, nonspecific in
teractions, and insufficient local drug concentrations.
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Given the challenges of eradicating mature biofilms using prevailing 
strategies, preventing or delaying biofilm formation on surfaces is 
strategically advantageous in overcoming bacterial infections and has 
emerged as a critical research focus. Bacterial biofilm growth can be 
classified into four stages: adhesion, formation, maturation, and 
dispersion [3]. Targeting the initial adhesion stage by eliminating bac
teria early in biofilm development can effectively inhibit or delay bio
film formation. Researchers have developed several bactericidal 
methods that do not induce bacterial resistance, such as photothermal 
[12–14], photodynamic [15–17], and nanozyme-based [18–20] bacte
rial killing. However, owing to the defensive shield provided by the EPS 
in biofilms, the efficacy of unimodal bactericidal methods remains 
limited. For instance, photothermal bacterial killing often requires 
excessively high temperatures, which can be detrimental. Consequently, 
multimodal bactericidal approaches offer advantages in addressing 
these drawbacks [21–24]. Furthermore, quorum sensing (QS) refers to a 
process by which bacteria utilize chemical signals to interact and syn
chronize behaviors within their populations [25,26]. Recent studies 
have reported that the QS system is crucial for biofilm formation and 
triggers the activation of bacterial virulence pathways. This process 
regulates specific gene expression and collective behaviors, such as 
bacterial aggregation, extracellular polysaccharide synthesis, and bio
film formation [27–29]. Microbiological studies have illustrated that 
interfering with QS can effectively retard or even prevent biofilm for
mation [30,31].

Quorum sensing inhibitors (QSIs) effectively suppress planktonic 
bacterial growth and dispersed biofilms formation without promoting 
bacterial resistance [32,33]. Among the various QSIs, quercetin (Qe), a 
natural polyphenolic flavonoid, displays several bioactive properties, 
including antioxidant, anti-inflammatory, antidiabetic, and immuno
modulatory effects, making it a promising candidate for medical appli
cations [34,35]. Qe interferes with bacterial QS to inhibit biofilm 
formation and disrupts preexisting biofilms [36–39]. Nevertheless, its 

poor water solubility and stability and low bioavailability limit its 
practical application. To tackle these challenges, nanosystems such as 
micelles [40,41], liposomes [42,43], and nanocapsules [44,45] have 
been used to encapsulate Qe, considerably augmenting its solubility and 
bioavailability. Although these nanosystems have successfully enhanced 
the physicochemical properties of Qe, further functionalization could 
unlock additional therapeutic potential. Being a polyhydroxy com
pound, Qe can coordinate with metal ions to form complexes. Recent 
advances in nanomedicine have proposed metal–polyphenol coordina
tion complexes as a solution, leveraging synergistic interactions between 
organic ligands and metal ions [46–49]. Iron-based nanosystems have 
gained attention because of their biocompatibility, Fenton catalytic ac
tivity, and photothermal responsiveness [50]. Therefore, in this study, 
coordination complexes of iron and Qe were hypothesized to exhibit 
synergistic effects beyond merely improving the stability and bioavail
ability of Qe, potentially offering the functionality of 1 + 1 > 2. This 
unexplored potential warrants further investigations to completely 
harness the multifunctional capabilities of coordination complexes of 
iron and Qe in combating bacterial infections and biofilm-related 
challenges.

This paper reports the rational design and fabrication of Qe‑iron 
nanocomplexes (QF NCs) formed via coordination-driven self-assembly 
between the natural flavonoid Qe and low-toxicity ferric ions. These 
nanocomplexes function as a multifunctional nanotherapeutic platform 
integrating photothermal conversion capability, peroxidase (POD)-like 
nanozyme activity, and QS inhibition to effectively inhibit biofilm for
mation (Scheme 1). First, under the biofilm-associated infection 
microenvironment marked by high H2O2 levels, the intrinsic POD-like 
activity of QF NCs catalyzed the localized generation of hydroxyl radi
cals (•OH), inducing oxidative damage to bacterial membranes. Second, 
when exposed to near-infrared (NIR) laser irradiation, QF NCs produced 
an effective photothermal response, and hyperthermia destroyed the 
bacterial cell structure and accelerated the denaturation of bacterial 

Scheme 1. The fabrication process and biofilm inhibition mechanism of QF NCs. (a) Scheme depicting the preparation of the QF NCs with multifunctional ability 
including POD-like nanozyme activity, photothermal property and downregulation of QS-related genes. (b) Schematic for the application of the QF NCs for pre
venting biofilm formation in a triple-modal way.
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internal proteins, promoting bacterial elimination. Finally, Qe effec
tively interfered with QS-regulating genes, inhibiting or retarding bio
film matrix biosynthesis. Multiple bioassays were performed to 
comprehensively evaluate the capacity and mechanism of QF NCs in 
preventing biofilm formation by gram-negative Pseudomonas aeruginosa 
(P. aeruginosa) and gram-positive Staphylococcus aureus (S. aureus). In 
addition, Qe demonstrated anti-inflammatory and antioxidant func
tions. Hence, their potential to stimulate wound healing was also 
assessed in vivo. This triple-modal therapeutic approach innovatively 
combined physical disruption (photothermal), chemical catalysis 
(nanozyme), and biological regulation (QS inhibition), creating a 
paradigm shift in combating recalcitrant biofilm infections. The 
biocompatibility and multifunctional performance of plant-derived QF 
NCs present a promising alternative for eradicating biofilm infections.

2. Experimental section

2.1. Synthesis and characterization of QF NCs

As previously reported, QF NCs were synthesized using the wet 
chemical method with ferric chloride anhydrous and Qe [46]. Specif
ically, a solution of 50 mg of polyvinyl pyrrolidone (PVP) was prepared 
in 6 mL of anhydrous methanol and then gradually added dropwise to 
32 mg of Qe dissolved in 3 mL of methanol, until the solution became 
clear and transparent, resulting in Solution A. Subsequently, 40 mg of 
anhydrous ferric chloride dissolved in 4 mL of anhydrous methanol was 
added to solution A dropwise, and it transitioned from pale yellow to 
dark brown. The mixture was stirred for 3 h, followed by dialysis using a 
1000 MKD dialysis bag to remove methanol and excess molecules. 
Finally, QF NCs coordinated by Fe and Qe were obtained.

The morphology of QF NCs was examined using transmission elec
tron microscopy (TEM) (Thermo Scientific, US). Their average size was 
measured using Litesizer dynamic light scattering (DLS) 500. The 
ultraviolet–visible (UV–Vis) absorption spectrum of QF NCs was ob
tained using the PerkinElmer UV–vis–NIR spectrophotometer. The 
fourier transform infrared (FTIR) spectrum of QF NCs was acquired 
using an FTIR spectrometer (Thermo Fisher Scientific, USA).

2.2. Photothermal properties of QF NCs

QF NCs at different concentrations (0, 25, 50, 75, 100, 150, and 200 
μg mL− 1) were exposed to 808-nm laser light at 1.4 W cm− 2 for 10 min. 
Temperature variations and infrared thermal maps were simultaneously 
tracked and documented using an IR thermal camera (Infrared Cameras 
Inc.). PBS and Qe solutions were utilized as controls in the same settings.

2.3. POD-like activity of QF NCs

To investigate the POD-like activity of QF NCs, 3,3′,5,5′-tetrame
thylbenzidine (TMB) (final concentration = 10 μg mL− 1), QF NC solu
tion (final concentration = 0, 10, 25, 50, 75, 100, 150, and 200 μg 
mL− 1), and H2O2 at a concentration of 50 μM were introduced stepwise 
to 600 μL of deionized water. Following reaction termination, the optical 
absorption characteristics across the 570–720 nm spectral window were 
monitored and documented with a UV–Vis spectrophotometer. Addi
tionally, to investigate the temperature dependence of POD-like activity, 
the reaction mixture was thermally equilibrated at distinct temperature 
setpoints, and absorbance at 652 nm was quantitatively analyzed 
following reaction termination. In addition, to analyze the pH depen
dence behavior (pH range: 3–8 with increments at 3, 4, 4.5, 5, 5.5, 6, 7, 
and 8) of POD-mimicking activity, the optical density of the reaction 
mixture was monitored at 652 nm wavelength via a microplate reader. 
Subsequently, the influence of NIR laser exposure on the catalytic per
formance of QF NCs was evaluated by characterizing the absorption 
spectra between 570 and 720 nm for both irradiated and non-irradiated 
samples.

2.4. In vitro antibiofilm performance

The antibiofilm effect of QF NCs against S. aureus and P. aeruginosa 
strains was evaluated systematically across gradient concentrations. In 
brief, experimental protocols involved co-incubating bacterial suspen
sions (1.0 × 106 colony-forming unit (CFU)/mL) with QF NCs (0, 50, 
100, 200 μg mL− 1) or Qe controls in 48-well plates. Following a 3 h pre- 
culture at 37 ◦C, NIR irradiation (10 min) was administered prior to 
extended 24 h biofilm development. The antibiofilm activity was 
assessed integrating four complementary methodologies: live/dead 
fluorescent viability staining, scanning electron microscopy (SEM), CFU 
enumeration, and crystal violet (CV) biomass quantification. Bacterial 
culture protocols are comprehensively detailed in the supplementary 
materials. For ultrastructural characterization, glutaraldehyde-fixed 
(2.5 %) biofilms underwent critical point drying for SEM-based 
morphological analysis. Individual bacteria in the biofilm were 
selected to examine the loss of inclusions using TEM. Concurrently, 
quantitative reverse transcription-quantitative polymerase chain reac
tion (RT-qPCR) was employed to profile QS-associated gene expression 
patterns. The details are provided in the supporting information.

2.5. Hemolysis and cytotoxicity of QF NCs in vitro

A hemolysis assay was performed on the samples against red blood 
cells (RBCs). The cytotoxicity of QF NCs was evaluated using a live/dead 
fluorescent viability staining and a CCK-8 assay using NIH-3T3 fibro
blasts and Raw 264.7 cells as models. Details of hemolysis and cyto
toxicity of QF NCs are provided in the supporting information.

2.6. In vivo assays using an S. aureus infection model

Male BALB/c murine models (6–8 weeks, 19–22 g) were chosen as 
model animals and randomly categorized into six groups: PBS, PBS 
(NIR+), Qe, Qe (NIR+), QF NCs, and QF NCs (NIR+). NIR+ denoted 
808 nm NIR laser at 1.4 W/cm2 irradiation for 10 min. All animal ex
periments complied with the regulations and guidelines of the Animal 
Care and Use Committee of Jining Medical University. The procedures 
adhered strictly to the Institutional Health Guide for the Care and Use of 
Laboratory Animals of China. A full-thickness circular dorsal wound 
with a diameter of 0.6 cm was surgically excised, inoculated with 20 μL 
S. aureus suspension (106 CFU/mL), and covered with an occlusive 
dressing. At 12 h post-infection, the dressing was stripped, and wounds 
received topical administration of 50 μL PBS, Qe solution, or QF NCs 
(100 μg mL− 1). Following 30 min incubation, light was applied to the 
mice in the PBS (NIR+), Qe (NIR+), and QF NC (NIR+) groups. The 
treatment was performed every 2 days. One day later, after euthanizing 
some mice from each group, the wound tissues were harvested for 
quantitative bacterial culture. The weight of each mouse was monitored 
throughout the healing process, and wound closure kinetics were 
documented through standardized photography (days 0, 1, 3, 5, 7, 9). 
Wound areas were analyzed using ImageJ software to determine healing 
rates, calculated as (SW/SW0) × 100 %, where SW denotes the wound 
area at each specified time point and SW0 denotes the original wound 
area on day 0. Terminal samples on ninth day were humanely eutha
nized and underwent comprehensive evaluation including microbial 
burden assessment via CFU enumeration), inflammatory response via 
H&E staining, collagen deposition analysis via Masson staining and 
immunophenotyping via immunohistochemistry.

2.7. Statistical analysis

Experimental data were derived from ≥3 biological replicates, with 
quantitative measurements expressed as mean ± SD. The Student's t-test 
was used for comparisons between the two groups. Differences with *p 
< 0.05, **p < 0.01, and ***p < 0.001 were considered statistically 
significant.
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3. Results and discussion

3.1. Synthesis and characterization of QF NCs

QF NCs were synthesized by mixing anhydrous ferric chloride with 
Qe methanol solution at room temperature (Fig. 1a). Throughout the 
preparation process, the color rapidly transformed from pale yellow to 
dark brown, indicating the effective coordination between the iron ion 
and the phenolic group (inset image of Fig. S1). The morphology and 
elemental mapping of QF NCs were examined using TEM, which showed 
the copresence of C, Fe, and O elements and their even distribution 
(Fig. 1b and Fig. S1). Moreover, The TEM image showed that QF NCs had 
a nanodot architecture with an extremely tiny size of about 9 nm, which 
agreed with the DLS result (Fig. 1c). The formation of spherical nano
particles from natural products (Qe) and metal ions (Fe3+) results from 
multiple synergistic effects including π–π stacking and hydrogen 
bonding promote molecular folding and curvature [51,52]. Thermody
namically, spherical shapes minimize surface energy, making them 
stable. The absorption peak observed in the UV–Vis spectrum provided 
addition evidence for the formation of QF NCs (Fig. 1d). FTIR spectra 
suggested that the characteristic peak in the range of 1200–1250 cm− 1 

(HO-C stretching band) was altered and the infrared intensity dimin
ished, signifying the coordination between the Fe3+ and H-C groups of 
the Qe molecule (Fig. 1e). Furthermore, QF NCs displayed good stability 
for 11 days in phosphate-buffered saline (PBS, pH 4.5, 5.5, 6.5, 7.4, 8.5), 
Dulbecco's Modified Eagle Medium (DMEM), Bovine serum and bacte
rial culture medium (Luria–Bertani broth) (Fig. S2), providing the basis 
for long-term antibiofilm application.

3.2. Photothermal property and POD-like activity of QF NCs

QF NCs were speculated to exhibit good photothermal performance 
owing to their broad absorption range in the NIR region. As illustrated in 
Fig. S3a, the temperature variation of QF NCs depended on their con
centration. The thermal images of QF NCs showed that they displayed a 
strong thermal signal after irradiated with an 808 nm laser at 1.4 W 

cm− 2 for a duration of 10 min, and the temperature of the QF NC so
lution (100 μg mL− 1) reached 45 ◦C. However, the temperature of the 
PBS, Qe solution (100 μg mL− 1) and FeCl3 solution (100 μg mL− 1) 
remained almost unchanged under the same conditions (Fig. 2a, b). This 
finding implies that QF NCs possess excellent photothermal capability. 
Qe is a natural flavonoid compound with strong light absorption ability 
but lacks photothermal capacity [53]. However, when Qe is coordinated 
with iron ions to form nanomaterials, this coordination structure can 
improve its light absorption, especially at the absorption peak in the 
NIR, enabling QF NCs to absorb more light energy [54]. Furthermore, 
the results showed that QF NCs had good photostability. As depicted in 
Fig. 2c, significant changes were not observed in the maximum tem
perature of QF NCs after four cycles of NIR laser irradiation.

POD is a widely distributed and highly active enzyme that utilizes 
H2O2 as an electron acceptor to produce toxic •OH [55]. The over
production of H2O2 is a common feature in bacterial biofilm environ
ments [56]. To combat the excess H2O2 and kill bacteria, QF NCs with 
POD-like activity generate harmful •OH from H2O2, promoting bacterial 
death and reducing H2O2 levels. TMB probes are extensively employed 
to examine H2O2 consumption capacity of QF NCs. The colorless TMB is 
oxidized by •OH to generate blue oxidized TMB. This method is gaining 
popularity owing to its cost-effectiveness, simplicity, and high effi
ciency. In this assay, the change in UV absorbance at 652 nm because of 
the POD-like activity of QF NCs to oxidize TMB by •OH was measured. 
After TMB was mixed with QF NCs and H2O2, the solution transitioned 
gradually in color, deepening from a colorless state to a dark blue as the 
concentration of QF NCs increased (Fig. 2d). Simultaneously, the ab
sorption peak of the oxidized TMB probe at 652 nm increased dramat
ically. In contrast, the control groups, including the mixture of QF NCs 
and TMB and the mixture of TMB and H2O2 (Fig. 2d and Fig. S4), did not 
exhibit this trend, which confirmed the excellent POD-like activity of QF 
NCs. Additionally, it is well established that enzyme activity is affected 
by pH. Therefore, the catalytic performance of QF NCs was evaluated 
under different pH conditions. The absorbance changed with varying 
pH, with significant catalytic efficiency achieved attained at pH 3–5.5 
(Fig. 2e), consistent with acidic environment in the biofilm 

Fig. 1. Synthesis and characterization of QF NCs. (a) Scheme depicting the synthesis of QF NCs. (b) TEM image and element mapping of C, Fe, and O of QF NCs. (c) 
Dynamic light scattering (DLS) analysis of QF NCs. (d) UV–Vis spectra and (e) FTIR spectra of Qe and the QF NCs.
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microhabitat. The results depicted in Fig. 2e indicate that the highest 
absorbance value occurred at pH 4.5. Thus, the POD-like activity of QF 
NCs was maximal at this pH, aligning with the optimal pH range 
(4.5–5.5) for the natural enzyme, horseradish peroxidase [57]. Tem
perature is also crucial for the activity of the enzyme. The potential 
impact of the temperature rise caused by NIR laser irradiation on the 
POD-like activity of QF NCs was proposed. This hypothesis was vali
dated, with the ideal temperature for the catalytic activity of QF NCs 
determined to be 45 ◦C (Fig. 2f). As depicted in Fig. S3b, the solution's 
absorbance increased markedly under 808 nm laser irradiation, owing 
to the elevated temperature, suggesting that the photothermal effect 
could augment the POD-like activity of QF NCs. These results suggest 
that the POD-like catalytic activity of QF NCs could be improved under 
808 nm laser irradiation and an acidic biofilm microenvironment.

3.3. In vitro antibiofilm activity of QF NCs

Encouraged by photothermal capability and POD-like activity of QF 
NCs, their antibacterial properties in vitro were thoroughly investigated 
using representative gram-positive (S. aureus) and gram-negative 
(P. aeruginosa) strains, both known for biofilm formation and involve
ment in hospital-acquired infections [58,59]. Initially, the short-term (3 
h) bactericidal performance of QF NCs against free-floating bacteria was 
assessed through a CFU counting assay. The number of surviving bac
teria decreased gradually as the concentration of QF NCs increased even 
without NIR laser irradiation owing to the POD-like activity of QF NCs 
(Figs. S5, S6). However, the Qe and FeCl3 group with or without NIR 
irradiation showed negligible bactericidal activity (Fig. S7), which 
aligns with previous findings [60]. Importantly, upon NIR laser irradi
ation, the bactericidal ability of QF NCs enhanced considerably 
compared to that without irradiation. QF NCs effectively eliminated 
almost all bacteria at a concentration of ≥100 μg mL− 1 under NIR laser 
irradiation. This improved antibacterial activity could be ascribed to the 
combined actions of photothermal performance and POD-like activity of 

QF NCs. Together, they offered considerable benefits in bacterial erad
ication, leading to a survival rate of merely 0.02 % and 2 % for S. aureus 
and P. aeruginosa, respectively, compared with the PBS group (NIR− ) 
(Figs. S5, S6). These findings imply that QF NCs could combine photo
thermal capacity with POD-like activity to achieve an effective bacte
ricidal effect under NIR laser irradiation.

The biofilm inhibitory efficacy of QF NCs was investigated using 
different methods such as live/dead staining, morphological observa
tion, colony-plating method, and CV staining after culturing the bacteria 
for 24 h with varying concentrations of QF NCs (0, 50, 100, and 200 μg 
mL− 1) or Qe (100 μg mL− 1) in optimal settings with sufficient nutrients. 
The biofilm inhibition effect was assessed qualitatively using live/dead 
fluorescence staining and SEM to view bacterial survival and biofilm 
structure. Fig. 3a shows S. aureus and P. aeruginosa biofilms stained with 
SYTO-9/PI treated with Qe and QF NCs at concentrations of 0–200 μg 
mL− 1 without or with NIR laser irradiation. The PBS without or with NIR 
laser irradiation groups exhibited dense and tightly associated green 
fluorescence. Additionally, tightly clustered and strongly adhered bac
terial structures were noted (Fig. 3b). These findings indicated that the 
bacteria in the PBS control group had proliferated and formed a biofilm, 
with live bacteria present within it. Similarly, NIR laser irradiation alone 
did not significantly inhibit biofilm formation. In contrast, the Qe group 
exhibited a slightly decreased fluorescent region and a more dispersed 
biofilm assembly, suggesting that Qe inhibited biofilm formation to a 
certain extent. Compared with the Qe (NIR− ) group, the QF NC (50 μg 
mL− 1) group did not inhibit biofilm formation. In contrast, QF NCs (100 
or 200 μg mL− 1) further reduced the green fluorescent region and bac
terial clusters quantity, establishing the enhanced ability of QF NCs to 
inhibit biofilm formation. Importantly, under NIR laser irradiation, the 
fluorescence intensity decreased and a much more dispersed biofilm 
structure was seen in the QF NC groups than that without NIR laser 
irradiation. This result could be attributed to the synergistic effect of 
photothermal capacity and POD-like activity. In addition, the viable 
bacterial count was evaluated using the standard colony-counting 

Fig. 2. Photothermal property and POD-like activity assays of QF NCs. (a) Representative infrared thermal pictures of PBS, Qe solution, FeCl3 solution and QF NCs 
solution under NIR laser irradiation (808 nm, 1.4 W/cm2), as the concentration of Qe, FeCl3 and QF NCs solutions was 100 μg mL− 1, and (b) the corresponding 
temperature-change curves. (c) Temperature variations in the QF NCs solution following four alternating ON/OFF cycles of NIR laser irradiation (1.4 W/cm2). (d) 
UV–vis spectra showing the oxidation of TMB by aqueous QF NCs solutions at different concentrations, with the color change displayed in the upper right inset. 
Variations in UV absorbance at 652 nm following TMB oxidation by QF NCs (e) under different temperatures and (f) different pH values.

Y. Qu et al.                                                                                                                                                                                                                                       Chemical Engineering Journal 522 (2025) 166919 

5 



Fig. 3. Antibiofilm capacity assay of QF NCs in vitro. (a) Representative SYTO-9/pyridinium iodide (PI) staining images and (b) typical SEM photographs of S. aureus 
and P. aeruginosa biofilm formation incubated with Qe and QF NCs with varying concentration without or with NIR laser irradiation for 24 h, using PBS as control. (c) 
Representative images of S. aureus and P. aeruginosa colonies under various treatment conditions, along with their CFU enumeration results, are displayed in panel (d) 
and (e). (f, g) The OD values at 570 nm the biofilm formation of different groups following CV staining. Data are displayed as the mean ± SD (n = 3; *p < 0.05, **p <
0.01, ***p < 0.001; ##p < 0.01 when compared with the Qe (NIR+) group, ###p < 0.001 when compared with the Qe (NIR+) group).
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method, and the biofilm biomass was estimated using CV staining. The 
quantitative findings suggested a trend similar to that of the qualitative 
observations, where the QF NC group (200 μg mL− 1) under NIR laser 
irradiation exhibited stronger biofilm inhibition than the Qe group. This 
trend was evidenced by the reduction in bacterial colony counts (Fig. 3c, 
d, e) and the decreased biofilm biomass after CV staining (Fig. 3f, g, and 
Fig. S8). Furthermore, the inhibitory effect of QF NCs increased with 
concentration. Compared with the PBS (NIR− ) group, the QF NC (NIR− ) 
group at a concentration of 200 μg mL− 1 diminished the bacterial count 
(P. aeruginosa 46.6 % and S. aureus 76.5 %) and biofilm biomass 
(P. aeruginosa 59.9 % and S. aureus 53.4 %). In comparison, the QF NC 
(NIR+) group at a concentration of 200 μg mL− 1 decreased the bacterial 
count (P. aeruginosa 99.5 % and S. aureus 86.5 %) and biofilm biomass 
(P. aeruginosa 84.2 % and S. aureus 76.2 %), confirming the advanta
geous antibiofilm effect of photothermal capacity. NIR laser irradiation 
was speculated to promote Qe release from QF NCs to prevent biofilm 
formation by disrupting the QS of bacteria. In conclusion, the findings 
from these four complementary analysis techniques prove the broad and 
remarkable effect of QF NCs on inhibiting biofilm formation. Addi
tionally, the short-term antibacterial and long-term antibiofilm of fresh 
QF NCs, QF NCs exposed to air for 1 month, and QF NCs immersed in 
PBS (pH 7.4) for 1 month were investigated via CFU counting assay and 
CV staining, respectively. As shown in the Fig. S7, a large number of live 
bacteria occurred in PBS control group, while the bacteria treated with 
fresh QF NCs or QF NCs exposed to air or immersed in PBS were 
destroyed after NIR irradiation, which demonstrated the high antibac
terial efficiency of QF NCs. Furthermore, the anti-biofilm function of QF 
NCs did not diminish for exposure to air or immersed in PBS for 1 month 
(Fig. S9). Taken together, the antibacterial activity in short-term and 
anti-biofilm performance of QF NCs could maintain for 1 month at least.

3.4. Antibiofilm mechanism of QF NCs

Effective biofilm inhibition by QF NCs was hypothesized to be caused 
by the bactericidal property of QF NCs possessing photothermal per
formance and POD-like activity and the anti-QS functionality of Qe. 
Qualitative and quantitative assessments were performed on antibac
terial properties and QS interference to validate the potential mecha
nisms. The morphology and membrane-damaging of bacteria with 
S. aureus and P. aeruginosa biofilms on of PBS (NIR− ), Qe (NIR− ) and QF 
NC (NIR+) groups were assessed using TEM. As depicted in Fig. 4a and 
Figs. S10–S11, the bacteria exhibited intact cell membranes with smooth 
edges and clear shapes after the PBS (NIR− ) or Qe (NIR− ) treatment. In 
comparison, the cell walls of bacteria treated with QF NCs (NIR+) 
shrunk significantly, following with leaked cellular contents. To further 
validate bacterial biofilm integrity before and after various treatments, 
SEM studies were performed (Fig. 4b). Compared with the typical three- 
dimensional structures with smooth surfaces of bacteria in the PBS 
(NIR− ) group, the cell membranes of those in the QF NC (NIR+) group 
appeared severely deformed and ruptured, with noticeable wrinkling, 
hole formation, and damage.

In addition, attempts were made to verify the ability of QF NCs to 
disrupt QS. Qe can interfere with bacterial biofilm formation by dis
turbing the QS system of S. aureus and P. aeruginosa. S. aureus can pro
duce several cell surface virulence factors and exotoxins, colonize the 
surface of human tissues and medical devices, and form biofilms, leading 
to serious medical problems [61]. In S. aureus, autoinducer-2 (AI-2) is a 
key signaling molecule in the S. aureus QS pathway. This molecule 
predominantly affects bacterial physiological processes by regulating 
genes related to biofilm formation and pathogenicity, such as icaA 
(associated with adhesion) and agrA (involved in QS). The precursor of 
AI-2 is 4,5-dihydroxy-2,3-pentanedione (DPD), which serves as a 

Fig. 4. Antibiofilm mechanism of QF NCs. (a) Representative TEM images and (b) typical SEM photographs of S. aureus and P. aeruginosa within biofilm treated by 
PBS without NIR laser irradiation and QF NCs with NIR laser irradiation. Molecular docking of (c) 3-oxo-C12-HSL with LasR and Qe with LasR, respectively. H-Bonds 
are displayed in dark green dashed line, while VDWs are in light green, pink, purple, and brown dashed lines. The normalized expression of QS-related genes 
including (e) agrA and (f) icaA of S. aureus and (g) lasI, (h) rhlI, (i) lasR and (j) rhlR of P. aeruginosa was assessed by RT-qPCR. Data are displayed as the mean ± SD (n 
= 3, **p < 0.01, ***p < 0.001).
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signaling molecule in bacterial QS and activates the QS system [62,63]. 
Qe can interfere with AI-2 synthesis by competing with DPD at the boric 
acid-binding site, due to the structural similarity of its catechol moiety. 
This interference disturbs AI-2–mediated QS signaling, thereby down
regulating icaA and agrA expression and impairing biofilm development. 
P. aeruginosa biofilm can cause persistent bacterial infection in the lungs 
and is one of the main causative agents of cystic fibrosis [58]. In 
P. aeruginosa, the QS system mediated by N-acyl homoserine lactone 
(AHL), namely lasI/lasR and rhlI/rhlR, is the major QS signal system for 
P. aeruginosa [38]. Qe inhibits the transduction of AHL-mediated QS 
signals by competitively binding to lasR and rhlR receptors, interfering 
with the biofilm formation and pathogenicity of P. aeruginosa. Before 
evaluating the effect of Qe on QS-related gene expression, it is essential 
to rule out the possibility that the observed downregulation is merely a 
consequence of membrane integrity disruption induced by quercetin 
itself. As shown in Fig. 3a, subinhibitory concentrations of Qe signifi
cantly slowed biofilm formation compared to the control. Live/dead 
staining revealed that the resulting biofilms exhibited predominantly 
green fluorescence, indicating intact cell membranes and viable cells. 
Additionally, TEM images of the treated biofilms by Qe after sonication 
(Fig. S11) showed that most bacterial cells remained morphologically 
intact, consistent with the staining results. These findings strongly 
suggest that at the tested concentrations, the membrane-disruptive ef
fects of Qe are minimal and unlikely to interfere with the assay of QS 
signal molecules.

To provide direct evidence for the interaction of quercetin with QS 
regulators, we performed molecular docking studies using Maestro 12.8, 
with N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-HSL, one of 
the major signaling molecules in the LasI/LasR QS system of 
P. aeruginosa as the positive control ligand. The detailed method of 
molecular docking and the data analysis are presented in the revised 
supporting information. The results showed that Qe exhibited a binding 

energy of − 7.880 kcal/mol with the LasR ligand-binding domain (PDB 
ID: 3IX3), which was stronger than to 3-oxo-C12-HSL (− 6.690 kcal/mol) 
(Table S1). Qe formed stable hydrogen bonds with residues Arg61, 
Thr75, and Leu125, similar to the key interactions observed with 3-oxo- 
C12-HSL (Fig. 4c–d). These findings strongly suggest that Qe can directly 
bind to LasR and potentially compete with its natural ligand. Addi
tionally, the molecular docking of Qe to agrA was also analyzed. The 
results showed that Qe exhibited a binding energy of − 5.932 kcal/mol 
with the agrA ligand-binding domain (PDB ID: 4G4K), demonstrating the 
well binding between Qe and agrA protein. This is consistent with the 
results of molecular docking studies on the binding between Qe and 
specific QS molecules in existing literature [36,37,64]. Combined with 
the existing literature reports on the antibacterial activity of Qe, our 
molecular docking results provide direct theoretical support for the 
molecular mechanism of Qe as a potential QS inhibitor. Meanwhile, RT- 
qPCR was used to evaluate the expressions of related genes in S. aureus 
and P. aeruginosa. According to Fig. 4e–j, NIR light alone did not affect 
the expression levels of QS-related genes. In contrast, the Qe and QF NC 
groups showed a marked reduction in the expression of QS-related core 
genes (agrA, icaA, lasI, lasR, rhlI and rhlR), indicating that Qe contrib
uted considerably to the resistance of QF NCs to biofilm formation.

3.5. In vitro cytotoxicity and hemolysis evaluation of QF NCs

After confirming the excellent antibiofilm capacity of QF NCs, their 
cytotoxicity and hemolysis in vitro were evaluated as these are essential 
for their effective use as antimicrobial agents. The cell viability of QF 
NCs at different concentrations (0, 25, 50, 100, and 200 μg mL− 1) for 24 
h was measured using calcein-AM/PI staining and CCK-8 assay. NIH-3T3 
fibroblasts and Raw 264.7 cells were used as model cell lines. As shown 
in Fig. 5a and b, after 24 h of cultivation, the majority of cells showed 
green stained and displayed normal morphology and shape. This safety 

Fig. 5. Cytotoxicity and hemolysis evaluation of QF NCs. (a, b) Representative fluorescence live/dead staining images of NIH-3T3 fibroblasts and Raw 264.7 cells 
treated with QF NCs at different concentrations. (c, d) The viability of NIH-3T3 fibroblasts and Raw 264.7 cells was evaluated using the CCK-8 assay after 24 h of 
incubation with QF NCs at varying concentrations. (e) An inset photograph and the quantitative analysis of RBCs hemolysis after treatment with QF NCs at varying 
concentrations for 3 h. The dashed line represents a safe range. Data are presented as the mean ± SD (n = 3).
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profile was confirmed by performing the CCK-8 assay (Fig. 5c and d). 
The results indicated that the cell viability for QF NCs was consistently 
>95 % across the concentration interval of 0–200 μg mL− 1. The data 
demonstrated excellent cellular compatibility with NIH-3T3 fibroblasts 
and Raw 264.7 cells, irrespective of the high concentration of 200 μg 
mL− 1. Furthermore, to evaluate the hemocompatibility of QF NCs, the 
hemolysis rate, which indicates the extent of RBC damage, was deter
mined after incubation with RBCs. The hemolysis rate stayed below 5 % 
across all concentrations up to 200 μg mL− 1 after 3 h of contact with 
RBCs, signifying negligible hemolysis of QF NCs within the international 
standard range (<5 %, ISO 10993-4). These findings imply that QF NCs 
exhibit satisfactory biocompatibility within the studied concentration 
scope, demonstrating their potential for application in bacterial infec
tion treatment in vivo.

3.6. In vivo antibiofilm and wound healing activity of QF NCs

Biofilm severely delays the wound healing process. Motivated by the 
admirable antibiofilm ability and nice biocompatibility of QF NCs in 
vitro, the application effect of QF NCs towards antibiofilm and wound 
healing in vivo were evaluated using a S. aureus infected full thickness 
skin effect model in BALB/c mice. The experimental approach is 
depicted in Fig. 6a. A circular wound with a 6 mm diameter was created 
on the mice's back and infected with S. aureus immediately afterward. 
After a 12-h interval, the wounds were categorized into six groups, each 
receiving a different treatment. The development of infected wounds 
treated with different protocols was monitored with a digital camera 
every 2 days (Fig. 6b), and the quantitative assessment of wound 
shrinkage is shown in Fig. 6c. Nine days after different treatment, the 
wounds showed highest wound healing rate of 93.1 ± 0.5 % after QF 
NCs (NIR+) treatment, significantly higher than the PBS (NIR− ) group 

Fig. 6. In vivo analysis of antibiofilm activity and wound healing promotion ability assessments. (a) Scheme depicting the treatment approach. (b) Typical pictures 
and simulation schematics of mouse wounds infected with biofilms after different treatments on days 0, 1, 3, 5, 7, and 9. (c) Quantitative assessment of the relative 
wound areas following different treatments. (d) The reduction in bacterial growth in biofilm-contaminated tissues was quantified by CFU enumeration after different 
treatments on day 1. (e) Changes in the weight of mice following various treatments.
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(72.5 ± 4.4 %), PBS (NIR+) group (73.0 ± 3.1 %), Qe (NIR− ) group 
(84.4 ± 1.7 %), Qe (NIR+) group (86.9 ± 2.1 %), and QF NCs (NIR− ) 
group (90.3 ± 1.0 %). These results demonstrate that QF NCs effectively 
promote wound healing, and their healing ability can be further 
enhanced by NIR irradiation. To analyze the antibacterial effectiveness 
of QF NCs, the count of viable bacteria in the wound tissue on the day 1 
was counted using the plating counting method. As illustrated in Fig. 6d 
and Fig. S13, QF NCs (NIR− ) and Qe (NIR− ) group provided advantages 
in bacterial elimination, resulting in a decreased rate of approximate 
48.7 % and 28.8 %, respectively, compared with the PBS (NIR− ) group. 
Importantly, after NIR laser irradiation, The QF NCs exhibited the most 
significant therapeutic effect, with a bacterial reduction of approxi
mately 68.3 %, which can be ascribed to the cooperative effects of 
excellent photothermal performance, POD-like activity, and QS inhibi
tion ability of QF NCs. In addition, the body weight change trajectories 
revealed no statistically significant differences in the growth patterns of 
individual mice among the various treatment groups, indicating that the 
treatments did not result in any discernible negative effects (Fig. 6e).

To enable systematic characterization of wound repair outcomes, 
key biological processes including inflammatory response, collagen 
matrix remodeling, and neovascularization were assessed through H&E 
histomorphometry, Masson's trichrome-based fibrillar collagen visuali
zation, and CD31 immunohistochemical profiling, respectively. Regions 
colonized by bacterial biofilms typically exhibit robust inflammatory 
cascades accompanied by focal necrotic foci within the integumentary 
architecture. As depicted in Fig. 7a, the untreated control PBS (NIR− ) 
group displayed fragmented epidermal stratification and pronounced 
inflammatory cell infiltrates, signifying stalled tissue restitution and 
exacerbated infection-mediated inflammatory pathology. Similarly, the 
Qe-treated wound demonstrated marked attenuation of pro- 
inflammatory signaling, but obvious connective tissue hyperplasia and 

neutrophil infiltration were still visible (red arrows). Remarkably, the 
count of inflammatory cells in the QF NCs group was remarkable 
decreased in mice under NIR laser irradiation in comparison to the 
control group. Furthermore, the expression of two typical proin
flammatory mediators, tumor necrosis factor-alpha (TNF-α) and inter
leukin 6 (IL-6) was evaluated using immunohistochemical staining 
(Fig. 7b). Substantial infiltration of TNF-α/IL-6 immuno-positive cells 
(brown chromogenic signal) was evident in both PBS and Qe control 
groups, validating robust inflammatory pathology. In contrast, the QF 
NCs (NIR+) treatment group exhibited marked suppression of proin
flammatory cytokine expression following therapeutic intervention, 
signifying attenuated immuno-inflammatory activation in S. aureus- 
infected lesions. This anti-inflammatory efficacy was also corroborated 
by histomorphometric analysis of H&E-stained sections.

The stage of angiogenesis involving new blood vessels formation and 
the synthesis/architectural remodeling of collagen matrices, is a critical 
process in wound healing and tissue repair [65,66]. Therefore, Masson 
trichrome staining was employed to observed the deposition of collagen 
in the dermis layer at the wound site. The collagen fibers were high
lighted by a blue coloration, allowing for a clear visualization of 
collagen accumulation and its distribution within the tissue during the 
healing process. As illustrated in Fig. 7c, it can be seen that the wound 
site of the QF NCs (NIR+) group showed highly oriented collagen fibers 
(stained in blue) and a higher proportion of collagen deposition, indi
cating a stronger tissue repair ability, while the collagen fiber content of 
the other treatment groups was lower. In addition, the expression of 
CD31, a distinctive indicator of endothelial cells, was evaluated to 
characterize the angiogenesis. Compared with the PBS group, the 
expression of CD31 in the QF NCs (NIR− ) and QF NCs (NIR+) groups 
was significantly enhanced (Fig. 7d), which confirmed that the QF NCs 
under NIR laser irradiation has a strong ability to promote angiogenesis. 

Fig. 7. Histological analysis. (a) Typical H&E images demonstrating cutaneous wound healing progression across treatment cohorts at the 9-day post-treatment 
interval. (b) Immunohistochemical analysis illustrating the spatial distribution of inflammatory mediators (TNF-α and IL-6) of wound tissues. (c) Collagen deposi
tion profiles in regenerating dermal tissue revealed by Masson staining following distinct therapeutic regimens at day 9. (d) Immunohistochemical staining of CD31 
after various treatments at day 9.
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Both CD31 immunofluorescence staining and Masson staining results 
exhibited that the QF NCs (NIR+) group had the best angiogenesis and 
collagen deposition effects. Overall, all these findings collectively indi
cated that the proposed therapeutic regimen of QF NCs with NIR laser 
irradiation exhibited significant potential for antibiofilm activity in vivo, 
lowering the strong inflammatory response and promoting angiogenesis 
and collagen deposition to a certain extent, thereby better accelerating 
S. aureus infected wound healing in mice.

4. Conclusion

A multifunctional nanoplatform based on the coordination-driven 
self-assembly of the natural flavonoid Qe and ferric ions was success
fully developed to inhibit pathogenic biofilm formation by synergisti
cally integrating various all-around properties. The metal coordination 
strategy surmounted the limitations of poor stability and low bioavail
ability of natural active compounds and endowed the system with 
microenvironment-responsive catalytic properties. In vitro experiments 
confirmed that QF NCs significantly inhibited biofilm formation via a 
triple synergistic mechanism: (i) POD-like nanozyme activity for H2O2- 
catalyzed •OH generation to disrupt biofilm matrixes; (ii) NIR-activated 
photothermal ablation to damage bacterial cell walls and cause protein 
denaturation; and (iii) Qe-mediated interference of QS-related gene 
expression to block bacterial communication. Animal models validated 
the platform's dual antibacterial and anti-inflammatory synergistic ef
fects in accelerating the healing of infected wounds. This intelligent 
antibiofilm platform integrates physical, chemical, and biological reg
ulatory approaches and shows considerable potential for application in 
biomedical fields such as medical device coatings and chronic wound 
management. Notably, the elucidation of the antibiofilm mechanism 
provides important theoretical insights for the rational design and 
application of antibacterial materials. In future work, we will explore 
the underlying antibacterial mechanisms of our composite material 
through approaches such as whole-genome transcriptomic analysis and 
genetic manipulation, thereby guiding the development of next- 
generation biofilm-inhibiting materials.
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