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Antibiofilm activity of ZnO-Ag
nanoparticles against Pseudomonas
aeruginosa
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Biofilm-related infections remain a major concern in clinical settings due to the increasing

challenge of antimicrobial resistance to conventional antimicrobial treatments. Surface coatings of
nanomaterials that can effectively prevent biofilm formation and disrupt established biofilms are
essential to addressing this challenge. In this study, a ZnO-Ag nanocomposite was synthesized via
a dry chemical method and characterized using XRD, XPS, TEM, SEM-EDX, and AFM, confirming
the presence of highly crystalline and pure ZnO and Ag nanoparticles with sharp nanoscale features.
The nanocomposite demonstrated potent antibiofilm activity against Pseudomonas aeruginosa, a
common Gram-negative biofilm-forming pathogen. Surface-coated glass slides prevented initial
biofilm formation, while treatment with higher nanocomposite concentrations (= 0.25 g/L) significantly
disrupted pre-formed biofilms and altered biofilm architecture, as shown by SEM and crystal violet
assays. Mechanistic investigations suggested that nanoparticle surface sharpness may contribute
to membrane disruption, and EPR analysis confirmed the generation of reactive oxygen species
(ROS), particularly superoxide and methyl radicals, under light exposure. These results highlight the
composite’s strong potential for integration into surfaces prone to bacterial colonization, offering a
practical approach for reducing biofilm-related complications.

Bacterial infection is a major global health concern posing significant challenges to healthcare systems due
to their high morbidity, mortality rates, and the increasing prevalence of antibiotic resistance'. The majority
of bacterial infections are associated with biofilms, which are structured microbial communities that adhere
to surfaces and are embedded within a self-produced extracellular polymeric substance (EPS)%. EPS matrix
allows biofilms to survive under harsh conditions and acts as a protective barrier against external threats such
as antibiotics, by limiting their penetration and reducing their effectiveness®. Biofilms are significantly more
resistant to antibiotics compared to planktonic bacteria®. As a result, conventional antibiotic therapies often
fail to eradicate biofilms, leading to persistent and recurrent infections, particularly in clinical settings such
as catheter-associated urinary tract infections, implant-related infections, and chronic wounds®. Furthermore,
the misuse, overuse, and prolonged use of antibiotics to treat biofilm-associated infections have accelerated
the emergence of antibiotic-resistant bacteria, which is now recognized as one of the greatest threats to global
health®. Therefore, there is an urgent need for the development of novel and effective treatments to combat
biofilm-related infections. Recently, advancements in nanotechnology, specifically nanomaterials, have led to
the development of novel antimicrobial agents that have greater activity against various types of bacterial cells
compared to traditional antibiotics’. The synthesis methods used to produce these nanomaterials play a crucial
role in determining their physiochemical properties, such as size, shape, and surface chemistry, which can be
precisely controlled to optimize their interaction with bacterial cells®°. Additionally, many metal nanomaterials
in nature possess intrinsic antibacterial activity and can act as delivery vehicles, transporting antibiotics or other
antimicrobial agents directly to bacterial cells, including those within biofilms, thus overcoming barriers to
treatment'?. Among the most extensively studied nanomaterials for antibacterial purposes are silver (Ag) and
zinc oxide (ZnO). Ag is commonly used in ointments and wound dressings, and food packaging to prevent
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contamination!’!2, On the other hand, ZnO is used in additive pharmaceutical drugs formulations, sanitizers,

cosmetics and food packaging. Both Ag and ZnO exhibit antibacterial activity by the generation of reactive
oxygen species (ROS), leading to oxidative stress thereby damaging the bacterial cell membranes, proteins, and
DNA?. The oxidative damage increases the membrane permeability, ultimately causing cell lysis'*!>. Additionally,
silver (Ag®) and zinc ions (Zn**), released from their respective materials, further disrupt bacterial membranes
and interfere with essential enzymatic processes and metabolic pathways!'®!”. They also bind to bacterial DNA,
impairing replication, transcription, and protein synthesis!'®. Building upon their antibacterial properties, many
studies have reported that Ag and ZnO NPs exhibit antibiofilm activities influenced by factors such as particle size,
concentration, surface charge, and the specific bacterial species involved, making them effective against biofilm-
associated infections!'*~22. For example, it has been proposed that surfaces coated with Zn or Ag prevent initial
bacterial adhesion through interfering with quorum sensing; the bacterial communication system that regulates
biofilm formation, thereby reducing the production of virulence factors and hindering the establishment of
biofilms?*?%. Moreover, sublethal Zn or Ag concentrations could affect biofilm formation by disrupting amyloid
fibril formation, which is essential for biofilm structural integrity?>. For example, they can interfere with the
assembly of amyloid proteins like FapC in Pseudomonas aeruginosa, thereby hindering biofilm development and
stability and weakening the biofilm matrix, thus enhancing bacterial susceptibility to antimicrobial treatments?.
Combining Ag and ZnO into a single nanocomposite creates a synergistic effect, significantly enhancing their
antibacterial effect. Ag has been reported to be stronger than ZnO alone against micro-organisms?’, but this
comes at the cost of a higher toxicity?®. To reduce that toxicity, and enhance the biocompatibility, ZnO is doped
with Ag to create a material that has antibacterial activity with lower toxicity***?. A majority of studies on ZnO-
Ag nanocomposites have focused on evaluating their antibacterial properties, particularly against planktonic
cultures of bacteria. However, such methods may not accurately reflect surface efficacy in biofilm applications
where infections present a far more significant challenge due to the resilience and complexity of biofilms. While
a few studies have investigated the antibiofilm activity of ZnO-Ag nanocomposites, most have concentrated on
only one aspect, either the prevention of biofilm formation, or the disruption of pre-formed biofilms*'-**. These
studies have been conducted on various bacterial species, but to date, very few have addressed Pseudomonas
aeruginosa, a key pathogen known for its biofilm formation in clinical settings. Among the limited studies on
P. aeruginosa, one focused primarily on the indirect antibiofilm effects, such as quorum sensing and virulence
factors inhibition®, rather than assessing the direct structural and behavioral changes in biofilms. In contrast,
our study provides a more comprehensive evaluation of a simple and scalable ZnO-Ag nanocomposite by
examining both its preventive and disruptive effects on P. aeruginosa biofilms in a concentration-dependent
manner. This direct approach allows us to assess both biofilm formation and disruption, offering insights into the
nanocomposite’s optimal usage and the ability to both prevent and treat biofilm-related infections. Furthermore,
unlike some earlier studies that employed more complex or polymer-based composite systems (e.g., chitosan
coatings, zeolite matrices)**’, the synthesis method used in our work is straightforward, scalable, and matrix-
free, potentially offering enhanced translational value in real-world applications.

Experimental methods

Materials and instrumentation

To synthesize the ZnO-Ag nanocomposite, Zinc Acetate Dihydrate (98%) from Sigma-Aldrich and Silver Nitrate
(99.9995%) from Alfa Aesar GmbH were mixed and synthesized using a dry chemical method. The composition
of the material was characterized by X-ray diffraction (XRD, PANalytical Empyrean) for the crystalline structure,
X-ray photoelectron spectroscopy (XPS, Escalab Xi+) for binding energies, and scanning electron microscopy
(SEM, FEI Quanta 250 FEG-ESEM) and transmission electron microscopy (TEM, FEI Tecnai TEM 200 kV) for
imaging and energy dispersive X-ray (EDX) analysis. To analyze the material’s surface morphology, 500 uL of
the nanocomposite suspension at a concentration of 5 mg/mL was spin-coated with a speed of 500 rpm for 60 s
onalcm x 1 cm glass slide. Atomic force microscopy (AFM, MFP-3D Origin AFM) in air tomography mode
was performed to reveal insights into the surface morphology of the material, as one of the reported antibacterial
mechanisms of ZnO in the literature is the presence of sharp edges®®. Electron paramagnetic resonance (EPR)
was used to detect radicals, a key antibacterial mechanism. 11.8 mg of DMPO was dissolved in 1 mL of methanol,
followed by 1 mg of the nanocomposite and 5 min of sonication. 200 pL of the mixture was transferred into an
EPR glass tube, and EPR measurements were performed using a Bruker EMX Nano system under both light-
irradiated (10 min) and non-irradiated conditions, with microwave attenuation set at 50.

Synthesis of ZnO-Ag NPs and glass slide coating

ZnO-Ag NPs were synthesized using a simple calcination-impregnation method adopted from* by initially
dissolving Zinc Acetate Dihydrate and Silver Nitrate in deionized water at a 2:1 ratio. The mixture was stirred for
5 min at 500 rpm and then sonicated for 5 min, producing a solid precursor. This precursor was then placed in
a muffle furnace and calcined at 400 °C for 1 h. During the calcination process, the zinc acetate decomposed to
form zinc oxide, whereas the silver nitrate decomposed to produce silver nanoparticles. The resultant ZnO-Ag
composite, which had a milky brown color, was allowed to cool to room temperature before suspension in DI
water and probe sonication for 10 min (5 s on, 5 s off, 50% amplitude). Glass slides were spin-coated with the
suspension at 600 rpm for 1 min, before being placed on a 100 °C hot plate for 1 h to evaporate the solvent.

Bacterial strain and growth condition

Pseudomonas aeruginosa (ATCC 156922) was initially revived from a glycerol stock by streaking it onto an LB
agar plate, which was then incubated at 37 °C for 24 h. Single colonies were selected and transferred into LB
broth, where they were grown in a shaker incubator at 120 rpm and 37 °C for 24 h. After this incubation period,
the culture’s optical density (OD) at 600 nm was measured using a spectrophotometer. The bacterial culture was
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then diluted with fresh LB broth to an OD of 0.2 in order to stimulate cells to enter the exponential growth phase
for subsequent experiments.

Antibiofilm properties of ZnO-Ag nanocomposite

To evaluate the material’s antibacterial potential, an LB agar plate was inoculated with P. aeruginosa, and a small
amount of the material solution was applied as a spot to the agar surface. After incubating the plate at 37 °C for
24 h, the inhibition zone surrounding the material was measured. P. aeruginosa was then cultured on coated
glass slides for 3 days at 37 °C. Following the 3 days, samples were prepared for SEM by fixing them with 2%
glutaraldehyde and dehydrating through a graded ethanol series (60%, 70%, 80%, 90%, and 100%). Following
this, two complementary methods were employed to further evaluate the antibiofilm potential of ZnO-Ag
nanocomposite.

First, the Congo red agar method was used to preliminarily test biofilm formation in the presence of different
ZnO-Ag nanocomposite concentrations. Bacterial cultures were mixed with ZnO-Ag nanocomposite solutions
at concentrations of 0.025 g/L, 0.125 g/L, 0.25 g/L, and 1.25 g/L and incubated in a shaker incubator at 37 °C for
2 h. The samples were then streaked onto Congo red agar plates and incubated at 37 °C for 24 h. The following
day, plates were examined for colony color, which provided information on biofilm formation.

Second, P. aeruginosa biofilms were cultivated on 1 cm x 1 cm glass slides at 37 °C over 3 days. Various
concentrations of ZnO-Ag nanocomposite suspension (0.025 g/L, 0.125 g/L, 0.25 g/L, and 1.25 g/L) were then
applied to the established biofilms for 24 h. Following treatment with the ZnO-Ag nanocomposites, the biofilms
were imaged using SEM as described earlier. For a quantitative assessment, biofilms were stained with crystal
violet (CV) after first removing growth medium and gently washing with distilled water three times to eliminate
planktonic bacteria. To stain the biofilms, 1 mL of 0.1% CV solution was applied to the biofilm following
incubation at room temperature for 15 min. Excess CV solution was removed by gently washing three times
with distilled water followed by drying at room temperature for 10 min. Biofilm bound CV dye was solubilized
with 1 mL 95% ethanol and absorbance was measured at 500 nm using a spectrophotometer to quantify biofilm
formation.

Results and discussion

Characterization of the material

The elemental composition and the crystalline phases were identified by performing X-ray diffraction (XRD)
with a Cu anode material and Ka radiation of 1.54060 A, with 20 scans starting from 2 to 90° and a step size
of 0.0260° per 56.8650 s. The peaks, shown in Fig. 1a, Ag, matched ICDD (04-004-8065), whereas ZnO peaks
matched ICDD (01-086-8923). The X-ray diffraction (XRD) pattern of the ZnO-Ag nanocomposite exhibits
distinct peaks at 260 values of approximately 31.8°, 34.4°, 36.3°, and 38.1°, which correspond to the (100),
(002), (101), and (111) planes of the hexagonal wurtzite structure of ZnO and the face-centered cubic structure
of Ag. The sharpness and intensity of these peaks indicate high crystallinity of the synthesized nanocomposite.
The peak at 38.1° is particularly indicative of the presence of metallic silver nanoparticles. The absence of any
impurity peaks suggests the high purity of the synthesized ZnO-Ag nanocomposite. The narrow widths of the
diffraction peaks imply that the nanocomposite consists of well-ordered crystallites with minimal internal strain.

Figure 1b shows the X-ray photoelectron spectroscopy (XPS) survey spectra of the ZnO-Ag nanocomposite,
which shows the presence of all three elements present: Ag, ZnO, and O. The O 1s peak in Fig. 1¢ is asymmetric,
hence it needs to be separated into two symmetrical peaks, with the peak at 532.6 eV indicating the presence of
a metal hydroxyl at the surface and the peak at 531 eV indicating the presence of oxygen combined with a metal,
specifically ZnO**#!. Figure 1d depicts the high resolution Ag 3d spectrum. The binding energies of Ag 3d3 />
and Ag 3ds/; are located at 374.2 eV and 368.2 eV, respectively, indicating that Ag is present in a metallic state.
The high-resolution Zn 2p peaks are shown in Fig. le, where the binding energies of Zn 2p3,2 and Zn 2p; /; are
at 1022.3 eV and 1045.2 eV, respectively. The 22.9 eV difference indicates that Zn is present in a 2+ oxidation
state.

The transmission electron microscopy (TEM) images of the ZnO-Ag nanocomposite reveal distinct
morphological features, as shown in Fig. 2a. The particles exhibit a predominantly spherical shape with sizes
ranging between 10 and 20 nm. Individual particles are well-resolved, with darker cores suggesting the presence
of higher electron density regions, likely corresponding to silver nanoparticles. Aggregation is observed in
some areas, as seen in the middle and right images, indicating potential interactions between the Ag and ZnO
components or partial agglomeration during synthesis. To confirm the chemical composition of the material,
an energy-dispersive X-ray (EDX) mapping was performed on the nanocomposite (attached to a carbon tape),
as seen in Fig. 2b. EDX (Energy Dispersive X-ray Spectroscopy) is an analytical technique used to identify and
quantify the elemental composition of a material by detecting the characteristic X-rays emitted from a sample
when it is bombarded with high-energy electrons. An EDX area mapping was performed on Fig. 2c. Ag, Zn, O,
and C (from carbon type) were detected. More specifically, Ag, Zn, and O were present in a 1:0.91:0.28 ratio.
Based on the scanning electron microscopy (SEM) image, the surface appears rough and uneven, which is typical
for nanocomposite materials, suggesting a high surface area that is beneficial for antibacterial applications.

One of the reported antibacterial mechanisms, reported in the literature, is the presence of sharp edges in
ZnO, which physically disrupt the cell membrane of bacteria. A study conducted by Jeong et al.*® demonstrated
that the sharp edges of ZnO nanorods of different lengths ruptured the cell wall of Escherichia coli. To explore
this mechanism of action, AFM in air tomography mode was used to investigate if the surface morphology of
the material deposited on a glass slide, which is a surface biofilms typically grow on, showed sharp edges. As
depicted in Fig. 3a, AFM scans of the material-coated glass slide revealed a rough surface with distinct peaks and
valleys, where the height of the peaks varies and the maximum observed peak was 34 nm. Most of these peaks
are sharp, indicating the presence of potential cutting edges that could disrupt bacterial cell membranes. The 2D
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Fig. 1. Chemical Characterization of the ZnO-Ag nanocomposite. (a) XRD pattern (b) XPS survey scan (c)
XPS scan of Ag (d) XPS scan of Zn (e) XPS scan of O.

topographical map, illustrated in Fig. 3¢, uses shades of brown and yellow to depict the height variations across
the surface, confirming the heterogeneous nature of the material. The height profile graph, Fig. 3b, provides
detailed quantitative data of individual particles showing the average height of the of 20 nm.

Together, the AFM surface analysis highlights the potential of the synthesized material to mechanically
disrupt bacterial cell membranes because of its sharp peaks. However, further investigation on the impact of
the nanomterial length is needed to confirm the ability of these peaks to penetrate and disrupt bacteria. These
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Fig. 2. TEM and SEM of ZnO-Ag nanocomposite. (a) TEM images of ZnO-AgNPs at 10 nm, 20 nm, showing
spherical and aggregated morphologies. (b) EDX spectrum of the nanocomposite; the elemental mapping inset
highlights the spatial distribution of Zn (green), Ag (orange), and O (bright green) (c) 50um SEM image of
ZnO-AgNPs.

findings are crucial in understanding the antibacterial properties of the nanocomposite and its application in
preventing biofilm-associated infections.

Electron paramagnetic resonance (EPR) analysis of the ZnO-Ag nanocomposite revealed the generation of
reactive oxygen species (ROS), which play a critical role in its antibacterial efficacy. ROS are known to penetrate
bacterial cell walls, inducing oxidative stress that damages cellular components and ultimately inhibits bacterial
growth. The EPR spectra, presented in Fig. 4, highlight this phenomenon by comparing results under light
irradiation and in the absence of light. Without light, no significant peaks were detected, indicating minimal
ROS activity. However, upon light exposure, distinct signals corresponding to DMPO-CH, (or DMPO-CH,)
and DMPO-OOH adducts emerged, confirming the formation of methyl and superoxide radicals as summarized
in Table 1.

The presence of the DMPO-OOH signal specifically indicates the production of superoxide radicals (O, ),
which were trapped by DMPO*2. These radicals likely form via photocatalytic processes, where the nanocomposite
facilitates the reduction of molecular oxygen through a one-electron transfer mechanism. Upon excitation, the
photocatalyst interacts with molecular oxygen, generating superoxide radicals, potent antimicrobial agents
capable of inducing oxidative damage to bacterial cells®’.

Additionally, the detected DMPO-CH, signal suggests the formation of methyl radicals (CHj), likely
through hydrogen abstraction from methanol by reactive species such as superoxide radicals or other oxidants in
the system***°. Methanol itself does not produce EPR signals without radical formation, further substantiating
this mechanism.

Interestingly, the absence of a DMPO-OH adduct, indicative of hydroxyl radicals (OH’), suggests that
hydroxyl radicals are either produced at very low concentrations or react too rapidly to be trapped by DMPO.
Due to their short lifetimes and high reactivity, hydroxyl radicals may have been consumed before detection
through interactions with substrates like methanol. Instead, the predominance of superoxide radicals, as
suggested by the EPR spectra, underscores their key role in the antibacterial activity of the nanocomposite*>*’.
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Fig. 3. AFM analysis of ZnO-Ag nanocomposite deposited on glass slide substrate. (a) 3D topographic
representation showing nanoscale features with peak heights up to 34 nm. (b) 2D height map indicating
the distribution of nanostructures across the scanned area. (c) Cross-sectional profiles indicating height of
particles at different locations.
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Fig. 4. EPR spectra of Ag-ZnO in the presence of DMPO and methanol, with and without light irradiation.

“Light” indicates spectra recorded after 10 min of light irradiation prior to EPR measurement, while "Dark”
refers to spectra recorded without any light exposure.

Adduct name | Spins/(mm?) | M (spins) | Total spins
DMPO—CH3 1.714e+13 2.845e-05 | 2.973e+14
DMPO-OOH | 5.756e+13 9.559e-05 | 9.987e+14

Table 1. EPR-derived values for radical adducts under light irradiation.
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Antibiofilm activity

To evaluate the antibiofilm properties of the synthesized nanocomposite, glass slides were coated with
thenanocomposite. P. aeruginosa, was selected as a suitable model organism for this study due to its strong
biofilm-forming ability and clinical relevance in biofilm-associated infections. After coating the glass slide,
bacteria were subsequently added to assess their ability to form a biofilm. SEM images shown in Fig. 5 confirm
that the bacteria could not form a biofilm on the coated samples, as shown in Fig. 5¢, where the bacteria are
sparsely distributed, forming only small aggregates limited to a single layer, without the surrounding biofilm
matrix. In contrast, mature biofilm formation is evident on the uncoated samples shown in Fig. 5a, b where
the entire surface area is covered with an aggregate of many bacterial layers, increasing the biofilm mass and
surrounded by an extracellular polymeric matrix.

The suppression of biofilm formation on the coated slides is attributed primarily to the antimicrobial activity
of the released Ag" and Zn?* ions, as well as the generation of ROS as confirmed in Fig. 4. The antibacterial
activity of ZnO-Ag nanocomposites is driven by a multifaceted mechanism that combines the chemical and
physical properties of both ZnO and Ag nanoparticles. Upon exposure to light, particularly UV irradiation,
ZnO undergoes photocatalytic activation, generating reactlve oxygen species (ROS) such as hydroxyl radicals
(OH), superoxide anions (O3 ), and singlet oxygen (*O2). These reactive species induce oxidative stress in
bacterial cells, leading to DNA damage, thereby compromising cell viability?®. Singh et al. demonstrated that
ZnO nanoparticles can cause significant genotoxicity in D. radiodurans, as evidenced by DNA fragmentation
observed through DAPI staining, with increased intracellular ROS generation implicated as a key driver of this
damage®.

Simultaneously, Ag nanoparticles release Ag* ions that interact with vital cellular components, including
thiol-containing enzymes and membrane proteins, leading to protein denaturation and disruption of essential
metabolic pathways!”. These ions can also penetrate the bacterial membrane, causing mitochondrial dysfunction
and ribosomal disassembly, ultimately impairing protein synthesis and energy production®’. Melo et al.
confirmed that silver nanoparticles resulted in impairing C. elegans development and disrupting mitochondrial
morphology and bioenergetics®!

Additionally, AFM analysis shown in Fig. 3 confirmed the presence of nanoscale sharp features on the
ZnO-Ag surface, which may contribute to physical stress or rupture of bacterial membranes upon contact.
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Fig. 5. SEM image for biofilm formation on (a) Non coated sample, where (b) shows biofilm surface structure
on non-coated sample at higher magnification, and (c) Ag-ZnO coated sample. (d) Antibacterial mechanism of
ZnO-Ag nanocomposites.
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Fig. 6. Antibiofilm activity after adding varying concentrations of ZnO-Ag nanocomposite. Qualitative
assessment of biofilm formation as shown in SEM images for ZnO-Ag concentrations of (a, b) 0.025 g/L, (c)
0.125 g/L, (d) 0.25 g/L, and (e) 1.25 g/L. (f) Quantitative assessment of biofilm formation using the crystal
violet staining assay at each ZnO-Ag concentration.

While direct membrane disruption was not quantitatively assessed in this study, previous reports have shown
that similar nanostructured surfaces with sharp features can mechanically compromise bacterial envelope
integrity, enhancing antimicrobial efficacy®. Therefore, it is recognized as a possible secondary mechanism in
preventing biofilm formation. This possible mechanism of actions of the NPs is visually summarized in Fig. 5d,
which illustrates the sequential processes leading to bacterial cell death, including ROS generation, ion release,
mitochondrial disruption, and potential DNA damage.

These results are promising for potential clinical applications, where coating medical devices with such a
nanocomposite could prevent biofilm formation. Biofilms frequently develop on indwelling medical devices
such as catheters, where they create a protective barrier that impedes antibiotic penetration, making treatment
challenging once the biofilm is established. Therefore, there is an urgent need to design catheters with surfaces
that prevent bacterial adhesion to reduce the incidence of catheter-associated urinary tract infections (CAUTIs).
Numerous studies have shown significant effectiveness in inhibiting biofilm growth of bacteria associated with
urinary tract infections by coating the surface with silver nanoparticles®®>. However, despite these advances,
no studies have specifically investigated the use of ZnO-Ag nanocomposites for this purpose, which could
offer a novel and potent solution for biofilm prevention. While the current study utilized glass slides as a
standardized model surface for initial evaluation, future work will be required to investigate its effectiveness on
catheter materials and other clinically relevant substrates to fully assess its suitability for real-world biomedical
applications. Additional research on the material is necessary to validate its clinical utility and address challenges
associated with translating this technology into real-world applications.

To further validate the antibiofilm potential of the ZnO-Ag nanocomposite, biofilms were first grown and
then treated with various concentrations of the nanocomposite. It can be observed that at lower concentrations
of 0.025 g/L and 0.125 g/L, the nanocomposite did not significantly affect the biofilm, as shown in Fig. 6a—c.
Figure 6b displays a clear biofilm matrix, characterized by a web-like structure surrounding the bacteria. In
contrast, higher concentrations of the nanocomposite of 0.25 g/L and 1.25 g/L disrupted the biofilm structure,
as seen in Fig. 6d-e, where bacterial cells are more dispersed. These findings were quantitatively confirmed
by crystal violet staining, as shown in Fig. 6f. The amount of biofilm decreased as the concentration of the
nanocomposite increased, indicated by a reduced absorbance at a wavelength of 570 nm.

In a study by Karthikeyan et al., approximately 100 pg/mL of pure AgNPs was required to highly inhibit
P aeruginosa biofilm formation®. In contrast, our ZnO-Ag nanocomposite achieved comparable antibiofilm
activity at a total concentration of just 0.25 g/L. Given that the composite was synthesized using a 2:1 molar ratio
of zinc acetate to silver nitrate, silver accounts for approximately one-third of the total nanocomposite mass.
Therefore, at 0.25 g/L, the estimated Ag content is around 83 pg/mL, which is lower than the 100 ug/mL AgNP
dose used in the previous study. This highlights the enhanced efficiency of the synthesized nanocomposite,
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where silver’s antimicrobial action is amplified through synergy with ZnO, enabling potent biofilm inhibition at
reduced silver concentrations. Such reduced dosing also translates to lower cytotoxicity, supporting its suitability
for biomedical applications.

On the other hand, pure ZnO often requires a somewhat higher threshold to achieve similar biofilm
inhibition, whereas adding Ag enables strong effects at lower or equal concentrations. For example, undoped
ZnO nanoparticles need 0.25-0.5 g/L to significantly reduce P. aeruginosa biofilms in some studies®, whereas
ZnO-Ag in this study achieved comparable or greater inhibition at 0.25 g/L. Furthermore, the concentration of
1.25 g/L, which effectively disrupted the biofilm structure in our experiments, is lower than the minimum biofilm
inhibitory concentration (MBIC) of 1.875 + 0.884 g/L reported in a study by Burlibasa et al.>, underscoring
the potential of ZnO-Ag nanocomposites to inhibit biofilm formation at relatively lower concentrations and
highlighting its enhanced efficiency.

The current results suggest that the nanocomposite could be an effective antibacterial agent for targeting
established biofilms, particularly given the resilience of biofilms to traditional antibiotics due to their protective
extracellular matrix®’. However, further studies are needed to confirm the nanocomposite’s efficacy against
a wider range of bacterial strains and under diverse conditions to establish its broader applicability. Notably,
compared to similar materials reported in the literature, this nanocomposite demonstrates significant antibiofilm
activity at relatively lower concentrations, which could reduce cytotoxicity and enhance biocompatibility.
Furthermore, the synthesis method employed is versatile, cost-effective, and scalable. These attributes, combined
with its demonstrated antibiofilm properties, suggest that the ZnO-Ag nanocomposite could play a critical role
in developing advanced coatings for medical devices.

Conclusion

In this study, we synthesized a ZnO-Ag nanocomposite using a simple and versatile dry chemical method and
evaluated both its preventive and disruptive effects on P. aeruginosa biofilms. Comprehensive characterization
confirmed the elemental composition and nanostructure of the material. Two antibacterial mechanisms
were investigated based on existing literature: ROS generation and the presence of sharp edges. EPR analysis
confirmed the presence of methyl and superoxide radicals, which interfere with bacterial metabolism and
viability. Additionally, AFM imaging revealed nanoscale sharp edges, which may physically penetrate bacterial
cell walls. The generation of these radicals is attributed to the synergistic effects of Ag and ZnO, while the sharp-
edge morphology is attributed primarily to ZnO, as reported in previous studies. Future studies should focus
on understanding the detailed molecular interactions between bacterial cells and the nanocomposite to further
clarify the mechanistic pathways involved. Mechanistic studies employing advanced biochemical tools, such
as real-time analysis of cell-nanoparticle interactions, could elucidate how direct contact initiates ROS release.
Optimizing synthesis parameters could help fine-tune nanocomposite morphology for enhanced penetration
into biofilms and bacterial membranes. SEM imaging confirmed that nanocomposite-coated surfaces inhibited
biofilm formation and disrupted pre-formed biofilms, while crystal violet staining further validated the
nanocomposite’s concentration-dependent efficacy. Significantly reduced biofilm mass at concentrations >
0.25 g/L, where the OD value based on crystal violet staining was less than 0.4. This concentration is notably
lower than previously reported values, demonstrating the material’s superior efficiency. Our findings highlight
the potential of ZnO-Ag nanocomposites to prevent and treat biofilm-associated infections, offering a dual-
action strategy applicable in both clinical and environmental contexts. The clear concentration-dependent
response provides useful guidance for therapeutic dosing. Further evaluation of nanocomposite stability
under different environmental conditions and against a broader range of microbial species and surfaces will
be crucial for assessing its wider applicability. Surface functionalization or encapsulation strategies may also
enhance targeted antimicrobial activity while minimizing cytotoxic effects. Moreover, ZnO-Ag nanocomposites
represent a promising platform for antimicrobial coatings, combining ease of synthesis, scalability, and functional
versatility, including the potential for co-delivery of additional agents.

Data availibility
The data that support the findings of this study are available from the corresponding author upon request.
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