Research Article

Oak-fruit-extract-mediated synthesis of silver and copper
quantum dots reduces biofilm gene expression in clinical
isolates of Staphylococcus aureus and Acinetobacter

baumannii

Synthese von Silber- und Kupfer-Quantenpunkten mit Eichelextrakt
reduziert die Biofilm-Genexpression in klinischen Isolaten von

Staphylococcus aureus und Acinetobacter baumannii

Abstract

Background: The emergence of multidrug-resistant (MDR) bacteria,
particularly Staphylococcus (S.) aureus and Acinetobacter (A.) bauman-
nii, poses a critical global health challenge due to their strong ability to
form biofilms. Alternative strategies targeting biofilm formation are ur-
gently needed.

Methods: Silver (Ag) and copper (Cu) quantum dots (QDs) were synthes-
ized via a green hydrothermal method using oak fruit extract. Their an-
timicrobial and antibiofilm activities were tested against strong biofilm-
producing clinical isolates of S. aureus (n=5) and A. baumannii (n=5)
using broth microdilution and biofilm inhibition assays. The effect of
sub-MIC concentrations of QDs on biofilm-associated genes (icaA, icaD,
icaR in S. aureus; bap, ompA in A. baumannii) was evaluated by RT-
gPCR.

Results: The MIC values of Ag-QDs and Cu-QDs were 300 pyg/mL and
400 pg/mL, respectively. Both QDs significantly inhibited biofilm form-
ation at sub-MIC levels. RT-gPCR analysis showed marked downregula-
tion of all tested genes following QD treatment, with Ag-QDs exhibiting
a stronger inhibitory effect than Cu-QDs.

Conclusion: Green-synthesized Ag-QDs and Cu-QDs demonstrate signi-
ficant antibiofilm activity by suppressing key biofilm-related genes in S.
aureus and A. baumannii. These findings highlight their potential as
eco-friendly nano-antibiofilm agents for infection control.

Keywords: biofilm inhibition, Staphylococcus aureus, Acinetobacter
baumannii, quantum dots, green synthesis

Zusammenfassung

Hintergrund: Die Zunahme multiresistenter (MDR) Bakterien, insbeson-
dere Staphylococcus (S.) aureus und Acinetobacter (A.) baumannii,
stellt aufgrund ihrer ausgepragten Fahigkeit zur Biofiimbildung eine
globale Herausforderung fur die Gesundheit dar. Es besteht dringender
Bedarf an alternativen Strategien zur Bekdmpfung der Biofilmbildung.
Methoden: Silber- (Ag) und Kupfer-Quantenpunkte (Cu-QDs) wurden
mittels eines grinen hydrothermalen Verfahrens unter Verwendung von
Eichelextrakt synthetisiert. Ihre antimikrobielle und biofilmhemmende
Aktivitat wurde gegen stark biofilmproduzierende klinische Isolate von
S. aureus (n=5) und A. baumannii (n=5) mittels Mikrodilutionsverfahren
und Biofilmhemm-Assays getestet. Der Effekt subinhibitorischer
Hemmkonzentrationen (sub-MHK) der QDs auf Biofilm-assoziierte Gene
(icaA, icaD, icaR bei S. aureus; bap, ompA bei A. baumannii) wurde
mittels RT-qPCR untersucht.
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Ergebnisse: Die MHK-Werte fliir Ag-QDs und Cu-QDs lagen bei 300 pg/mi
bzw. 400 pg/ml. Beide QDs hemmten die Biofilmbildung bei sub-MHK-
Konzentrationen signifikant. Die RT-gPCR-Analyse zeigte eine signifikante
Herunterregulierung aller getesteten Gene nach QD-Behandlung, wobei
Ag-QDs einen starkeren inhibitorischen Effekt als Cu-QDs aufwiesen.

Schlussfolgerung: Griin-synthetisierte Ag-QDs und Cu-QDs zeigen eine
signifikante biofilmhemmende Aktivitat durch die Unterdrickung wich-
tiger Biofilm-assoziierter Gene in S. aureus und A. baumannii. Die Er-
gebnisse unterstreichen ihr Potenzial als umweltfreundliche, biofilm-

hemmende Nanowirkstoffe zur Infektionskontrolle.

Schliisselworter: Biofiilmhemmung, Staphylococcus aureus,

Acinetobacter baumannii, Quantenpunkte, griine Synthese

Introduction

The escalating crisis of bacterial antibiotic resistance
represents a significant threat to global public health,
necessitating the urgent development of novel therapeutic
strategies [1], [2]. Among the mechanisms contributing
to this resistance, biofilm formation is particularly import-
ant, as it confers enhanced protection against antimicro-
bial agents and host immune responses, rendering infec-
tions difficult to eradicate and increasing the risk of
healthcare-associated infections (HAIs) [3]. Quantum dots
(QDs), as innovative nanomaterials, have emerged as
promising tools in this context due to their intrinsic anti-
microbial properties, structural stability, and distinct
modes of action that may reduce the likelihood of resist-
ance development [4], [5].

QDs are multifunctional materials that have shown re-
markable potential in biomedical applications, especially
in targeting pathogenic biofilms [6]. Their antimicrobial
activity involves multiple mechanisms, including physical
disruption of cell membranes, generation of reactive
oxygen species (ROS), and, in certain cases, photothermal
or photodynamic effects [7]. These mechanisms allow
QDs to inhibit a wide spectrum of bacterial species at
lower concentrations than many conventional antibiotics,
highlighting their potential as alternative or adjunctive
therapeutics in infection control [8], [9].

Staphylococcus (S.) aureus, classified by the World Health
Organization as a high-priority pathogen, is a major cause
of HAls, particularly due to its ability to form resilient
biofilms on medical devices and host tissues [10]. The
formation and maturation of S. aureus biofilms are
primarily mediated by the polysaccharide intercellular
adhesion (PIA) system, encoded by the icaADBC operon
[11]. Among the key genes, icaA encodes an N-acetylgluc-
osaminyltransferase essential for polysaccharide synthes-
is, while icaD acts as a chaperone supporting biofilm
formation. Regulatory elements, such as icaR, modulate
the expression of these structural genes, influencing the
robustness of biofilm development [12], [13].
Acinetobacter (A.) baumannii is a formidable opportunistic
pathogen responsible for severe HAls and is often mul-
tidrug-resistant (MDR) [14]. Its pathogenicity is strongly
associated with the formation of antimicrobial-resistant
biofilms, which facilitate persistent colonization and hori-

zontal transfer of resistance genes [15]. Critical biofilm-
associated virulence factors in A. baumannii include the
biofilm-associated protein (Bap), which mediates cell-cell
adhesion, and the outer membrane protein A (OmpA),
which promotes adherence to biotic and abiotic surfaces,
thereby contributing to both biofilm integrity and infection
persistence [16], [17], [18].

Despite the recognized antimicrobial activity of certain
nanoparticles, the specific effects of green-synthesized
QDs on biofilm-associated gene regulation in clinical
isolates remain largely unexplored [19]. In this study, we
synthesized silver and copper QDs using an eco-friendly
hydrothermal method with oak fruit extract and evaluated
their antibiofilm efficacy against strong biofilm-producing
clinical isolates of S. aureus and A. baumannii. Import-
antly, we aimed to elucidate the molecular mechanisms
underlying this activity by assessing the impact of sub-
inhibitory concentrations of these QDs on the expression
of pivotal biofilm-related genes, including icaA, icaD, and
icaR in S. aureus, and bap and ompA in A. baumannii
[20], [21]. This approach not only investigates the thera-
peutic potential of QDs but also provides insights into
their role in controlling biofilm-associated virulence, with
potential applications in reducing the burden of HAIs and
improving infection prevention strategies (Figure 1) [22].

Materials and methods

Bacterial strains and growth conditions

Atotal of 46 S. aureus and 34 A. baumannii clinical isol-
ates were obtained from diabetic, burn, and surgical
wound infections at Razi Hospital between June and
December 2023. All isolates were identified using
standard biochemical and microbiological tests, including
catalase, oxidase, and citrate utilization assays. Reference
strains A. baumannii (PTCC 1797) and S. aureus (ATCC
29213) were included as controls. Bacterial cultures were
maintained on nutrient agar and stored at 4°C until fur-
ther use.
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Figure 1: Schematic representation of the green synthesis process of silver (Ag-QDs) and copper (Cu-QDs) quantum dots using
oak fruit extract. The extract acts as both reducing and stabilizing agent, leading to nanoparticle formation confirmed by color
change and subsequent characterization.

Synthesis of quantum dots

Carbon quantum dots (CQDs) were synthesized from oak
fruit using a hydrothermal method. Fresh oak fruits were
thoroughly washed with deionized water and acetone,
air-dried, and ground into a fine powder. Five grams of
powder were added to 100 mL deionized water and boiled
with vigorous stirring for 30 minutes. The mixture was
centrifuged at 5,000 rpm for 15 minutes to obtain a
biphasic solution. The supernatant was filtered through
Whatman No. 1 filter paper. Formation of CQDs was
confirmed via green fluorescence under a TLC-UV cham-
ber. The remaining solution was transferred to an auto-
clave and heated at 190°C for 5 hours. After cooling to
room temperature, the yellow suspension was oven-dried
at 80°C for 2 hours to yield a crystalline brown powder,
stored at 4 °C for further use.

Silver quantum dots (Ag-QDs) were synthesized by adding
20 mL of 1 mM AgNO3 solution dropwise (approximately
one drop per second) to 20 mL of oak fruit colloidal
solution (0.01 mg/mL) under constant stirring. The redu-
cing agents in the colloid reduced Ag" to Ag-QDs. After
complete addition, the solution was kept in darkness to
prevent photochemical reactions. A color change from
reddish-brown to yellowish-brown within 1 hour indicated
nanoparticle formation. Absorption spectra were recorded
at 30°C using a UV-Vis spectrometer. The solution was
purified by centrifugation at 10,000 rpm for 10 minutes,
and the pellet was dried in an oven at 60 °C for 24 hours.
Copper quantum dots (Cu-QDs) were prepared by adding
20 mL of 0.1 M CuS04 solution to 20 mL of oak fruit ex-
tract under continuous stirring at 70°C for 20 minutes.
Sodium hydroxide (1 M) was added dropwise to adjust
the pH to 12. The solution color transitioned from blue
to green, dark green, and finally to dark brown, indicating
formation of Cu-based QDs. Brown particles were collec-
ted by double centrifugation at 12,000 rpm for 10
minutes each and dried in an oven at 60 ° C for 24 hours.

Characterization of quantum dots

The absorption spectra of synthesized QDs were recorded
using an Agilent UV-Vis spectrometer (200-700 nm) 120
minutes after synthesis (Figure 2).

Transmission electron microscopy (TEM): TEM (Zeiss
EM10C) was used to determine the morphology and size
distribution of the QDs (Figure 3).

Determination of minimum inhibitory
concentration (MIC) and minimum
bactericidal concentration (MBC)

MIC and MBC were determined using the broth microdi-
lution method following CLSI guidelines [23]. Briefly,
bacterial strains were cultured in Mueller-Hinton broth
(MHB) at 37°C for 24 hours with shaking at 120 rpm.
Serial dilutions of Ag-QDs and Cu-QDs (50-400 pg/mL)
were dispensed into 96-well microplates (50 pL per well),
and each well was inoculated with 5 yL of bacterial sus-
pension adjusted to 0.5 McFarland standard. Wells con-
taining bacteria without QDs served as growth controls.
MIC was defined as the lowest concentration completely
inhibiting visible growth. Sub-MIC concentrations (imme-
diately below MIC) were used for subsequent biofilm and
gene expression experiments.

Biofilm formation and antibiofilm assay

Biofilm formation was assessed using the microtiter plate
method as described by Lee et al. [21] with optical
density (OD) measurements. Each isolate was tested in
triplicate. Isolates were classified based on OD values:

¢ No biofilm producer: 0OD<ODc

¢ Weak biofilm producer: 0Dc<OD<2x0Dc

¢ Moderate biofilm producer: 2x0Dc<0D<4x0Dc
* Strong biofilm producer: OD>4x0Dc.
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Figure 2: UV-Vis absorption spectra of silver (Ag-QDs) and copper (Cu-QDs), showing distinct characteristic peaks around 400
nm, confirming the successful synthesis of the quantum dots.
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Figure 3: TEM micrograph showing spherical morphology and nanoscale distribution of synthesized quantum dots (representative
image).

Five strong biofilm-producing isolates each of S. aureus
and A. baumannii were selected for treatment with QDs.

RNA extraction and cDNA synthesis

Total RNA was extracted from isolates treated with sub-
MIC concentrations of QDs using a commercial RNA ex-
traction kit (Qiagen, Germany) according to the manufac-
turer’s protocol. Single colonies were inoculated into 5
mL LB broth and incubated at 37 °C for 24 hours. Then,
100 L of culture were transferred to 10 mL fresh LB
broth and grown to mid-Ig phase (OD,,, =0.5) at 37°C
with shaking at 185 rpm. RNA quantity and purity were
assessed spectrophotometrically at 260, 280, and 230
nm to ensure absence of protein, salt, or other contamin-
ants. Purity ratios (A260/A280 and A260/A230) were
within acceptable ranges. Approximately 500 ng of RNA
was reverse-transcribed into cDNA using the RT™ Script
Prime kit (Takara, Japan).

Quantitative real-ime PCR (qRT-PCR)

gRT-PCR was performed using SYBR Green master mix
(Applied Biosystems, UK). Gene-specific primers for bap,
ompA ompA, icaA, icaD, and icaR were designed using
Primer Express and Gene Runner software, and specificity
was verified via NCBI BLAST. The 16S rRNA gene was
used as an internal reference. Reactions were prepared
in 25 pL volumes, containing 2 uL cDNA template, 10 pM
of each forward and reverse primer, 1 yL Bioneer master
mix, and nuclease-free water to 25 yL. Amplification was
performed on a Bioneer Exicycler 96 with the following
thermal profile:

¢ [nitial denaturation: 95°C for 10 min

e 40 cycles: 95°Cfor20s,58°Cfor40s

* Melting curve: 95°Cfor 15s,60°Cfor 30's, 95°C for
15s

All reactions were performed in duplicate. Relative gene
expression was calculated using the 2'-AACt method.
Table 1 shows the sequence of forward and reverse
primer pairs of bap, ompA, and ica A, D, R genes.
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Table 1: Sequences of oligonucleotide primers used for quantitative real-time PCR (qRT-PCR) analysis

Gene Primer sequence (5'-3’) Amplicon size (bp)

icaA F: TCTCTTGCAGGAGCAATCAA 188
R: TCAGGCACTAACATCCAGCA

icaD F: ATGGTCAAGCCCAGACAGAG 225
R: CGTGTTTTCAACATTTAATGCAA

16S rRNA (S. aureus) F: AACCTACCTATAAGACTGGG 570
R: CATTTCACCGCTACACATGG

bap F: TGAAAGTGGCTGCCAGTGAT 223
R: TCTGCGTCAGCGTCACTATC

ompA F: GCTGGTGTTGGTGCTTTCTG 490
R: TCGGTTGATCCCAAGCGAAA

16S rRNA (A. baumannii) | F: TATCAGGACCATCTGGAGTAGG 110

R: CATCAACTTCACCTTCACGC

Statistical analysis

All statistical analyses were performed using SPSS version
18 (SPSS Inc., Chicago, IL, USA). Gene expression data
were analyzed using one-way ANOVA followed by Tukey’s
post hoc test for multiple comparisons. Differences with
p-values <0.05 were considered statistically significant.

Results

Biofilm production

Among the clinical isolates screened, 36 S. aureus and
34 A. baumannii strains were evaluated for their biofilm-
forming capacity using the microtiter plate assay. Five
isolates from each species, identified as strong biofilm
producers, were selected for subsequent experiments.
Isolates exhibiting weak or moderate biofilm formation
were excluded from further analyses to focus on the most
virulent biofilm-forming strains. The distribution of biofilm
production ability among S. aureus isolates from different
clinical samples is detailed in Table 2. Similarly, the
biofilm formation capacity of A. baumannii isolates is
summarized in Table 3.

MIC and sub-MIC of silver and copper
QDs

The MIC values for the selected strong biofilm-producing
isolates were determined to be 300 pg/mL for Ag-QDs
and 400 pg/mL for Cu-QDs for both S. aureus and A.
baumannii. Based on these results, sub-MIC concentra-
tions were defined as 200 pg/mL for Ag-QDs and 300
ug/mL for Cu-QDs. These concentrations were used for

subsequent antibiofilm and gene expression experiments
to assess the effects of QDs without completely inhibiting
bacterial growth (Figure 3).

Anti-biofilm activities of silver and
copper QDs

Both Ag-QDs and Cu-QDs demonstrated significant anti-
biofilm activity against all isolates. Complete inhibition
of biofilm formation was observed at concentrations 2300
pg/mL for Ag-QDs and 2400 pg/mL for Cu-QDs, as indic-
ated by optical density measurements below the cut-off
value (ODc=0.22). Reference strains exhibited similar
susceptibility patterns, confirming the reproducibility and
consistency of the results. Sub-MIC concentrations of
QDs significantly reduced biofilm biomass, indicating ef-
fective antibiofilm activity even at non-lethal concentra-
tions.

Effect of sub-MIC concentrations of QDs on biofilm-related
gene expression: Quantitative real-time PCR analysis re-
vealed that treatment with sub-MIC concentrations of
both Ag-QDs and Cu-QDs significantly downregulated the
expression of key biofilm-associated genes in both bac-
terial species. In S. aureus, expression levels of icaA,
icaD, and icaR were markedly decreased (p<0.05) follow-
ing treatment with QDs. Ag-QDs consistently demonstrated
a more pronounced inhibitory effect on these genes
compared to Cu-QDs. In A. baumannii, bap and ompA
gene expression was significantly reduced under sub-MIC
QD treatment (p<0.05). Ag-QDs again exhibited stronger
suppression of gene expression than Cu-QDs.
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Table 2: Biofilm production ability of S. aureus isolates from different clinical samples

Sample Weak (%) Moderate (%) Strong (%) Total (n)
Diabetic ulcer 12% (2) 61% (11) 27% (5) 18

Burn wound 10% (1) 60% (6) 30% (3) 10
Surgical wound 13% (1) 50% (4) 37% (3) 8
Sample Weak (%) Moderate (%) Strong (%) Total (n)
Diabetic ulcer 22% (4) 42% (8) 36% (7) 19

Burn wound 12% (1) 55% (5) 33% (3) 9
Surgical wound 33% (2) 50% (3) 17% (1) 6

Real-time PCR assessment of icaA and
icaD expression in S. aureus

The analysis of gene expression revealed a statistically
significant decrease in icaA, icaD, and icaR levels in S.
aureus following treatment with Ag-QDs and Cu-QDs
compared to untreated controls (p<0.05). Notably, Ag-
QDs exerted a stronger inhibitory effect on gene expres-
sion than Cu-QDs across all tested isolates (Figure 4).

Discussion

A. baumannii represents a particularly formidable
pathogen, with its rising prevalence in healthcare settings
and extensive drug resistance profiles contributing sub-
stantially to patient morbidity and mortality [24], [25],
[26]. Despite its recognized clinical significance, the
ecology and transmission dynamics of A. baumannii in
non-hospital environments remain insufficiently under-
stood [24], [25]. Similarly, S. aureus continues to be a
predominant cause of HAls, with its ability to develop
resistance to multiple antibiotics and form biofilms on
medical devices posing major therapeutic challenges.
Biofilm formation constitutes a critical virulence mechan-
ism, substantially contributing to multidrug resistance
[26], [27]. Chronic biofilm-associated infections result in
prolonged treatment, increased mortality, and consider-
able economic burdens, particularly in developing coun-
tries, emphasizing the urgent need for alternative thera-
peutic strategies [28].

Nanotechnology has emerged as a promising approach
to address biofilm-related challenges. The application of
nanoparticles in antimicrobial research has gained signi-
ficant attention, resulting in rapid advancement in this
field [29]. Among various nanomaterials, quantum dots
(QDs) exhibit unique physicochemical properties and
multifunctional antimicrobial capabilities, making them
particularly suitable for combating biofilm-associated in-
fections [30], [31]. While previous studies and compre-
hensive reviews have addressed nanoparticle-based an-

tibiofilm strategies, our study specifically investigates the
antibiofilm mechanisms of green-synthesized metallic
QDs at the genetic level, representing, to our knowledge,
the first report on the effects of silver and copper QDs on
the expression of key biofilm-related genes in clinical
isolates of S. aureus and A. baumannii [29], [30].

In this study, we employed an environmentally friendly
synthesis method using oak fruit extract, consistent with
the principles of green chemistry [31]. Both Ag-QDs and
Cu-QDs synthesized through this approach demonstrated
significant antibacterial and antibiofilm activities against
clinical isolates of S. aureus and A. baumannii [32]. Im-
portantly, at sub-MIC concentrations, these QDs effectively
suppressed the expression of critical biofilm-related
genes, with Ag-QDs showing superior efficacy compared
to Cu-QDs [25], [28]. The observed MIC values, 300
pug/mL for Ag-QDs and 400 ug/mL for Cu-QDs, are con-
sistent with previous reports indicating the potent anti-
bacterial activity of silver nanoparticles against S. aureus
[27], [31].

Our results extend existing knowledge by providing novel
insights into the genetic mechanisms underlying QD-me-
diated biofilm inhibition [33]. Quantitative real-time PCR
analysis revealed significant downregulation of icaA, icaD,
and icaR genes in S. aureus, and bap and ompA genes
in A. baumannii following treatment with sub-MIC concen-
trations of QDs [34], [35]. These findings suggest that
QDs interfere with biofilm formation by disrupting key
pathways involved in bacterial adhesion, quorum sensing,
and extracellular matrix production. Notably, Ag-QDs
consistently demonstrated stronger inhibitory effects on
gene expression compared to Cu-QDs, highlighting the
higher potency of silver-based nanomaterials in anti-
biofilm applications [36], [23].

Our findings agree with previous studies showing that
metallic nanoparticles are capable of modulating biofilm-
associated gene expression. Earlier research has
demonstrated that such nanoparticles can alter the ex-
pression of genes involved in biofilm formation in S.
aureus as well as reduce the expression of key biofilm-
related genes in A. baumannii [31], [32], [34]. Other
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Figure 4: Relative expression of biofilm-related genes (icaA, icaD, icaR in Staphylococcus aureus; bap and ompAin Acinetobacter
baumannii) following treatment with sub-MIC concentrations of silver quantum dots (Ag-QDs) and copper quantum dots (Cu-QDs).
Expression levels were normalized to 16S rRNA and calculated using the 2”*-AACt method. Both Ag-QDs and Cu-QDs significantly
downregulated gene expression compared with untreated controls, with Ag-QDs exhibiting a stronger inhibitory effect (p<0.05)

studies have also indicated that treatment with metallic
nanoparticles leads to a simultaneous decrease in vir-
ulence gene expression and biofilm production in mul-
tidrug-resistant clinical strains [18]. The present study
confirms and extends these observations by showing that
both silver and copper QDs, even at sub-MIC concentra-
tions, exert similar inhibitory effects, supporting their po-
tential as eco-friendly antibiofilm agents against clinical
isolates [37], [38].

The correlation between reduced biofilm formation and
downregulation of key virulence genes in both bacterial
species provides mechanistic insight into QD-mediated
antibiofilm activity. The suppression of icaADR genes in
S. aureus and bap/ompA genes in A. baumannii explains
the observed reduction in biofilm biomass and highlights
the potential of QDs to penetrate biofilm structures and
interfere with critical molecular pathways [26], [30]. These
findings not only reinforce the potential of metallic QDs
as alternative therapeutic agents against resistant
pathogens but also suggest a promising strategy for
overcoming biofilm-associated antibiotic resistance in
clinical settings [4], [29].

In summary, this study provides evidence that green-
synthesized Ag-QDs and Cu-QDs exert significant anti-
biofilm activity against clinical isolates of S. aureus and
A. baumannii through downregulation of key genetic de-
terminants of biofilm formation, even at sub-inhibitory
concentrations. Among the two, Ag-QDs demonstrated
consistently superior efficacy, supporting their preferential
consideration for further development.

Limitations

However, several critical aspects must be addressed be-
fore clinical translation. First, while our in vitro findings
are mechanistically informative, they do not account for
the complex host-pathogen-nanomaterial interactions
present in vivo. Second, the long-term biocompatibility
and potential cytotoxicity of these QDs, particularly upon
repeated administration, remain to be systematically
evaluated. Third, the emergence of bacterial tolerance
to sub-MIC levels of QDs, though not observed in our
short-term assays, warrants investigation through longit-
udinal exposure studies. From a translational perspective,
future research should prioritize in vivo efficacy testing
in appropriate animal models, pharmacokinetic and
biodistribution profiling, and formulation development to
enhance targeted delivery to biofilm-infected tissues.
Additionally, combination strategies with conventional
antibiotics or biofilm-disrupting enzymes could be ex-
plored to achieve synergistic effects and reduce the risk
of resistance. Ultimately, addressing these knowledge
gaps will be essential to determine whether QD-based
therapies can be safely and effectively integrated into
clinical practice as adjuncts or alternatives to current
antibiotic regimens [7], [15], [20].

Conclusions

This study demonstrates that green-synthesized silver
and copper quantum dots exhibit potent antibiofilm
activity against clinical isolates of S. aureus and A. bau-
mannii. The observed antibiofilm effects are mediated,
at least in part, through the downregulation of key vir-
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ulence genes involved in biofilm formation, specifically
the icaADR operon in S. aureus and bap/ompA genes in
A. baumannii. Silver QDs consistently showed superior
efficacy compared to copper QDs in suppressing both
biofilm formation and virulence gene expression. These
findings underscore the potential of metallic quantum
dots as promising anti-biofilm agents for combating infec-
tions caused by multidrug-resistant pathogens. Future
studies should investigate additional genes involved in
biofilm regulation and assess the in vivo efficacy and
safety of these nanoparticles.
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