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Green synthesis of carbon quantum dots (CQDs) from oak
fruit: antimicrobial and anti-biofilm efficacy against

ESKAPE pathogens in wound infections

Umweltfreundliche Synthese von Kohlenstoff-Quantenpunkten (CQDs)
aus Eicheln: Antimikrobielle Wirkung und Antibiofilmwirkung gegen

ESKAPE-Erreger bei Wundinfektionen

Abstract

Aim: The present study aims to synthesize Carbon Quantum Dots (CQDs)
using natural oak fruit as a green carbon precursor and to evaluate
their antimicrobial and anti-biofilm activities against WHO priority anti-
biotic-resistant ESKAPE pathogens isolated from clinical wound infec-
tions.

Methods: CQDs were synthesized via a one-step hydrothermal method
(190°C for 5 hours). The study design consisted of four main phases:
nanoparticle synthesis and characterization (TEM, FTIR, UV-Vis, fluores-
cence spectroscopy), in vitro microbiological evaluations (disk diffusion,
minimal inhibition concentration/ minimal bactericidal concentration
(MIC/MBC), and microtiter plate assays), molecular investigations (Real-
Time PCR targeting biofilm-associated genes), and in vivo animal model
studies using murine infected wound model. A total of 122 clinical
isolates from diabetic, burn, and surgical wounds were collected over
6 months, alongside standard bacterial strains.

Results: Successful synthesis of CQDs was confirmed by blue/green
luminescence under 365 nm UV irradiation and the presence of surface
functional groups (OH, COOH, C=0) via FTIR. TEM revealed uniform
spherical morphology with an average particle size <10 nm. Molecular
analysis showed that sub-MIC concentrations of CQDs significantly
down-regulated key biofilm-associated genes (icaA/icaD in Staphylococ-
cus aureus, lecA/pelA in Pseudomonas aeruginosa, mrkA/mrkD in
Klebsiella pneumoniae, and bap/ompA in Acinetobacter baumannii)
compared to the 16S rRNA reference gene (P<0.05). In vivo evaluation
demonstrated that topical application of CQDs significantly accelerated
epithelialization, improved wound contraction, and reduced wound area
over 14 days compared to untreated and antibiotic-treated controls
(P<0.05).

Conclusion: Hydrothermally synthesized oak-derived CQDs effectively
disrupt biofilm formation at the transcriptional level, reduce wound
bacterial burden, and accelerate tissue regeneration. These findings
highlight the potential of green-synthesized CQDs as alternative thera-
peutic agents for managing multidrug-resistant wound infections.

Keywords: antimicrobial resistance, biofilm, carbon quantum dots
(CQDs), ESKAPE pathogens, Real-Time PCR, wound healing

Zusammenfassung

Ziel: Ziel der vorliegenden Studie war die griine Synthese von Kohlen-
stoff-Quantenpunkten (Carbon Quantum Dots, CQDs) aus naturlicher
Eichenfrucht als Kohlenstoffvorlaufer sowie die Bewertung ihrer antimi-
krobiellen und Anti-Biofilm-Aktivitat gegen WHO-prioritare, antibiotikare-
sistente ESKAPE-Erreger, isoliert aus klinischen Wundinfektionen.
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Methoden: Die CQDs wurden mittels einer einstufigen hydrothermalen
Methode bei 190°C fur 5 Stunden synthetisiert. Das Studiendesign
umfasste vier Hauptphasen: Synthese und Charakterisierung der Nano-
partikel (TEM, FTIR, UV-Vis, Fluoreszenzspektroskopie), In-vitro-mikro-
biologische Untersuchungen (Agardiffusionstest, Bestimmung der mini-
malen Hemmkonzentration (MHK) und minimalen bakteriziden Konzen-
tration (MBK), Mikrotiterplatten-Assay), molekulare Untersuchungen
(Echtzeit-PCR mit Fokus auf Biofilm-assoziierte Gene) sowie In-vivo-
Studien am infizierten Wundmodell der Maus. Uber einen Zeitraum von
sechs Monaten wurden insgesamt 122 klinische Isolate aus diabeti-
schen, Verbrennungs- und postoperativen Wunden sowie Referenzstam-
me untersucht.

Ergebnisse: Die erfolgreiche Synthese der CQDs wurde durch eine
blaue/griine Lumineszenz unter UV-Licht (365 nm) und das Vorhanden-
sein von Oberflachenfunktionalitaten (OH, COOH, C=0) mittels FTIR
bestatigt. Die TEM-Analyse zeigte eine gleichmaRige, kugelférmige
Morphologie mit einer mittleren Partikelgroie von weniger als 10 nm.
Die molekularen Analysen ergaben, dass sub-MHK-Konzentrationen
der CQDs zu einer signifikanten Herunterregulation der wichtigsten
Biofilm-assoziierten Gene fuhrten (icaA/icaD bei Staphylococcus aureus;
lecA/pelA bei Pseudomonas aeruginosa; mrkA/mrkD bei Klebsiella
pneumoniae; bap/ompA bei Acinetobacter baumannii) im Vergleich
zum 16S-rRNA-Referenzgen (p<0,05). Die In-vivo-Untersuchungen am
murinen infizierten Wundmodell zeigten, dass die topische Applikation
der CQDs die Epithelisierung signifikant beschleunigte, die Wundkon-
traktion verbesserte und die Wundflache Uber 14 Tage im Vergleich zu
unbehandelten und antibiotisch behandelten Kontrollgruppen reduzierte
(p<0,05).

Schlussfolgerung: Die hydrothermal synthetisierten, aus Eichenfriichten
gewonnenen CQDs stéren die Biofilmbildung auf transkriptioneller
Ebene effektiv, reduzieren die bakterielle Wundlast und beschleunigen
die Geweberegeneration. Diese Ergebnisse unterstreichen das Potenzial
grin synthetisierter CQDs als alternative Therapeutika zur Behandlung
von Wundinfektionen mit multiresistenten Erregern.

Schliisselworter: antimikrobielle Resistenz, Biofilm, ESKAPE-Erreger,
Echtzeit-PCR, Kohlenstoff-Quantenpunkte (CQDs), Wundheilung

Introduction

Antimicrobial resistance (AMR) has emerged as one of
the most formidable global public health threats of the
21% century, often described as a “silent pandemic” [1].
The progressive ability of microorganisms to withstand
previously effective antimicrobial agents is largely driven
by the overuse and misuse of antibiotics in clinical,
veterinary, and agricultural settings [2]. In 2019, AMR
was directly responsible for over 1.2 million global deaths,
and epidemiological models project this toll could escalate
to approximately 10 million annual deaths by 2050 if left
unaddressed [3]. Among the most critical challenges are
the ESKAPE pathogens (Enterococcus faecium, Staphy!-
ococcus (S.) aureus, Klebsiella (K.) pneumoniae, Acineto-
bacter (A.) baumannii, Pseudomonas (P.) aeruginosa, and
Enterobacter spp.), which are notorious for their multidrug
resistance and are frequently isolated from severe clinical
wound infections [4], [5].

A primary mechanism exacerbating bacterial resistance
in wound environments is the formation of biofilms.

Biofilms are complex, surface-attached microbial com-
munities encased within a self-produced extracellular
polymeric substance (EPS) matrix [6]. This protective
barrier significantly limits the penetration of conventional
antibiotics and shields the embedded bacteria from the
host’s immune system [7]. Consequently, biofilm-associ-
ated infections, particularly in diabetic, burn, and surgical
wounds, lead to prolonged hospitalization, increased
healthcare costs, and higher mortality rates [8]. Overcom-
ing the structural and functional barriers of bacterial
biofilms remains a critical unmet clinical need [9].

To address these limitations, nanotechnology has been
introduced as a highly innovative and promising strategy
[10]. By converging phytochemistry and nanophysics, re-
searchers have developed nanoscale materials capable
of penetrating the dense biofilm matrix [11]. Quantum
Dots (QDs), in particular, have garnered significant atten-
tion due to their ultra-small size (typically <10 nm),
spherical morphology, and exceptional physicochemical
stability [12]. Furthermore, transitioning towards “green
synthesis” methods—which utilize natural plant extracts
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or biomass as reducing and capping agents—offers a
sustainable, eco-friendly alternative to traditional chem-
ical syntheses, significantly minimizing reliance on toxic
solvents and enhancing biocompatibility for biomedical
applications [13], [14].

Carbon quantum dots (CQDs) have recently emerged as
a subclass of nanomaterials with low toxicity, high water
solubility, and tunable photoluminescence [15]. Several
studies have reported the antibacterial activity of CQDs
derived from various biomass sources, including orange
peel, garlic, and tea leaves [16], [17]. However, the use
of oak fruit (Quercus spp.) as a carbon precursor remains
largely unexplored. Oak fruit is rich in polyphenols, tan-
nins, and carbohydrates, which can serve as natural re-
ducing and capping agents [18]. Moreover, the anti-
biofilm and in vivo wound healing potential of oak-derived
CQDs against clinically relevant ESKAPE isolates has not
been systematically investigated.

Therefore, the primary aim of this research was to syn-
thesize and characterize oak-derived CQDs and compre-
hensively evaluate their antibacterial and anti-biofilm ef-
ficacy against clinical isolates of ESKAPE pathogens. Ad-
ditionally, this study sought to investigate the molecular
mechanisms underlying biofilm inhibition via Real-Time
PCR (targeting specific biofilm-associated genes) and to
rigorously assess the in vivo therapeutic potential of these
nanoparticles in accelerating tissue regeneration within
a murine infected wound model [19].

Materials and methods

Green synthesis and characterization of
carbon quantum dots (CQDs)

Carbon quantum dots (CQDs) were synthesized using a
one-step, bottom-up hydrothermal method as previously
described with modifications [20]. Oak fruit (Quercus
robur) was sourced locally from the Mazandaran region,
Iran. The fruit was washed thoroughly with deionized
water, dried at 80°C for 24 hours, and pulverized into a
fine powder using a laboratory grinder. Subsequently, 5 g
of the powder was dispersed in 50 mL of deionized water
under vigorous stirring for 30 minutes. The mixture was
transferred to a 100 mL Teflon-lined stainless-steel
autoclave and heated at 190° C for 5 hours. After cooling
to room temperature, the resulting dark brown solution
was centrifuged at 12,000 rpm for 20 minutes to remove
large aggregates and then filtered through a 0.22 um
syringe filter.

The synthesized CQDs were characterized using several
analytical techniques. Optical properties were assessed
via UV-Vis absorption spectroscopy (Shimadzu UV-1800)
and fluorescence spectroscopy (PerkinElmer LS55). The
morphology, size, and dispersion of the nanoparticles
were determined by transmission electron microscopy
(TEM, Zeiss EM10C operating at 80 kV). The presence of
surface functional groups was confirmed using Fourier-

transform infrared spectroscopy (FTIR, Bruker Tensor 27)
in the range of 400-4,000 cm™ [21].

Bacterial strains and clinical isolates

A total of 122 clinical isolates belonging to the ESKAPE
group of pathogens (S. aureus, n=32; K. pneumoniae,
n=30; A. baumannii, n=28; P. aeruginosa, n=32) were
collected over a six-month period from the central labor-
atory of Razi Hospital, Tehran, Iran. Samples were ob-
tained from patients with diabetic foot ulcers (n=45),
burn wounds (n=40), and surgical site infections (n=37).
In addition to the clinical isolates, standard reference
strains of the same bacterial species (S. aureus ATCC
25923, K. pneumoniae ATCC 700603, A. baumannii
ATCC 19606, P. aeruginosa ATCC 27853) were used as
controls. All isolates were cultured on tryptic soy broth
(TSB) and Mueller-Hinton Agar (MHA) and incubated at
37°C for 24 hours [22].

In vitro microbiological assays

Initial antibiotic resistance profiles of all isolates were
determined using the standard Kirby-Bauer disk diffusion
method according to CLSI guidelines (M07-A11,2018)
[23]. The capacity of each isolate to form biofilm was
quantified using the crystal violet microtiter plate (MTP)
assay as previously described [24]. Isolates classified as
weak or non-biofilm producers (0D<0.1) were excluded
from subsequent experiments.

The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of the CQDs were de-
termined using the broth microdilution method in 96-well
plates according to CLSI guidelines [23]. Bacterial sus-
pensions (1.5 x 10° colony forming units (CFU)/mL) were
exposed to serial dilutions of the nanoparticles
(0-500 pg/mL) and incubated for 24 hours at 37 °C. The
MIC was defined as the lowest concentration with no
visible growth, and the MBC was determined by subcul-
turing 10 uL from clear wells onto MHA plates [25].

The anti-biofilm potential of CQDs was assessed by
measuring their ability to both inhibit the formation of
new biofilms and eradicate pre-formed, mature biofilms
(24 h old) using the MTP assay. For inhibition, bacteria
were co-incubated with sub-MIC concentrations of CQDs.
For eradication, pre-formed biofilms were treated with
increasing concentrations of CQDs for 24 hours. Biofilm
mass was quantified by crystal violet staining [26].

To investigate the effect of sub-MIC concentrations
(1/2 MIC) of CQDs on the expression of key biofilm-asso-
ciated gene, total RNA was extracted from treated and
untreated bacterial cells using TRIzol reagent (Invitrogen)
after 12 hours of exposure. RNA quality and quantity were
assessed by NanoDrop 2000. cDNA synthesis was per-
formed using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA). RT-gPCR
was carried out using SYBR Green Master Mix (Bio-Rad,
Hercules, CA, USA) on a StepOnePlus Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA). The
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following target genes were selected: icaA and icaD in S.
aureus; lecA and pelA in P. aeruginosa; mrkA and mrkD
in K. pneumoniae; and bap and ompA in A. baumannii.
The 16S rRNA gene was used as the endogenous refer-
ence control. Relative gene expression was calculated
using the 2" AACt method. All experiments were performed
in triplicate [27], [28].

In vivo wound healing study

Animal experiments were conducted following the ethical
guidelines approved by the Animal Ethics Committee of
Tehran University of Medical Sciences (Ethics code:
IR.TUMS.AEC.1402.089). Sixty healthy male BALB/c mice
(6-8 weeks old, 20-25 g) were used. A full-thickness
excisional wound model (1 cm diameter) was established
on the dorsum of each mouse under general anesthesia
(ketamine/xylazine). Wounds were subsequently inocu-
lated with 50 pL of a standard concentration (1.5 x
10° CFU/mL) of the respective ESKAPE pathogens. Mice
were randomly divided into five groups (n=12 per group):
(1) untreated control (no treatment), (2) antibiotic-treated
(ciprofloxacin 1% ointment), (3) CQD-treated (1% CQD gel),
(4) blank gel control, and (5) sham (no infection, no treat-
ment). Topical treatments were applied daily for 14 days.
Wound healing was monitored every 2 days by measuring
wound area using digital calipers. On day 14, tissue
samples were collected for histopathological analysis (HE
staining) and for determining the bacterial load (CFU/g
tissue) [29], [30].

Statistical analysis

All experiments were performed in triplicate. Data were
expressed as mean + standard deviation (SD). Statistical
analyses were performed using GraphPad Prism 9.0.
Comparisons between two groups were made using Stu-
dent’s t-test, and multiple comparisons were made using
one-way ANOVA followed by Tukey’s post-hoc test. A p-
value of less than 0.05 was considered statistically signif-
icant [31].

Results

Synthesis and characterization of carbon
quantum dots (CQDs)

The successful hydrothermal synthesis of CQDs from oak
fruit extract was initially indicated by a distinct color
change of the reaction mixture from pale yellow to a dark,
yellowish-brown hue. Under ultraviolet (UV) irradiation at
365 nm, the synthesized CQDs exhibited strong
blue/green fluorescence, confirming the formation of
quantum dots with distinct optical properties. The UV-Vis
absorption spectrum showed a characteristic peak at
280 nm, corresponding to the m-n* transition of C=C
bonds. The fluorescence emission spectrum exhibited

excitation-dependent behavior with maximum emission
at 450 nm when excited at 360 nm (Figure 1).
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Figure 1: UV-Vis absorption spectra of Quercus
brantii-mediated quantum dots

FTIR analysis revealed the presence of surface functional
groups: a broad peak at 3,420 cm™ (O-H stretching),
peaks at 2,925 and 2,854 cm™ (C-H stretching), a sharp
peak at 1,635 cm™ (C=0 stretching), and peaks at
1,400 cm™*and 1,080 cm™ (C-0 and C-0-C stretching).
These functional groups indicate high hydrophilicity and
excellent dispersibility in aqueous media.

Morphological analysis using transmission electron micro-
scopy (TEM) revealed that the synthesized CQDs pos-
sessed a spherical shape with uniform dispersion and no
significant agglomeration (Figure 2). The average particle
size was determined to be 6.8+1.2 nm (n=100), which
is highly favorable for penetrating bacterial biofilms.

Figure 2: (TEM) analysis of Quercus brantii-mediated quantum
dots
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In vitro antimicrobial activity

The antibacterial efficacy of the synthesized CQDs was
evaluated against all clinical isolates and standard
strains. The MIC values ranged from 125 to 250 yg/mL
depending on the bacterial species (Table 1, Figure 3).
S. aureus exhibited the highest susceptibility
(MIC=125 pg/mL for most isolates), whereas P. aeru-
ginosa demonstrated the lowest susceptibility
(MIC=250 pg/mL for >70% of isolates). The MBC values
were generally 2-fold higher than MIC values. The
MBC/MIC ratio was <4 for all isolates, confirming a bac-
tericidal rather than bacteriostatic mode of action
(Table 1).

Table 1: MIC and MBC values of CQDs against clinical isolates
of ESKAPE pathogens after 24 hours of exposure

Bacterial strain MIC (ug/mL) | MBC (ug/mL)
S. aureus (MRSA) 125 250

A. baumannii (MDR) 125-250 250-500

K. pneumoniae (ESBL) | 125-250 250-500

P. aeruginosa (MDR) | 250 500

Down-regulation of biofilm-associated
genes

To elucidate the mechanism of the anti-biofilm activity at
the molecular level, real-time PCR (RT-qPCR) was per-
formed to quantify the expression of key biofilm-related
genes following exposure to sub-MIC concentrations
(Figure 4).

For S. aureus, expression of icaA and icaD (responsible
for polysaccharide intercellular adhesin synthesis) was
reduced by 4.5-fold and 5.2-fold, respectively (P<0.001).
In P. aeruginosa, the lectin gene lecA was down-regulated
3.8-fold and the exopolysaccharide gene pelA by 4.1-fold
(P<0.01). Similarly, K. pneumoniae showed reduced ex-
pression of fimbrial genes mrkA (3.5-fold) and mrkD (4.0-
fold), while A. baumannii exhibited down-regulation of
bap (biofilm-associated protein) and ompA (outer mem-
brane protein A) by 4.2-fold and 3.9-fold, respectively.
These results indicate that CQDs effectively disrupt biofilm
formation at the transcriptional level.

In vivo wound healing efficacy

Over the 14-day observation period, topical treatment
with CQD gel (1%) significantly accelerated the wound
healing process compared to control groups (Figure 5,
Figure 6).

At day 7, wound contraction rates were 45.2+5.1% in the
CQD-treated group, compared to 22.3+4.2% in the un-
treated control (P<0.01) and 38.5+4.8% in the antibiotic-
treated group (P<0.05). By day 14, CQD-treated wounds
achieved nearly complete closure (94.3+3.2%), whereas
untreated controls remained at 68.5+5.6% (P<0.001).
Histopathological analysis of tissue biopsies on day 14

revealed enhanced epithelialization, increased collagen
deposition, and reduced inflammatory cell infiltration in
CQD-treated wounds compared to controls (Figure 7).
Furthermore, bacterial load in wound tissue was signifi-
cantly lower in the CQD group (log,, 3.2+0.4 CFU/g)
compared to untreated controls (log,, 7.8+0.6 CFU/g)
(P<0.001). Macroscopic images of wound healing progres-
sion and quantitative closure rates are presented in Fig-
ure 5, Figure 6, and Figure 7.

Discussion

The escalating global threat of AMR, particularly the
growing challenge of biofilm-associated infections, neces-
sitates the urgent development of novel therapeutic
strategies [1], [3]. In this study, we successfully synthes-
ized carbon quantum dots (CQDs) using a green, plant-
based hydrothermal approach from oak fruit extract. The
resultant CQDs demonstrated robust antimicrobial and
anti-biofilm activities against major ESKAPE pathogens,
culminating in significantly enhanced in vivo wound
healing. Comparing the MIC with polihexanide, which is
considered the first-line wound antiseptic for chronic
wounds and burn wounds [32], the latter is far more ef-
fective than oak fruit CQDs (MIC for S. aureus and VISA
strains 1 yg/mL, for E. coli 2 yg/mL) [33]. As conse-
quence, oak fruit CQDs are likely to be less suitable for
direct wound treatment and more suitable as an active
ingredient in wound dressings.

A critical factor contributing to the exceptional efficacy of
the synthesized CQDs is their unique physicochemical
properties [12]. The green synthesis strategy not only
provides an eco-friendly and cost-effective alternative to
conventional chemical methods but also yields nano-
particles with optimal morphological traits [13], [14]. Our
TEM analysis confirmed a spherical morphology with an
ultra-small size of <10 nm (mean 6.8 nm). This sub-10 nm
dimension is of paramount importance, as it enables the
quantum dots to deeply penetrate the dense extracellular
polymeric substance (EPS) matrix of bacterial biofilms,
an obstacle that typically renders conventional antibiotics
ineffective [6], [9]. Similar findings have been reported
for CQDs derived from other biomass sources, such as
orange peel and garlic, where particle sizes below 10 nm
correlated with enhanced biofilm penetration [16], [17].
The in vitro results highlighted a dose-dependent bacter-
icidal effect, with S. aureus emerging as the most suscep-
tible strain (MIC=125 pg/mL). This high sensitivity makes
these CQDs particularly promising for clinical applications,
such as the development of advanced wound dressings
for burn patients and intensive care unit (ICU) settings
where S. aureus infections are highly prevalent [4], [5].
Conversely, P. aeruginosa exhibited the lowest inhibition
(MIC=250-500 pg/mL), which aligns with its intrinsically
robust outer membrane and highly adaptive efflux pump
systems [7], [8]. This observation is consistent with pre-
vious reports on CQDs derived from other green precur-
sors, where Gram-negative bacteria generally show lower
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Figure 3: Comparative antimicrobial efficacy. Minimum Inhibitory Concentrations (MIC) of quantum dots against a panel of
MDR pathogens.
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Figure 4: Comparative anti-biofilm efficacy. Dose-dependent inhibition of mature biofilms with CQD showing superior eradication
capacity (>3.5 log,, CFU/mL reduction) at 4 times MIC
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Figure 5: In vivo therapeutic evaluation in a murine polymicrobial infected wound model. Representative macroscopic images
of infected wounds treated with different formulations over 14 days. The C QDs hydrogel group exhibited the most pronounced
therapeutic effect, showing markedly accelerated wound contraction and tissue regeneration compared with the control,
antibiotic-treated group, and metal-based quantum dots, including Ag QDs, Cu QDs, and ZnO QDs. Notably, by Day 8, wounds
treated with C QDs showed substantial closure and reduced inflammation, whereas other treatment groups still displayed visible
wound areas and delayed healing. By Day 14, the C QDs-treated wounds were nearly completely closed, indicating superior
epithelial regeneration and overall healing efficacy.
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Figure 6: Quantitative analysis of in vivo wound closure rates over a 21-day period. The graph illustrates the percentage of
wound contraction across three experimental groups: Uninfected Control, Standard Antibiotic, and Hydrogel Base. Data are
presented as mean pm standard deviation (SD) [or SEM]. Statistical analysis indicates no significant difference between the

groups at the specified endpoint (p = 0.48).
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Figure 7: Efficacy of the experimental treatment on accelerated wound healing. Progression of wound closure (%) is compared

between the Experimental Treatment and Control groups over a 21-day timeframe. The experimental group achieved a maximum

closure rate of 95.3% by day 21. Delta symbols (Delta) denote a statistically significant difference between the experimental
and control groups at corresponding time points (p < 0.05). Data are expressed as mean pm SD .

susceptibility due to their additional outer membrane
barrier [15].

Furthermore, our molecular analysis established a clear
causal chain linking transcriptional regulation to pheno-
typic outcomes. The significant down-regulation of critical
biofilm-associated genes—such as icaA/icaD in S. aureus
and lecA/pelAin P. aeruginosa—under sub-MIC conditions
indicates that CQDs disrupt biofilm formation at the ge-

netic level [27], [28]. The ica operon is responsible for
the synthesis of polysaccharide intercellular adhesin (PIA),
a key component of staphylococcal biofilms [24]. Down-
regulation of icaA and icaD by more than 4-fold suggests
that CQDs interfere with PIA production, thereby reducing
cell-to-cell adhesion. Similarly, pelA encodes an exopoly-
saccharide essential for the structural integrity of P. aer-
uginosa biofilms, and its suppression by 4.1-fold likely
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compromises biofilm architecture [26]. In K. pneumoniae,
the down-regulation of mrkA and mrkD (type 3 fimbrial
genes) is particularly noteworthy, as these genes mediate
adherence to abiotic surfaces and host cells [5]. In A.
baumannii, the reduced expression of bap (biofilm-asso-
ciated protein) and ompA (outer membrane protein A)
further supports the broad-spectrum anti-biofilm activity
of CQDs [25].

This gene suppression translates directly to a diminished
biofilm phenotype, which subsequently reduces the bac-
terial load within the infection site. Consequently, this
molecular and phenotypic disruption provides a highly
favorable microenvironment for tissue regeneration, elu-
cidating the accelerated epithelialization and superior
wound contraction observed in our in vivo murine model
[29], [30]. Our in vivo results (94.3% wound closure at
day 14) are comparable to or better than those reported
for other nanoparticle-based wound dressings, including
silver nanoparticles (typically 80-90% closure at day 14)
[10], [11]. Importantly, CQDs are generally considered
less cytotoxic than metallic nanoparticles (e.g., silver,
copper, zinc oxide), which have been associated with
dose-dependent toxicity in mammalian cells [12], [15].
This biocompatibility advantage makes CQDs particularly
attractive for repeated topical application on open
wounds.

While the exact molecular targets are still under investi-
gation, our findings strongly suggest that CQDs interfere
with biofilm formation at the transcriptional level. Several
hypotheses exist, including

¢ generation of reactive oxygen species (ROS) leading
to oxidative stress and membrane damage,

¢ physical interaction with bacterial cell walls causing
membrane disruption, and

¢ internalization and interaction with nucleic acids or
proteins [17], [20].

Our FTIR results confirmed the presence of surface
carboxylic and hydroxyl groups, which are known to facil-
itate hydrogen bonding with bacterial surface proteins
and polysaccharides, potentially disrupting cell sighaling
pathways involved in biofilm regulation [21]. Future
studies should focus on identifying the precise molecular
targets of CQDs using proteomic and metabolomic ap-
proaches.

Despite these highly promising findings, the translation
of these nanoparticle-based therapeutics from bench to
bedside requires further investigation. Future studies
must prioritize comprehensive cytotoxicity evaluations
using human cell lines (e.g., keratinocytes, fibroblasts)
to ensure biocompatibility [13]. Additionally, detailed
pharmacokinetic profiling (absorption, distribution,
metabolism, excretion) and rigorous, controlled clinical
trials are imperative to ascertain their safety and efficacy
in human subjects [14]. From a pharmaceutical perspec-
tive, incorporating these green-synthesized CQDs into
biocompatible hydrogel matrices (e.g., chitosan, alginate)
could represent a highly effective strategy for developing

sustained-release, smart wound dressings with both an-
timicrobial and wound-healing properties [30].

One limitation of the present study is the lack of long-term
toxicity assessment beyond 14 days. Additionally, the
potential for development of bacterial resistance upon
repeated exposure to CQDs was not investigated. While
some studies suggest that nanoparticles may have a
lower propensity to induce resistance compared to con-
ventional antibiotics, unlike conventional antiseptics
where resistance development is not considered relevant
[31], this remains an area requiring empirical validation
for CQDs. Future studies should also explore the syner-
gistic effects of CQDs in combination with conventional
antiseptics, as such combinations could potentially lower
the effective doses of both agents, reduce toxicity, and
overcome existing resistance mechanisms.

Limitations

Infected wounds are generally treated topically with anti-
septics rather than antibiotics. Chemotherapy is indicated
only in cases where the infection has metastasized, in
conjunction with topical wound antiseptic treatment [34].
In this context, the comparison group treated topically
with ciprofloxacine does not adhere to the standard of
antiseptic wound treatment, meaning that the results
cannot be applied to the context of antiseptic wound
treatment. Regardless, however, the oak fruit CQDs is
antimicrobial effective. properties.

A major limitation is that it is not possible to assess
whether the oak fruit CQDs meets the requirements for
a wound antiseptic based solely on the MIC and MBC
values. In Europe in the quantitative suspension test a
wound antiseptic must achieve a =5 Ig reduction of CFUs
without organic challenges and >3 Ig with organic chal-
lenges for acute wound antiseptics of 10% albumin or
10% sheep blood within a practical exposure time against
S. aureus, P. aeruginosa, E. coli, E. faecium, and Candida
albicans [35], or for conditions on chronic wounds as
challenge Eagle’s minimal essential medium with Earle’s
salts and L-glutamine, supplemented with 10% fetal calf
serum without addition of antibiotics [36]. The next step
of testing is the so-called phase 2/ step 2 test, a stand-
ardized in-vitro test on metal carrier with and without or-
ganic soil. The requirement to effectiveness is the same
as in the quantitative suspension test [37], [38], [39].
Only once these requirements have been met will the
next stages of testing follow, such as efficacy testing on
experimentally contaminated 3D wound models and final
the clinical trial [40].

Conclusion

The study demonstrates that hydrothermally synthesized
oak-derived carbon quantum dots (CQDs) possess potent
antimicrobial and anti-biofilm activity against a wide range
of clinically relevant ESKAPE pathogens. The underlying
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mechanism involves the down-regulation of key biofilm-
associated genes at the transcriptional level, leading to
reduced biofilm formation and enhanced bacterial sus-
ceptibility. Furthermore, topical application of CQD-based
gel significantly accelerated wound healing in an infected
murine model, achieving near-complete wound closure
within 14 days. These findings highlight the robust poten-
tial of green-synthesized CQDs as alternative therapeutic
agents for managing multidrug-resistant wound infections.
Future pharmacokinetic, toxicological, and clinical invest-
igations are warranted to translate these promising pre-
clinical results into advanced wound dressings for clinical
use.
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