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Introduction: Bacterial biofilms are a major cause of persistent and device-related infections due to their antibiotic resistance and 
ability to shelter bacteria. Zinc oxide nanocrystals (ZnO NCs), with their multiple antimicrobial mechanisms, have emerged as efficient 
antibacterial agents.
Methods: In this study, we synthesized rod-shaped ZnO NCs and evaluated their anti-biofilm efficacy against Escherichia coli. Anti- 
biofilm activity was assessed at sub-minimum inhibitory concentration (MIC) and MIC levels. Transcriptomic analysis and qPCR were 
employed to examine gene expression changes in E. coli, with further mechanistic validation targeting specific metabolic pathways.
Results: At sub-MIC levels, ZnO NCs potently inhibited biofilm formation and eradicated pre-formed E. coli biofilms. These 
treatments also markedly suppressed the synthesis of key extracellular polymeric substances (EPS) components, while MIC-level 
treatments effectively degraded existing EPS in mature biofilms. Concurrently, ZnO NCs reduced overall EPS density, loosened 
biofilm architecture, and increased its structural heterogeneity. Furthermore, bacterial motility (swimming, twitching, and swarming) 
was strongly impaired across sub-MIC to MIC concentrations. Transcriptomic analysis revealed that ZnO NCs downregulated genes 
associated with biofilm formation, motility, and amino acid biosynthesis. qPCR indicated that the downregulation of glgA and gltB 
impaired the synthesis of key EPS components.
Conclusion: Mechanistically, we validate that in E. coli, ZnO NCs suppress glgA to disrupt glycogen-derived carbon precursors for 
polysaccharide synthesis, and downregulate gltB to impair glutamate synthase activity, thereby limiting nitrogen assimilation and 
amino acid supply for proteinaceous EPS components. These findings elucidate a previously undefined mechanism wherein ZnO NCs 
dismantle E. coli biofilms by simultaneously targeting two pivotal metabolic nodes (glgA and gltB) that fuel EPS production. This 
work provides not only a deeper mechanistic insight into anti-biofilm action against E. coli but also supports the potential of ZnO NCs 
as multi-targeted anti-biofilm agents.
Keywords: nanotoxicology, antibiofilm, extracellular polymeric substances, motility, bacterial stress response

Introduction
Bacterial biofilm is a highly organized community formed by microorganisms to adapt to complex environment. The 
essence of bacterial biofilm is a three-dimensional structure formed by bacteria to wrap themselves and adhere to 
biological or non-biological surfaces by secreting Extracellular Polymeric Substances (EPS).1 The core component of 
biofilm is EPS, accounting for 50% to 90% of its dry weight, mainly including polysaccharides, proteins, extracellular 
DNA (eDNA) and lipids.2 These substances form physical barriers through hydrogen bonding, hydrophobic interaction 
and cation bridging, which not only provide mechanical protection for bacteria, but also trap water and nutrients and 
maintain a stable internal microenvironment.3–5 The function of biofilm is dual: on the one hand, it enhances the 
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colonization ability of bacteria in the host or environment, promotes interspecific cooperation and horizontal gene 
transfer; On the other hand, the harm it causes is extremely serious, such as chronic infections, medical device- 
associated infections, and industrial pipe clogs and biocorrosion.6,7 Therefore, there is a pressing need to develop 
treatment strategies specifically targeting biofilms to address their remarkable drug resistance.

Extracellular polymeric substances (EPS) constitute the key structural and functional basis for biofilm infectivity 
and drug resistance. Polysaccharides such as alginate, galactose, mannose, and glucuronic acid form a cross-linked 
scaffold that provides mechanical stability and limits antibiotic diffusion.8 Proteins including adhesins like LapA in 
Pseudomonas fluorescens mediate bacterial attachment to surfaces and initiate infection.9 Amyloid proteins (eg, curli 
fibers in Escherichia coli (E. coli)) promote cell aggregation and immune evasion, reinforcing infection 
persistence.10,11 The biofilm matrix is reinforced by eDNA through cation chelation and facilitates horizontal gene 
transfer of antibiotic resistance genes.12,13 Bacterial motility is essential for surface exploration, initial attachment, and 
biofilm expansion,14 though it is suppressed upon maturation to promote entrapment within EPS.15,16 The EPS matrix 
confers drug resistance by limiting antibiotic penetration, adsorbing antimicrobial agents, and sheltering persister cells 
from immune clearance.17,18 Importantly, motility affects EPS secretion and organization, while EPS architecture 
reciprocally influences motility and attachment dynamics.19,20 This bidirectional physico-biochemical interplay, orche
strated by the precise genetic regulation of processes such as quorum sensing, EPS synthesis, and flagellar assembly, 
collectively constitutes a “biofilm integrity system”. This system integrates three core pillars: (1) the structural scaffold 
(EPS), (2) the adaptive behavior (motility), and (3) the underlying genetic regulatory network. It is this integrated 
system that ensures biofilm cohesion, stability, resistance, and ultimately, its recalcitrance to treatment. Among the 
genes associated with biofilms, glgA and gltB are, respectively, associated with different components of EPS in E. coli 
biofilms. The glgA gene encodes glycogen synthase, a key enzyme in bacterial glycogen synthesis. Glycogen serves as 
an intracellular polysaccharide reserve, and its metabolism is closely linked to the synthesis of extracellular poly
saccharides (EPS), acting as a precursor pool or carbon source for other EPS components such as capsular poly
saccharides and mucoid polysaccharides.21 The gltB gene encodes the large subunit of glutamate synthase (GOGAT), 
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which together with glutamine synthetase (GS, encoded by) forms the GS-GOGAT pathway, the primary route for 
nitrogen assimilation in E. coli. This pathway converts glutamine and α-ketoglutarate into two molecules of glutamate, 
thereby regulating intracellular amino nitrogen balance. It has been shown that gltB gene is involved in the formation 
of bacterial biofilms.22–24 Together, glgA supports biofilm matrix formation by providing glycogen-derived carbon 
precursors for extracellular polysaccharides, while gltB contributes through its role in glutamate synthase-mediated 
nitrogen metabolism essential for biofilm development. Consequently, therapeutic approaches that target the bacterial 
biofilm Integrity System represent a critical strategic approach for combating biofilms and treating biofilm-associated 
infections.

Antimicrobial nanomaterials, particularly metal-based variants, hold significant potential as alternatives or adjuvants 
to antibiotics for treating bacterial infections. Recent advances in antibacterial materials, such as cationic hydrogels with 
inherent antimicrobial properties and polydopamine nanoparticle-dotted hydrogels, have demonstrated effective anti
bacterial and wound-healing capabilities in infected wound models, highlighting the importance of multifunctional 
strategies for combating biofilm-associated infections.25,26 Zinc oxide nanocrystals (ZnO NCs) stand out among these 
materials as a prominent antibacterial agent due to their favorable safety profile, potent antibacterial efficacy, ideal 
integration into wound dressings, and synergistic interactions with antibiotics.27 Beyond targeting planktonic bacteria, 
ZnO NCs also exhibit robust antibiofilm capabilities. Both pristine ZnO NCs and ZnO-based nanocomposites demon
strate broad-spectrum activity against biofilms formed by diverse Gram-positive and Gram-negative pathogens, including 
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Campylobacter jejuni, Porphyromonas gingivalis, 
and Serratia marcescens.28–31 The established antibacterial mechanisms of ZnO NCs encompass: (1) zinc ion dissolution, 
wherein released Zn2+ disrupts bacterial enzyme systems and amino acid metabolism, thereby impairing physiological 
functions; (2) reactive oxygen species (ROS) generation, as photo-induced electron-hole pairs catalyze oxidative 
reactions to produce hydroxyl radicals (·OH), hydrogen peroxide (H2O2), and other ROS that inflict oxidative damage 
on DNA, proteins, and lipids; (3) physical disruption via electrostatic adsorption of positively charged ZnO NCs onto 
negatively charged bacterial membranes, coupled with direct membrane penetration by their sharp-edged structures.32 In 
addition, ZnO NCs can induce genetic expression inhibition, evidenced by suppression of core quorum sensing (QS) 
regulators including gtfB and gtfC in Streptococcus mutans, lasI, lasR, rhlI, and rhlR in Pseudomonas aeruginosa, the 
agr system in methicillin-resistant Staphylococcus aureus (MRSA), and the MRSA adhesion-associated icaA gene.33–35 

However, most prior studies on ZnO NCs’ anti-biofilm effects have focused on phenotypic observations. A systems-level 
understanding of how ZnO NCs perturb the transcriptional landscape of E. coli, specifically to disrupt the biofilm 
integrity system by targeting its EPS and motility components, is still lacking. This knowledge gap limits the rational 
development of enhanced nano-antibiofilm strategies.

Thus, we hypothesize that ZnO NCs exert their anti-biofilm activity by disrupting the biofilm integrity system of 
E. coli. To test this, rod-shaped ZnO NCs were first synthesized via a methanol-assisted solvothermal method. We then 
systematically evaluated their efficacy in inhibiting biofilm formation and eradicating mature biofilms at sub-inhibitory 
concentrations, and further assessed their impacts on bacterial motility, as well as the composition and architecture of 
extracellular polymeric substances (EPS). To uncover the underlying molecular mechanism, transcriptomic analysis was 
employed to identify key pathways perturbed by ZnO NCs. Finally, the roles of critical genes (glgA and gltB) within 
these pathways were validated by qPCR. This integrated approach, from phenotypic characterization to transcriptomic 
profiling and genetic validation, aims to provide a mechanistic explanation for how ZnO NCs compromise the biofilm 
integrity system.

Materials and Methods
General Experimental Design and Replication
Unless otherwise specified, all quantitative experiments were independently repeated at least three times (biological 
replicates). Results are presented as the mean ± standard deviation (SD) from at least three independent experiments. The 
sample size (n) reported in the figure legends corresponds to the number of independent experiments (biological 
replicates).
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Preparation of ZnO NCs
The synthesis of ZnO nanocrystals (NCs) was conducted following the protocol described by Xiangyang Bai et al36 

Briefly, zinc acetate dihydrate and dimethyl sulfone were dissolved in methanol under continuous stirring at 65°C. After 
1 hour of reaction, a potassium hydroxide methanol solution was slowly added using a peristaltic pump, and the reaction 
was continued for an additional 1.5 hours. The resulting product was centrifuged at 10,000 rpm and 4°C for 5 minutes, 
washed three times with methanol, and finally dried to obtain ZnO NCs.

Characterization of ZnO NCs
SEM
The ZnO NCs methanol solution was diluted to approximately 0.1 mg/mL, dropped onto a tin foil-covered SEM stage, 
dried at 37°C overnight, and sputter-coated with gold before morphological analysis using scanning electron microscopy.

TEM
A diluted ZnO NCs methanol solution was dropped onto a copper grid, air-dried, and observed under transmission 
electron microscopy. The longitudinal and transverse diameters of ZnO NCs were measured using ImageJ software, with 
averages calculated from 10 randomly selected particles.

XRD
Freeze-dried ZnO NCs powder was placed on a sample holder and analyzed in a sealed tube.

Hydrodynamic Size and Zeta Potential
The hydrodynamic diameter and zeta potential of ZnO NCs were measured using a nanoparticle analyzer. The NCs were 
diluted and dispersed in deionized water (pH 7) and LB broth (pH 7), equilibrated for 2 minutes, and analyzed.

Preparation of ZnO NCs for Biological Assays
Prior to antibacterial or anti-biofilm experiments, ZnO NCs methanol solutions were centrifuged at 10,000 rpm and 4°C 
for 5 minutes, resuspended in sterile deionized water via ultrasonication, and adjusted to desired concentrations.

Bacterial Cultivation
Single colonies of Staphylococcus aureus and Escherichia coli from LB agar plates were inoculated into LB broth and 
incubated at 37°C with shaking until reaching the logarithmic growth phase. Bacterial turbidity was adjusted to 0.5 
McFarland standard (approximately 1.0×108 CFU/mL) using a turbidimeter.

Determination of MIC and MBC for ZnO NCs
The experiment was performed in 96-well plates using S. aureus and E. coli suspensions diluted to 1.0×106 CFU/mL. Six ZnO 
NCs concentration groups (500, 250, 125, 62.5, 31.25, and 15.625 µg/mL), a positive control (penicillin), and a negative 
control were tested in triplicate. After adding bacterial suspensions and ZnO NCs solutions to achieve a final volume of 
200 µL per well, the plate was incubated at 37°C for 18–20 hours. For MIC determination, 0.003% resazurin solution was 
added, followed by 4 hours of incubation. Antibacterial effects were evaluated based on color changes. For MBC determina
tion, 100 µL of each well was spread on LB agar plates and incubated at 37°C for 24 hours to assess bacterial growth.

E. coli Biofilm Growth Curve Analysis
E. coli was adjusted to 1.0×106 CFU/mL and added to 24-well plates (1 mL/well). After incubation at 37°C for 12– 
72 hours, biofilms were washed with PBS, stained with 0.1% crystal violet (20 minutes), fixed with methanol, dissolved 
in 33% acetic acid, and quantified at 562 nm using a microplate reader (iMark, Bio-Rad, USA). Triplicates were 
performed for each time point.
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ZnO NCs Inhibit E. coli Biofilm Formation
E. coli suspensions (1.0×106 CFU/mL) were mixed with ZnO NCs-LB broth at final concentrations of 0, 15.625, 31.25, 
62.5, and 125 µg/mL. After 48 hours of incubation at 37°C, biofilms were washed with PBS and analyzed.

ZnO NCs Eradicate Stablished E. coli Biofilms
Established biofilms (48-hour incubation) were treated with ZnO NCs-LB broth (0–125 µg/mL) for 24 hours. Biofilms 
were washed with PBS and processed for further analysis.

Viable Bacterial Count in ZnO NCs-Treated Biofilms
Biofilms were ultrasonically dispersed in 1 mL PBS, serially diluted, spread on LB agar plates, and incubated at 37°C for 
24 hours to determine CFU counts.

Crystal Violet Staining of E. coli Biofilms
Biofilms were stained with 0.1% crystal violet for 20 minutes, washed, air-dried, photographed, dissolved in 33% acetic 
acid, and measured at 562 nm. Triplicates were performed. In order to eliminate the influence of residual methanol from 
ZnO NCs during synthesis and separation on the bacterial biofilm, control experiments were conducted using the residual 
methanol concentrations corresponding to each concentration gradient of ZnO NCs. The residual methanol concentration 
is calculated by the difference between the precipitate obtained after centrifugation of the methanol solution of ZnO NCs 
and the powder after drying.

Laser Confocal Observation of E. coli Biofilms
Biofilms grown on glass-bottom 24-well plates were fixed at room temperature with 4% formaldehyde solution for 
15 minutes, then stained with SYTO 9 (Invitrogen), CY3 SE, and Calcofluor White Stain (30 minutes, 4°C in the dark), 
washed, and imaged under a confocal microscope (A1HD25, Nikon, Japan. Excitation wavelengths: 488, 561, and 405 nm).

Extraction and Content Determination of EPS Components in Biofilms
The biofilms were washed three times with PBS, and 1 mL of deionized water was added followed by ultrasonication for 
10 minutes to fully disperse the biofilms. The samples were centrifuged at 14,000 rpm and 4 °C for 15 minutes, and the 
supernatant was collected and filtered through a 0.22 µm filter to remove bacterial cells.

The protein content was determined using a BCA protein quantification kit (Solarbio, China). According to the 
manufacturer’s instructions, bovine serum albumin (BSA) was used as the standard. A 20 µL aliquot of the biofilm 
dispersion containing soluble EPS was mixed with 200 µL of BCA working reagent and incubated at 37 °C for 
30 minutes. The absorbance was measured at 562 nm.

The polysaccharide content was measured according to the method described by Wang et al37 1 mL of the supernatant 
was mixed with 3 mL of ethanol. The mixture was placed at 4 °C overnight. The precipitated polysaccharides were 
dissolved in 1 mL of distilled water, followed by the addition of 1 mL of 5% phenol. After mixing, 6 mL of concentrated 
sulfuric acid was added along the tube wall and allowed to react for 30 minutes. Using a 1% glucose solution as the 
standard, 150 µL of the solution was transferred to a 96-well plate, and the absorbance was measured at 420 nm using 
a multifunctional microplate reader.

The eDNA concentration was determined using an ultra-micro spectrophotometer (NanoOne-S, Yooning, China). All 
reported eDNA data are derived from samples meeting this purity standard (A260/A280 ratio >1.8).

Determination of Bacterial Motility
The method for determining bacterial motility can be referred to in the article by Saeki et al38 Swimming agar plates (1% 
tryptone, 0.5% NaCl, 0.3% agar, 0–125 µg/mL ZnO NCs) were centrally inoculated with E. coli and incubated at 37°C 
for 24 hours. Swarming agar plates (1% glucose, 0.5% peptone, 0.2% yeast extract, 0.5% agar, 0–125 µg/mL ZnO NCs) 
were inoculated with 10 µL E. coli (1.0×108 CFU/mL) and incubated at 37°C for 24 hours. Twitching agar plates (1% 
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tryptone, 0.5% yeast extract, 1% NaCl, 1% agar, 0–125 µg/mL ZnO NCs) were inoculated at the agar bottom with E. coli 
and incubated at 37°C for 24 hours.

Transcriptomic Study of ZnO NCs Anti-E. coli Biofilm
The E. coli suspension was diluted with LB broth to a final concentration of 1.0×106 CFU/mL, and 1 mL of the bacterial 
suspension was added to each well of a 6-well plate. After incubation at 37 °C for 48 hours, the bacterial suspension in 
each well was gently aspirated and replaced with either LB broth or a ZnO NCs–LB broth mixture to achieve final ZnO 
NCs concentrations of 0 µg/mL and 31.25 µg/mL, followed by further incubation for 4 hours. The biofilms were then 
gently washed three times with PBS buffer. Methods for RNA extraction, quality assessment, and subsequent transcrip
tomic analysis are described in detail in Supplementary Material 1. Strand-specific libraries were constructed from both 
ZnO NPs-treated and control groups and sequenced on an Illumina platform for paired-end reads. Raw data were quality- 
controlled using fastp to remove adapters and low-quality reads. After filtering, each sample yielded approximately 
22.5 million high-quality paired-end sequences (Clean Reads) on average, with an average Q30 score >95%. 
Subsequently, Clean Reads were aligned to the Escherichia coli reference genome (Assembly: NZ_CP024138.1) using 
HISAT2. The average mapping rate across all samples exceeded 97%, indicating high data quality suitable for down
stream analysis. Detailed data can be found in Table S1.

Real-Time Fluorescence Quantitative PCR Detection
E. coli biofilms were cultured and treated in the same way as described in Proteomics Study of ZnO NCs anti-E. coli 
Biofilm. RNA extraction was performed using the total RNA Extraction Kit for Cultured cells/Bacteria (RNAprep Pure, 
Tiangen, China). cDNA was synthesized using Evo M-MLV RT Kit with gDNA Clean for qPCR II (Accurate 
Biotechnology, Hunan, China), and then subjected to qPCR using SYBR Green Premix Pro Taq HS qPCR Kit II 
(Accurate Biotechnology, Hunan, China) in a Thermo Fisher 7500 Real-Time PCR System (ABI7500, Applied 
Biosystems, USA). To normalize mRNA abundance, the expression of the rpoD gene was used as an internal control. 
The primer sequences are shown in Table S2.

Statistical Analyses
Data are presented as the mean ± standard deviation (SD) from at least three independent biological replicates. The 
sample size (n) stated in the figure legends refers to the number of independent experiments. Prior to parametric 
statistical analysis, the assumptions of normality and homogeneity of variances were assessed using the Shapiro–Wilk 
test and Brown-Forsythe test, respectively. For comparisons among more than two groups, one-way analysis of variance 
(ANOVA) was performed. When the overall ANOVA result was significant (p < 0.05), Dunnett’s post-hoc test was 
applied for multiple comparisons against a single control group, as it optimally controls the Type I error rate in this 
design. All analyses were conducted using GraphPad Prism 10.1. One-way ANOVA was applied to assess intergroup 
differences, with significance levels set at p > 0.05 (ns), p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

Results and Discussion
The Synthesis and Characterization of ZnO NCs
In this study, ZnO NCs were synthesized using a methanol-based solvothermal method. SEM images revealed that the 
ZnO NCs exhibited cylindrical or short rod-shaped nanostructures (Figure 1A). TEM analysis further confirmed their 
rod-like morphology with good dispersion, showing an average longitudinal diameter of approximately 14 nm and 
a transverse diameter of 4 nm (Figure 1B). X-ray diffraction (XRD) patterns demonstrated that the synthesized ZnO NCs 
displayed characteristic peaks consistent with the standard ZnO NCs reference card, confirming their crystalline identity 
(Figure 1C). Dynamic light scattering (DLS) measurements indicated a hydrodynamic diameter of 122.4 ± 13.9 nm for 
the ZnO NCs, with a positively charged surface exhibiting a zeta potential of 32.4 ± 3.2 mV (Figure 1D and E). To assess 
the dispersion state and colloidal stability of ZnO NCs under the actual experimental conditions, their hydrodynamic 
diameter and zeta potential were also measured in the biological assay medium (LB broth). As summarized in Table S3, 
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when dispersed in LB broth, the ZnO NCs showed an increase to 177.7 ± 3.1 nm. Concurrently, the zeta potential 
reversed to −14.1 ± 0.6 mV. ZnO NCs underwent moderate agglomeration and, decisively, a reversal of surface charge to 
negative values. This is a classic signature of the formation of a biomolecular corona, where biomolecules from the 
medium adsorb onto the nanoparticle surface, effectively creating a new biological identity.39 This state is representative 
of the physiologically relevant form that interacts with bacterial cells.

Antibacterial and Bactericidal Effects of Synthesized ZnO NCs
The antibacterial and bactericidal activities of the synthesized ZnO NCs were evaluated using Staphylococcus aureus 
(S. aureus, Gram-positive) and E. coli (Gram-negative) as model bacteria. Following preliminary inhibition zone assays 
(Figure S1), the minimum inhibitory concentration (MIC) of ZnO NCs against S. aureus and E. coli was determined 
using the resazurin colorimetric method, with values ranging from 15.625 to 500 µg/mL. Subsequently, the minimum 
bactericidal concentration (MBC) was tested across a range of 15.625 to 250 µg/mL. Resazurin, a redox indicator, 
appears blue in aerobic conditions and turns pink under hypoxia. In aerobic bacterial cultures, oxygen consumption 
during respiration induces hypoxia, causing resazurin to turn pink. Conversely, if bacterial growth is inhibited, oxygen 
remains available, and resazurin retains its blue color. Thus, the MIC was defined as the lowest ZnO NCs concentration 
that maintained resazurin’s blue color. Results showed MIC values of 31.25 µg/mL for S. aureus and 62.5 µg/mL for 
E. coli, with MBC values of 62.5 µg/mL and 125 µg/mL, respectively (Figure 2A and B).

Based on MIC and MBC results, subsequent biological assays employed ZnO NCs concentrations ranging from 1/4 
MIC to 2 × MIC. The E. coli biofilm growth curve (Figure S2) indicated that 48-hour biofilms were optimal to assess the 
inhibitory efficacy of ZnO NCs against biofilm formation and their eradication activity against preformed biofilms.

Viable bacterial counts in the biofilms after ZnO NCs treatment showed that the ZnO NCs significantly reduced the 
number of viable cells. Treatment with 1/4 MIC (15.625 μg/mL) of ZnO NCs resulted in a significant decrease in viable 

Figure 1 Characterization of ZnO NCs. (A) SEM images of prepared ZnO NCs; (B) TEM images of prepared ZnO NCs; (C) XRD images of the prepared ZnO NCs, which 
show the characteristic peaks of the prepared ZnO NCs and the standard products; (D) Hydrated particle size of ZnO NCs; (E) Zeta potential of ZnO NCs.

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S583878                                                                                                                                                                                                                                                                                                                                                                                                       7

Tian et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/583878/Revised%20Supplementary%20Materials.docx
https://www.dovepress.com/article/supplementary_file/583878/Revised%20Supplementary%20Materials.docx


Figure 2 Antibacterial and antibiofilm efficacy of ZnO NCs. (A) MIC of ZnO NCs against S. aureus and E. coli; (B) MBC of ZnO NCs against S. aureus and E. coli; (C) Viable bacterial counts after biofilm formation inhibition by ZnO NCs; 
(D) Viable bacterial counts after eradication of mature biofilms by ZnO NCs; (E) Crystal violet staining demonstrating the antibiofilm effects of ZnO NCs; (F) Relative absorbance at 562 nm of crystal violet staining for inhibited biofilm 
formation; (G) Relative absorbance at 562 nm of crystal violet staining for removed mature biofilms; (H) SYTO 9 staining of biofilms treated with ZnO NCs; (I) Relative fluorescence intensity of SYTO 9 staining for inhibited biofilm 
formation; (J) Relative fluorescence intensity of SYTO 9 staining for removed mature biofilms. Scale bar = 20 μm. Data are presented as the mean ± SD (n = 3 independent experiments). Statistical significance was determined by one-way 
ANOVA with Dunnett’s post hoc test, with significance levels set at p < 0.05 (*), p< 0.01 (**), and p < 0.001 (***).
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counts in both developing and mature biofilms (Figure 2C). At the MBC concentration (125 μg/mL), the viable bacteria 
in developing biofilms were reduced by more than two orders of magnitude, while those in mature biofilms decreased by 
nearly two orders of magnitude (Figure 2D).

Crystal violet staining revealed that E. coli treated with ZnO NCs at MIC (62.5 μg/mL) and higher concentrations 
barely formed any biofilm. The biofilm formed after treatment with 1/4 MIC (15.625 μg/mL) ZnO NCs was significantly 
reduced compared to the control group (Figure 2E and F). Mature biofilms treated with 1/4 MIC (15.625 μg/mL) ZnO 
NCs showed approximately 40% reduction in total biomass, which was statistically significant. Treatment with ZnO NCs 
at the MBC concentration (125 μg/mL) removed about 80% of the total biofilm biomass (Figure 2G). Figure S3 shows 
that residual methanol has no significant effect on the formation of biofilm and the maturation of mature biofilm.

SYTO 9 staining reflected the total bacterial biomass within the biofilms. Upon treatment with a range of ZnO NCs 
concentrations, the total bacterial biomass in E. coli biofilms was significantly reduced (Figure 2H). Treatment with 1/4 
MIC (15.625 μg/mL) ZnO NCs led to a 22% reduction in total bacterial biomass in developing biofilms, while 1/2 MIC 
(31.25 μg/mL) reduced it by approximately 64% (Figure 2I). In mature biofilms, 1/4 MIC (15.625 μg/mL) ZnO NCs 
reduced the total bacterial biomass by about 10%, which was significantly different from the control. At 1/2 MIC 
(31.25 μg/mL), more than 50% of the total bacterial biomass was eradicated (Figure 2J). These results demonstrate that 
sub-MIC concentrations of ZnO NCs exhibit significant efficacy in inhibiting the formation of E. coli biofilms and 
eradicating established biofilms.

ZnO NCs Reduce Biofilm EPS Components
In addition to reducing bacterial counts and total biofilm biomass, ZnO NCs significantly decreased extracellular 
polymeric substance (EPS) components in both forming and mature E. coli biofilms, including proteins, eDNA, and 
polysaccharides. As shown in Figure 3, sub-MIC concentrations (15.625, 31.25, and 62.5 µg/mL) of ZnO NCs markedly 
reduced protein, eDNA, and polysaccharide levels in forming biofilms (Figure 3A–C). MIC-level ZnO NCs (62.5 µg/ 
mL) effectively degraded EPS components (proteins, eDNA, polysaccharides) in mature biofilms (Figure 3D–F). These 
findings collectively indicate that ZnO NCs at sub-MBC concentrations not only inhibit EPS synthesis during biofilm 
formation but also remove pre-existing EPS in mature biofilms.

The data presented earlier indicate that the inhibition and removal of EPS components by zinc oxide nanocrystals 
(ZnO NCs) was accompanied by a significant reduction in the number of viable cells within both forming and mature 
biofilms. A critical mechanistic distinction thus arises: the decrease in EPS could be a passive consequence of the 
reduced cell density, or it could reflect a direct, active inhibition of the EPS synthesis machinery by ZnO NCs. To explore 
the latter possibility, we first considered the potential physiological state induced by sub-MIC ZnO NCs.

We hypothesized that sub-MIC ZnO NCs might exert a sub-lethal toxic stress on the bacteria (eg, via Zn2+ or 
localized ROS), which could interfere with intercellular signaling systems like quorum sensing,40 a global regulator of 
virulence including EPS production. This disruption could drive bacteria into a metabolically downregulated state that 
prioritizes survival over virulence, akin to the bioenergetic suppression mediated by endogenous metabolites.41 Under 
such stress, bacteria could reprogram their metabolic networks to prioritize survival, potentially downregulating energy- 
costly virulence functions such as EPS production.42 Furthermore, the inherent metabolic heterogeneity within biofilms 
implies that the metabolically active subpopulations at the periphery, which are major contributors to EPS, might be 
particularly susceptible to this stress.43 Collectively, these physiological alterations could lead to diminished EPS output. 
To elucidate the molecular basis underlying these phenotypic changes, we conducted transcriptomic and qPCR analyses, 
the results of which are presented in a later section.

Confocal laser scanning microscopy (CLSM) images visually demonstrated the changes in the extracellular polymeric 
substance (EPS) components of E. coli biofilms treated with ZnO NCs at the MIC (62.5 μg/mL) (Figure 3G). In the 
control group, the mature biofilm showed complexed proteins (stained red) and polysaccharides (stained blue) distributed 
within the dense bacterial cells (stained green), with a biofilm thickness of approximately 30 μm. In addition to inhibiting 
bacterial growth, treatment with ZnO NCs effectively suppressed the accumulation of protein and polysaccharide 
components, preventing the development of normal density and thickness. The resulting biofilm appeared thin and 
loosely structured, with a thickness of only about 10 μm. For pre-formed mature biofilms, ZnO NCs treatment eliminated 
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Figure 3 Inhibitory and removal effects of ZnO NCs on EPS in E. coli biofilms. (A) Relative content of proteins in EPS after inhibition treatment; (B) Relative content of eDNA in EPS after inhibition treatment; (C) Relative content of 
extracellular polysaccharides in EPS after inhibition treatment; (D) Relative content of proteins in EPS of mature biofilms after removal treatment; (E) Relative content of eDNA in EPS of mature biofilms after removal treatment; (F) 
Relative content of extracellular polysaccharides in EPS of mature biofilms after removal treatment; (G) Confocal microscopy images of E. coli biofilms treated with ZnO NCs, showing bacterial cells (green), proteins (red), and β- 
polysaccharides (blue). (H) Relative fluorescence intensity of proteins in EPS after inhibition treatment; (I) Relative fluorescence intensity of β-polysaccharides in EPS after inhibition treatment; (J) Relative fluorescence intensity of 
proteins in EPS of mature biofilms after removal treatment; (K) Relative fluorescence intensity of β-polysaccharides in EPS of mature biofilms after removal treatment. Scale bar = 30 μm. Data are presented as the mean ± SD (n = 3 
independent experiments). Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test, with significance levels set at p > 0.05 (ns), p < 0.05 (*), p< 0.01 (**), and p < 0.001 (***).
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most of the bacterial cells and significantly reduced the amount and density of proteins and polysaccharides. The biofilm 
structure became looser and heterogeneous in thickness, with some localized regions remaining relatively thick due to 
bacterial aggregation, while other areas were noticeably thinner.

For EPS in the forming biofilm, after treated with ZnO NCs, the relative fluorescence intensity of proteins decreased 
to 17.296 ± 3.770%, and the relative fluorescence intensity of β-glucan decreased to 8.422 ± 2.016%, both being 
significantly inhibited, which is consistent with the corresponding changes in relative content (Figure 3H and I). After 
ZnO NCs treatment for the mature biofilm, the relative fluorescence intensity of proteins decreased to 53.015 ± 5.273%, 
and the relative fluorescence intensity of β-glucan decreased to 41.765 ± 14.407%, both being significantly inhibited, 
which is consistent with the corresponding changes in relative content (Figure 3J and K).

Previous studies on ZnO NCs and their composite nanocrystals synthesized by various methods have also reported 
inhibitory effects on bacterial biofilm EPS to varying degrees,44–48 which is consistent with the findings of this study. The 
present study further investigated the spatial distribution of EPS components, providing visual evidence of the suppres
sion and removal of proteins and β-polysaccharides within the EPS, as well as the structural disruption of the biofilm 
induced by ZnO NCs.

ZnO NCs Inhibit Bacterial Motility of E. coli
The impact of ZnO NCs on the motility of E. coli may be related to their ability to disperse biofilms. Therefore, this study 
evaluated the motility of E. coli following treatment with ZnO NCs. Bacterial motility assays included swimming, 
twitching, and swarming motilities, which reflect flagellar-driven movement, coordinated dense flagellar activity with 
quorum sensing, and type IV pili-mediated motion, respectively.

As shown in Figure 4A, ZnO NCs inhibited bacterial motility to varying degrees. Specifically, ZnO NCs at 1/2 MIC 
(31.25 μg/mL) nearly abolished swimming motility (Figure 4B); treatment with 1/4 MIC (15.625 μg/mL) significantly 

Figure 4 Effects of ZnO NCs on motility of E. coli. (A) Motility inhibition of E. coli (swimming, twitching, and swarming motility) by ZnO NCs; (B) Diameter of swimming 
motility zones; (C) Diameter of twitching motility zones; (D) Diameter of swarming motility zones. The red circles represent the range of the bacteria’s swimming 
movement. Data are presented as the mean ± SD (n = 3 independent experiments). Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test, 
with significance levels set at p > 0.05 (ns), p < 0.05 (*), p< 0.01 (**), and p < 0.001 (***).
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reduced twitching motility (Figure 4C); and at the MIC (62.5 μg/mL), swarming motility was also markedly inhibited 
(Figure 4D). Overall, ZnO NCs at sub-MIC to MIC concentrations significantly suppressed the motility of E. coli.

Bacterial motility is closely associated with surface colonization and initial biofilm formation, as well as with the 
active dispersal and migration of cells from mature biofilms. Inhibition of bacterial motility can prevent bacteria from 
actively approaching and stably adhering to surfaces.49 Even if initial attachment occurs, impaired motility disrupts 
coordinated collective migration and expansion.50 The loss of twitching ability further hinders cells from rearranging 
within the biofilm and forming complex three-dimensional structures.51,52

The inhibition of swimming, twitching, and swarming motilities by ZnO NCs therefore likely impedes multiple stages 
of biofilm development, from initial surface colonization to the establishment of mature, complex architectures. In this 
study, the confirmed suppressive effect of ZnO NCs on E. coli motility, as reflected by the significant reduction in 
motility zone sizes, strongly suggests that the observed reduction in biofilm biomass is consistent with the prevention of 
robust biofilm formation and structural development. This interpretation aligns with studies on other metal oxide 
nanoparticles, where motility suppression is recognized as a key contributing mechanism to biofilm inhibition.53,54

It is important to note that the smaller motility zones observed likely reflect the integrated impact of ZnO NCs on both 
bacterial proliferation and motility functions under the conditions of our assay. While our data do not rule out potential 
direct effects on flagella or pili, the profound inhibition of motility mechanisms supports the conclusion that ZnO NCs act 
primarily by compromising the biofilm’s formative potential and structural integrity, rather than by inducing active 
dispersal from a mature biofilm.

Mechanism of ZnO NCs Inhibiting E. coli Biofilm
To further investigate the antibiofilm mechanism of ZnO NCs, transcriptomic analysis was performed in this study. 
Sample correlation analysis between the control group and the ZnO NC-treated group (Figure S4) showed high similarity 
among the three biological replicates within each group, ensuring the reliability of subsequent differential gene 
expression analysis. As shown in Figure S5, a total of 2166 differentially expressed genes (DEGs) (FC > 2, FDR < 
0.05) were identified in E. coli following ZnO NC treatment, among which 1127 were upregulated and 1039 were 
downregulated.

The KEGG enrichment analysis (Figure 5A) showed significant changes in pathways such as “Biofilm formation – 
Escherichia coli” and “Flagellar assembly”. This suggests that ZnO NC treatment was associated with the down
regulation of core genes involved in E. coli biofilm formation and key structural components related to bacterial motility. 
The GO enrichment results (Figure 5B), including terms such as “Locomotion” and “flagellum-dependent cell motility”, 
were consistent with the downregulation of motility-associated genes, aligning with the previously observed phenotype 
of ZnO NCs inhibiting E. coli motility. Additionally, GO analysis indicated a significant downregulation of genes related 
to amino acid and protein metabolic processes. Moreover, KEGG GSEA (Figure 5C) and GO GSEA (Figure 5D) results 
suggested that ZnO NC treatment triggered a strong stress response in E. coli. While genes related to ribosomal 
functions, peptide biosynthesis, and ABC transporters were upregulated, potentially reflecting an attempt at cellular 
repair and survival, key processes such as oxidative phosphorylation, respiratory chain function, and amino acid 
biosynthesis were significantly suppressed. KEGG enrichment analysis (Figure 5A) revealed significant changes in 
pathways such as “Biofilm formation – Escherichia coli” and “Flagellar assembly”, indicating that ZnO NCs treatment 
downregulated the expression of core genes involved in E. coli biofilm formation and key structural components related 
to bacterial motility. GO enrichment results (Figure 5B), including terms such as “Locomotion” and all “flagellum- 
dependent cell motility”, further confirmed the downregulation of motility-associated genes, consistent with the pre
viously observed phenotype of ZnO NCs inhibiting E. coli motility. Additionally, GO analysis showed significant 
downregulation of genes related to amino acid and protein metabolic processes in E. coli after ZnO NCs treatment. 
Moreover, KEGG GSEA (Figure 5C) and GO GSEA (Figure 5D) results indicated that ZnO NCs treatment triggered 
a strong stress response in E. coli. Although the bacteria upregulated genes related to ribosomal functions, peptide 
biosynthesis, and ABC transporters in an attempt to repair and survive, key processes such as oxidative phosphorylation, 
respiratory chain function, and the supply of essential precursors, particularly amino acid biosynthesis, were significantly 
suppressed.
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Figure 5 Transcriptomic analysis and qPCR validation of E. coli biofilms treated with ZnO NCs. (A) KEGG enrichment analysis of transcriptomic data; (B) GO enrichment analysis of transcriptomic data; (C) KEGG GSEA analysis results; 
(D) GO GSEA analysis results; (E) qPCR results of genes related to EPS components in biofilm after ZnO NCs treatment. The red boxes indicate the pathways related to EPS production and bacterial motility. Data are presented as the 
mean ± SD (n = 3 independent experiments). Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test, with significance levels set at p < 0.05 (*), p< 0.01 (**).
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The expression levels of relevant genes were validated using quantitative real-time polymerase chain reaction 
(qPCR). qPCR results showed significant downregulation of glgA and gltB gene expression (Figure 5E). The down
regulation of glgA was associated with multiple significantly enriched functional terms in the transcriptomic analysis, 
including “Biofilm formation – Escherichia coli” in KEGG, “generation of precursor metabolites and energy”, “energy 
derivation by oxidation of organic compounds”, and “carbohydrate biosynthetic process” in GO, as well as “Biosynthesis 
of secondary metabolites” and “Starch and sucrose metabolism” in KEGG GSEA, and “generation of precursor 
metabolites and energy” in GO GSEA. Consistent with its known role in glycogen synthesis, the suppression of glgA 
could potentially disrupt carbon storage and availability, which might limit the supply of polysaccharide precursors 
required for EPS matrix assembly. Similarly, the downregulation of gltB was linked to several significantly enriched 
pathways, including “Alanine, aspartate and glutamate metabolism” in KEGG, “organonitrogen compound biosynthetic 
process” in GO, “Biosynthesis of amino acids” and “Nitrogen metabolism” in KEGG GSEA, and “oxidoreductase 
activity”, “cellular amino acid metabolic process”, and “alpha-amino acid metabolic process” in GO GSEA. Previous 
studies have shown that deletion of gltB inhibits biofilm formation in Bacillus subtilis Bs916 by altering the production 
of γ-polyglutamic acid and three lipopeptides.23 Therefore, consistent with its role in glutamate synthase activity, the 
suppression of gltB may disrupt nitrogen assimilation and intracellular amino acid balance, potentially impairing the 
synthesis of proteinaceous components essential for biofilm integrity.

Together, these findings suggest a model where the downregulation of glgA could impair glycogen-dependent carbon 
provisioning, thereby potentially curtailing the synthesis of polysaccharide components in the EPS. Concurrently, the 
downregulation of gltB may impede glutamate synthase activity, which could disrupt nitrogen assimilation and amino 
acid metabolism, potentially affecting the production of functional protein elements within the biofilm matrix. Thus, 
beyond causing broad metabolic dysfunction, ZnO NCs-induced repression of glgA and gltB may lead to the depletion of 
both polysaccharide and protein constituents of the EPS. This proposed dual deficiency provides a plausible explanation 
for how ZnO NCs ultimately inhibit biofilm formation and undermine its structural and functional integrity. It can be 
inferred that glgA downregulation inhibits glycogen-dependent carbon provisioning, thereby curtailing the synthesis of 
polysaccharide components in the EPS. Meanwhile, gltB downregulation impedes glutamate synthase activity, disrupting 
nitrogen assimilation and amino acid metabolism, which adversely affects the production of functional protein elements 
within the biofilm matrix. Thus, beyond causing broad metabolic dysfunction, ZnO NCs-induced repression of glgA and 
gltB depletes both polysaccharide and protein constituents of the EPS. This dual deficiency ultimately inhibits biofilm 
formation and undermines the structural and functional integrity of the biofilm.

While our transcriptomic and qPCR data robustly demonstrate the concurrent downregulation of glgA and gltB genes 
and the reduction in EPS components upon ZnO NCs treatment, we acknowledge that this evidence establishes a strong 
correlation rather than definitive causality. The inferred mechanistic link that gene repression directly leads to diminished 
EPS production is supported by the known functions of these genes in glycogen and glutamate biosynthesis, which are 
central to extracellular polymeric substance metabolism. To unequivocally prove causality, future studies employing 
genetic approaches or metabolic rescue experiments would be invaluable. Nevertheless, the consistent and significant 
correlations observed across our multi-faceted data provide compelling support for the proposed mechanism and offer 
a clear molecular focus for subsequent in-depth investigation.

Building upon these robust transcriptional correlations, we can now construct a more definitive mechanistic 
interpretation that bridges our phenotypic observations with the molecular data. These findings bridge the pheno
typic observations with molecular mechanisms. Downregulation of glgA is predicted to limit glycogen reserves, 
thereby cutting off the carbon flux necessary for providing key precursors for expolysaccharide synthesis.55 

Downregulation of gltB would disrupt nitrogen assimilation and glutamate metabolism, affecting the amino acid 
supply for matrix protein synthesis.56 Therefore, at sub-MIC levels, ZnO NCs actively disrupt the biosynthetic 
capacity for EPS by directly interfering with the expression of core genes such as glgA and gltB. This direct 
transcriptional repression provides empirical support for the conjecture of “sub-lethal stress leading to metabolic 
reprogramming and subsequent EPS inhibition” and pinpoints a core molecular node of action. Although a reduction 
in viable counts co-occurs, the change in gene expression occurs at the single-cell level, indicating that the direct 
transcriptional inhibition of EPS synthesis is a separable and primary physiological event from the bactericidal 
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effect. In summary, we propose that the anti-biofilm efficacy of ZnO NCs stems from a multi-layered interference: 
the physiological stress they induce directly triggers a transcriptional reprogramming unfavorable for biofilm 
construction (eg, downregulation of glgA and gltB), actively dismantling EPS synthesis; concurrently, the accumu
lated metabolic stress may partly contribute to the decrease in cell viability, which further amplifies the reduction in 
total biofilm biomass. This approach of sub-lethal virulence suppression aligns with the promising strategy of 
targeting pathogenicity without exerting strong bactericidal selection pressure, which may help mitigate antibiotic 
resistance.57

Taken together, our integrated transcriptomic and qPCR analyses reveal that ZnO NCs inhibit biofilm formation and 
disrupt existing biofilms. This effect is strongly associated with the suppression of genes critical for flagellar-dependent 
motility, glycogen synthesis, and amino acid/protein biosynthesis, pointing to a systemic disruption of the metabolic and 
structural networks essential for biofilm integrity.

Conclusions
In this study, rod-shaped ZnO NCs were synthesized via a methanol-based solvothermal method. The ZnO NCs showed 
significant antibacterial activity against both Gram-positive S. aureus and Gram-negative E. coli, with MIC and MBC 
values determined. At concentrations ranging from sub-MIC to MBC, the ZnO NCs effectively inhibited the formation of 
E. coli biofilms and disrupted pre-formed mature biofilms, leading to a significant reduction in viable bacterial counts, 
total biofilm biomass, and overall bacterial load. The antibiofilm effects were strongly associated with a reduction in 
extracellular polymeric substance (EPS) components, including polysaccharides, proteins, and extracellular DNA 
(eDNA), which corresponded to decreased EPS density, structural loosening, and increased heterogeneity of the biofilm 
architecture. Furthermore, ZnO NCs suppressed the motility of E. coli, which is believed to restrict biofilm migration and 
dispersal. Transcriptomic analysis revealed that ZnO NCs downregulated genes associated with biofilm formation, 
bacterial motility, and amino acid biosynthesis, concurrently with the induction of a stress response that appeared 
insufficient to restore homeostasis. qPCR validation confirmed significant downregulation of glgA and gltB. Based on 
their known functions, the suppression of glgA is inferred to limit glycogen-derived carbon flux necessary for extra
cellular polysaccharide synthesis, and gltB downregulation is predicted to disrupt nitrogen assimilation and glutamate- 
dependent amino acid supply for matrix proteins. Collectively, these transcriptional changes were correlated with 
impaired EPS integrity and biofilm stability, underscoring the likely contribution of metabolic disruption to ZnO NCs- 
mediated biofilm inhibition.

This study integrates phenotypic and transcriptomic evidence to reveal key molecular targets and propose a multi- 
target mechanism, whereby ZnO NCs compromise the biofilm integrity system, including EPS secretion, spatial 
architecture, and motility, potentially through the associated downregulation of critical genes such as glgA and gltB. 
These findings provide a theoretical foundation and valuable insights for the application of ZnO NCs and their 
composites in combating biofilm-associated contamination and infections.
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